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Zusammenfassung

Die Entstehung von Galaxien ist ein sehr aktives Forschungsgebiet in der modernen Astro-
physik. Die Milchstrafle ist die einzige Galaxie, in welcher wir Stern fiir Stern beobachten
koénnen, sodass sie fiirs Testen von Theorien eine entscheidende Rolle spielt. Aktuelle und
laufende grofie Vermessungen liefern eine noch nie da gewesene Menge an Daten iiber un-
sere Heimatgalaxie, welche analysiert und erforscht werden kénnen. Das Verstéandnis der
heutigen Strukturen der Milchstrafe ist essentiell, um die Entstehung der Milchstrafie zu
verstehen. Allerdings bringt unsere einzigartige Position ganz eigene Herausforderungen.
In dieser Thesis analysieren wir die VIRAC Daten der Milchstrae. Zuerst vergleichen wir
die Daten mit bestehenden dynamischen Modellen, um die Strukturen in den Beobach-
tungsdaten zu analysieren und um die Rotationsgeschwindigkeit des Balken sowie dessen
Tangentialgeschwindigkeit relativ zur Sonne abzuschétzen.

Wir iibertragen die absoluten Eigenbewegungen des gesamten galaktischen Bulges von
den VIRACv1 Daten in das Inertialsystem von Gaia. Unter Verwendung der helium-
brennenden, sog. Roten Klumpen-Riesensterne als Standardkerzen bestimmen wir Ent-
fernungen und erstellen distanzaufgeloste 3D kinematische Karten. Diese vergleichen wir
mit vorherigen dynamischen Modellen des galaktischen Bulge und Balkens. Die Korrela-
tion der Eigenbewegungen zeigt einen klaren Quadrupol fiir alle Distanzmoduli und zeigt
keine Verzerrung um das galaktische Zentrum, was ein Indiz fiir eine axialsymmetrische
Komponente ware. Wir sehen klare Evidenz in den vertikalen Eigenbewegungsverteilun-
gen fiir eine iiberlagerung der Balkenrotation mit vertikalen Stromungsbewegungen. In
der Leuchtkraftfunktion auftretende doppelte Maxima, eine Signatur fiir einen X-formigen
Bulge, haben quantitativ unterschiedlichene Kinematiken, die nicht allein durch Popula-
tionseffekte erklarbar sind. Letztlich analysieren wir die Geschwindigkeitsdispersion inner-
halb des Bulges. Wir finden eine hohe zentrale Geschwindigkeitsdispersion, die durch das
tiefe Gravitationspotential verursacht wird. Die hohe zentrale Dispersion ist von einem
asymmetrischen Geschwindigkeitsdispersionprofil umgeben, was durch die Neigung des
Balkens zur Sonne - Sichtlinie zum galaktischen Zentrum - verursacht wird.

Die Rotationsgeschwindigkeit des galaktischen Balken ist ein essentieller Parameter
fir das Verstandnis der Struktur der Milchstrale innerhalb des Bulges und den Reso-
nanzeigenschaften, die in der Scheibe in der Nahe der Sonne beobachtet werden. Wir
vergleichen die Daten von VIRACv1 mit einem Raster von dynamischen Modellen des
Balken/Bulges von Portail et al. (2017) mit verschiedenen Rotationsgeschwindigkeiten
und Tangentialgeschwindigkeiten unter Verwendung eines bayesischen, ausreifler-toleranten



xviii Zusammenfassung

Wahrscheinlichkeitsansatzes. Wir beziehen in unsere Analyse systematische Fehler wie die
Wahl der Leuchtkraftfunktion und mogliche Effekte durch die Spiralarme mit ein. Let-
ztendlich messen wir eine Rotationsgeschwindigkeit von Q, = 33.29 £ 1.81 kms ' kpc™!
und eine Tangentialgeschwindigkeit von Vo = 251.31 + 1.95 kms™!. In Verbindung mit
hochprazisen Rotationskurven stellen wir einen gréfleren Korotationsradius mit ~ 7 kpc
als bisher angenommen fest. Des Weiteren leiten wir die galaktozentrischen Radien zu
Resonanzen hoherer Ordnung ab. Die Messung der Tangentialgeschwindigkeit stimmt mit
Messungen basierend auf Distanz und Eigenbewegung von Sgr A* {iberein.

Es ist bekannt, dass die Struktur des galaktischen Dichteprofiles der Dunklen Materie
durch das Wachstum von baryonischen Strukturen im Zentrum der Dunklen Materie Halos
beeinflusst wird. Wir nutzen eine neue iterative Methode basierend auf den Dichteprofilen
und Kinematiken von sichtbaren baryonischen Sternen, um die komplexe Dichtestruktur
der Dunklen Materie abzuschéitzen. Der Algorithmus basiert auf der einfachen Masse-
Geschwindigkeitsdispersion Beziehung, welche fiir spherische Systeme durch den Virialsatz
und die Jeans Gleichung gut belegt ist. Zusatzlich zeigen wir, wie der Algorithmus in dy-
namische Modelle mittels der Made-to-measure Methode eingebunden werden kann. Die
Methode wurde mittels Modelldaten getestet, welche einen groflen Bereich von Dichtepro-
filen abdecken und wir zeigen empirisch, dass der Algorithmus das Dichteprofil der Dun-
kle Materie mit einer bemerkenswerten Genauigkeit wiedergeben kann; < 10% Fehler in
der rekonstruierten Dunkle Materie Dichte bei » = 1 kpc mit abnehmenden Fehler bei
zunehmendem Radius.

Wir verwenden den Algorithmus zur Rekonstruktion des Dichteprofils der Dunklen
Materie, um ein neues dynamisches Modell zu konstruieren, welches die vielen neuen Daten
aus dem Bulge, dem Balken und der inneren Scheibe der Milchstrafie abbildet. Dieses
Modell findet ein inneres Dichteprofil fiir die Dunkle Materie mit v ~ 1.1, was exzellent
mit den Simulationen von NIHAO und FIRE-2 {ibereinstimmt. Das Modell bekraftigt die
Présenz von spiralartigen tiberdichten Bereichen vor dem Balken/Bulge. Die von diesen
Modellen vorhergesagten Geschwindigkeitsfelder zeigen eine komplexe vertikale Stromung
mit ausgepragter Signatur entlang der Enden des X-geformten Bulges mit einer mittleren
Geschwindigkeit von < v, >~ 12 kms™!. Dieses neue dynamische Modell ist eine wertvolle
Ressource fiir das Verstindnis der Kinematik der inneren Milchstrafe.!

My sincere gratitude to Nils Linz-Wylie for translating this abstract into German.



Abstract

The formation of galaxies is an extremely active field in modern astrophysics. The Milky
Way Galaxy is the only Galaxy we can observe on a star by star basis making our Galaxy
a key testing ground for theories of galaxy formation. Recent and ongoing large surveys
have provided an unprecedented amount of data on our home Galaxy to be analysed and
understood. Understanding the present structure of the Milky Way is key to winding back
the clock and understanding how the Milky Way came to be. However our unique perspec-
tive comes with its own challenges. In this thesis we analyse the VIRAC kinematic survey
of the Milky Way. First we compare this data to existing dynamical models dissecting the
structures observed in the data and constraining the bar pattern speed and solar tangential
velocity. In the second half we construct a new dynamical model of the Milky Way, fitting
the inner dark matter profile using a novel algorithm developed in this work, using the
highly flexible made-to-measure method.

We derive absolute proper motions through the entire Galactic bulge region by com-
bining VIRACv1 data with the absolute reference frame of Gaia. Using the red clump as a
standard candle we present distance resolved 3D maps and compare to a previous dynam-
ical model of the Galactic bulge and bar. The correlation of proper motions shows a clear
quadrupole at all magnitudes and shows no distortion around the Galactic centre which
would indicate an axisymmetric component. We see clear evidence in the vertical proper
motion maps of the superposition of the bar pattern rotation and the vertical streaming
motion. The split red clump, a signature of the X-shaped bulge, is shown to have quantita-
tively distinct kinematics proving that it cannot merely be the result of a population effect.
Finally we analyse the dispersion structure in the bulge finding a high central dispersion,
caused by the deep gravitational potential well, surrounded by an asymmetric dispersion
profile which is caused by the angle of the bar relative to the sun - Galactic centre line of
sight.

The pattern speed of the Galactic bar is an essential parameter for understanding the
structure of the Milky Way in the bulge itself and the resonance features observed in
the disk near the sun We compare the VIRACv1 data to a grid of dynamical bar/bulge
models from Portail et al. (2017) with different pattern speeds and solar velocities using
an outlier-tolerant Bayesian likelihood approach. We include a careful analysis of the
systematic errors such as choice of luminosity function used to predict the data and the
possible effect of spiral arms. We measure the pattern speed Q, = 33.29+1.81 kms~! kpc™!
and the solar motion Vj 5 = 251.314+1.95 kms™'. The measured pattern speed agrees well
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with recent determinations using disk resonances with a consensus between bulge- and
disk-based constraints emerging. We compare to a high-precision rotation curve finding a
corotation radius larger than previously thought at ~ 7 kpc as well as deriving the distance
to higher order resonances. The solar velocity measurement agrees well with those based
on the distance and proper motion of Sgr A*.

The structure of galactic dark matter density profiles is known to be affected by the
growth of baryonic structure in the centre of the host dark matter halo. Here we present
a new method to iteratively infer the complex dark matter density structure based on
the density and kinematics of the visible baryonic stars. The algorithm is based on a
simple mass-dispersion relationship which is well motivated for spherical systems by the
Virial Theorem and Jeans Equations, and we show how this algorithm can be incorporated
into dynamical modelling for the made-to-measure method. The method is tested using
mock data, considering a wide range of slopes, and we demonstrate empirically that the
algorithm is capable of reconstructing the dark matter density profile with remarkable
accuracy; < 10% error in the reconstructed dark matter density at r = 1 kpc with error
decreasing with increasing radius.

We apply the dark matter reconstruction algorithm to construct a new dynamical
model, fitted to greatly expanded new data, of the Milky Way bulge, bar, and inner
disk. This model finds an inner dark matter density profile with v ~ 1.1 in excellent
agreement with NIHAO and FIRE-2 simulations. The model highlights the presence of
a spiral-like over density sitting in front of the bar/bulge. The orbital structure of these
models shows a complex vertical streaming motion with streaming especially prominent,
with average velocity reaching < v, >~ 12 kms™!, along the arms of the X-shape. The
model computed here will be an invaluable resource for understanding kinematic data in
the inner Milky Way.



Chapter 1

Introduction

1.1 The Milky Way

1.1.1 A Brief History of the Milky Way

Away from the hustle and bustle of cities, weather, moon, and light pollution permitting,
one might tilt their head backwards and see a pale band crossing the night sky. Perhaps
you would even see something similar to that shown in Fig. 1.1. This is our home; the
Galaxy known as the Milky Way.

The origin of our Galaxy has been a source of myths and legends since antiquity. One
such story from Ancient Mesopotamia, a Babylonian creation myth, sees Marduk slay the
primeval salt-water dragon Tiamat; the dragon’s severed tail left in the sky. In a story
from Chinese mythology a cowherd by the name of Niulang (star: Altair) falls in love
with a celestial princess Zhi Ni (star: Vega). The celestial emperor is unhappy with the
relationship and ordered that the couple be kept apart by a celestial river, only to meet
once per year from then onwards. For the Apache people the Milky Way represents the
path to the after-world; the light in the sky the trails left by departing spirits. The Khoe-
San people of Southern Africa speak of a time long ago when there was no light in the sky
and the night was utter darkness until one day when a girl threw the still glowing embers
of a fire into the night sky where they remain to this day. In a story from the Maori people
a great shark called Mangoroa was placed in the sky by the demigod Maui so that it could
protect the Maori tribes on earth.

It is not just the glowing band of starlight that has transcended into stories. The
ribbons of darkness that curve through the Milky Way, clouds of dust obscuring the stars
that lie behind, have likewise fallen into tales from all over the world. The Great Rift,
dark dust clouds obscuring significant amounts of the Milky Way, is attributed in Greek
Mythology to the carnage left by Phaeton as he attempts to guide the chariot of Helios, the
Sun god, across the sky. In Inca cosmology the dark outline of the serpent Mach’acuay is
seen twisting through the Milky Way closely followed by the toad, Hanp’atu. The Coalsack

'Website: antsullivanphotography
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2 1. Introduction

Figure 1.1: This image shows the MW hanging in the night sky. The concentration of the
Galactic bulge is immediately obvious, as is the plane of the Galactic disk. The dark dust
lanes are very prominent and it is not hard to see why our Galaxy found its way into so
many stories all over the world.

Credit: Anthony Sullivan!. Location: West Lulworth, Dorset, UK.
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nebula was described by the Kalapalo people as a beehive, the stars of the Southern cross
being the Aganagi, the angry bees swarming around the hive. Returning to the legends of
the Maori people, the dark patches in the Milky Way are said to be a great ship called the
Long Shark which sails across the heavens with the white patches of sky the waves upon
which the great ship travels.

These stories? serve as a poignant reminder of the place the Milky Way has held in the
hearts of people all around the world. However, intermingled with myth, scientific theories
about the real nature of the Milky Way have also been in existence for millennia. As early
as the fifth century BCE, the Ancient Greek philosopher Democritus postulated that the
bright band of light might consist of individual stars so far away that their individual light
blurs together. However it was not until the 17" century that Galileo Galilei published
an account of his observations using the newly invented telescope (Galilei 1610); he found
that the Milky Way is indeed composed of myriad individual stars and nebulous objects.
The first map of the MW is thought to have been produced by William Herschel (Herschel
1785) using his "star-gages” method3. Herschel, due to a number of assumptions that
turn out to be incorrect, places the sun near the centre of the Milky Way. This was
disproved in 1918 by Shapley (1918) who demonstrated using globular clusters, that the
sun is O (50000light years) from the centre of the Milky Way. It was not until after the
“Great Debate” between Heber Curtis and Harlow Shapley on the nature of spiral nebulae
(now called galaxies) in 1920 that Edwin Hubble discovered Cepheid Variables in the
Andromeda galaxy thereby proving the existence of external galaxies.

Since the recognition that the Milky Way is not the whole of the Universe but rather
just one of billions of Galaxies in the observable Universe our understanding of the Galaxy
has rapidly expanded. We know that our host star, the Sun, is just one of the billions
of stars sitting within the MW, and we know that our Galaxy can be split roughly into
three regions; the dense bulge region, the flattened stellar disk, and the halo comprising
both stellar material and the elusive dark matter. The first two of these regions are easily
spotted in the all-sky map from the Gaia satellite, Fig. 1.2, together with the dust lanes
and bands of light that have captured imaginations for so many years.. In the rest of this
section we shall move outwards through the MW briefly describing the major features of
the Galaxy we call home.

1.1.2 The Galactic Nuclei R < 300 pc
The Galactic Centre & Sgr A*

At the very heart of the MW lies the Galactic Centre (GC). The original International
Astronomical Union (IAU) definition of the GC was based upon the discovery of the radio
source Sgr A (Piddington & Minnett 1951) which aligns nicely with the centre of the rapidly
rotating inner HI disk observed by Oort & Rougoor (1960).

ZWebsite: http://judy-volker.com/StarLore/Myths/Milky Way1.html
3The method is nicely described in Timberlake (2011).
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Figure 1.2: The Milky Way as seen by Gaza. This all sky view is based on measurements
of ~ 1.7 x 10 stars. The plane of the disk is clearly visible, as are the obscuring dust lanes,
and the central concentration of stars that reside in the Galactic bulge region. Beneath
the disk the Small and Large Magellanic Clouds are clearly visible as they orbit through
the Galactic halo. Acknowledgement: Gaia Data Processing and Analysis Consortium
(DPAC); A. Moitinho / A. F. Silva / M. Barros / C. Barata, University of Lisbon, Portugal;
H. Savietto, Fork Research, Portugal.
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It was only later that the nearby unresolved radio source Sgr A*, which is now known
to be the MW’s supermassive black hole (SMBH), was discovered by Balick & Brown
(1974). There is numerous convincing evidence that the GC hosts a SMBH®*. Schodel
et al. (2002), using ten years of astrometric imaging, traced the orbit of the closest known
star, designated S2, to Sgr A* and determined an orbital period of 15.2 years, a pericentre
distance of 17 light hours, and constrained the central point mass to 3.7 £ 1.5 x 1050
ruling out many alternative mass concentrations. This result was built upon by Schodel
et al. (2003) who analysed the orbits of 40 stars within 1.2” projected distance of Sgr A*;
they found all 40 stars were orbiting a point consistent with the radio location of Sgr A*
(Menten et al. 1997; Reid et al. 2003). With the addition of radial velocity measurements
Ghez et al. (2003) measured a SMBH mass of 4.1 4 0.6 x 10(Ry/8 kpc)>M,, for the orbit
of S2. There have been numerous improvements on this over the years (Ghez et al. 2005;
Eisenhauer et al. 2005; Ghez et al. 2008; Gillessen et al. 2009; Boehle et al. 2016; Gillessen
et al. 2017), and several review articles (Genzel et al. 2010; Morris et al. 2012).

A further breakthrough in this field came about as a result of the GRAVITY instrument
(Gravity Collaboration et al. 2017) which, among other things, has detected Gravitational
redshift in the orbit of S2 (Gravity Collaboration et al. 2018a), detected orbital motion
near the last stable circular orbit of the SMBH (Gravity Collaboration et al. 2018b),
provided exquisite constraints on the distance to Sgr A* (Gravity Collaboration et al.
2019), and allowed tests of General Relativistic effects such as Schwarzschild precession
(Gravity Collaboration et al. 2020).

The presence of SMBHs at the centres of galaxies is a well documented phenomena
(e.g. Kormendy & Richstone 1995; Magorrian et al. 1998). Groundbreaking work using
the Event Horizon Telescope (EHT) recently produced the first image of the shadow of the
SMBH sitting at the centre of M87 (Event Horizon Telescope Collaboration et al. 2019a)
which they measured to have a mass of 6.5 £gas 0.2 £4y5 0.7 X 10°M,, (Event Horizon
Telescope Collaboration et al. 2019b). Indeed, the first EHT images of Sgr A* were recently
released (Akiyama et al. 2022).

The Nuclear Star Cluster

Sgr A* sits at the centre of a more extended source, observable in the Infrared, called
the Nuclear Star Cluster (NSC, Becklin & Neugebauer 1968). Such NSCs are situated
in the centre of the majority of spiral galaxies (Carollo et al. 1997; Boker et al. 2002).
They have effective radii of O(5 pc), with total masses in the region 8 x 10° to 6 x 10" M,
(Walcher et al. 2005), and obey scaling relationships with the mass of the host galaxy
(Ferrarese et al. 2006; Wehner & Harris 2006). See Neumayer et al. (2020) for a review.
The NSC of the MW has a mass of O(10°M) within 1 pc of the GC (Schodel et al.
2009; Genzel et al. 2010), forming a flattened axisymmetric structure (Schodel et al. 2014),
with a cusped density profile within the influence of Sgr A* (Gallego-Cano et al. 2018,

4The evidence has now reached such a level that half of the 2020 Nobel prize in physics was awarded
jointly to Reinhard Genzel and Andrea Ghez “for the discovery of a supermassive compact object at the
centre of our galaxy.”
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v = 1.43 *4at 0.02 455 0.1). The NSC hosts an unusually high concentration of luminous
blue supergiants, Wolf-Rayet, and young-massive stars (Paumard et al. 2006; Bartko et al.
2009, 2010; Pfuhl et al. 2011). Mass estimates have been provided by (e.g. Feldmeier et al.
2014; Chatzopoulos et al. 2015; Fritz et al. 2016; Feldmeier-Krause et al. 2017).

The Nuclear Stellar Disk

The Nuclear Stellar Disk (NSD) was first described by Launhardt et al. (2002) is a massive,
flat, disk-like structure which dominates over the NSC beyond = 30 pc. Such structures
are common in external galaxies (Pizzella et al. 2002; Gadotti et al. 2019, 2020). Later
work by Schonrich et al. (2015) detected the NSD using APOGEE data. They detected a
rotational velocity of ~ 120 kms™! at the disk edge, measured here to be 150 pc, with a
vertical scale height of 50 pc. The rotation of the NSD is now well established (Lindqvist
et al. 1992; Habing et al. 2006; Feldmeier et al. 2014; Matsunaga et al. 2015; Fritz et al. 2021;
Shahzamanian et al. 2021). Gallego-Cano et al. (2020) subsequently found a radial scale
length of 86.940.6 pc and a flattening of ¢ = 0.37240.005 which is again somewhat different
to previous measurements of the vertical scale (e.g. Launhardt et al. 2002; Nishiyama et al.
2013).

There is some debate around whether the NSD is axisymmetric or may actually be a
nuclear bar (Alard 2001; Nishiyama et al. 2005; Rodriguez-Fernandez & Combes 2008; Gon-
zalez et al. 2011) or whether the observed asymmetries might be caused by the highly asym-
metric Central Molecular Zone (Molinari et al. 2011; Alonso-Garcia et al. 2017; Nogueras-
Lara et al. 2021) or geometric projection effects (Gerhard & Martinez-Valpuesta 2012;
Valenti et al. 2016).

Most recently Sormani et al. (2022a), using the dynamical bulge models of Portail et al.
(2017a) to quantify the contamination from the Galactic bar, constructed equilibrium
models of the NSD fit to line-of-sight (LOS) velocity and proper motion data. They
found a total mass, Mysp = 10.5715 x 108M,, distributed axisymmetrically with radial
(vertical) scale length h, = 88.6723 pc (h, = 28.4722 pc), and with a velocity dispersion
of o, ~ 70 kms~! that decreases with radius.

Central Molecular Zone

Co-spatial to the NSD is the Central Molecular Zone (CMZ) (Morris & Serabyn 1996) and
it is from the interstellar gas residing in the CMZ that the stars in the NSD are thought to
have formed. Bittner et al. (2020) demonstrated that external galaxy NSDs are younger
and more metal-rich than their immediate surroundings. Further evidence is provided by
Schultheis et al. (2021) who demonstrated that NSD stars rotate with similar velocities to
that of the dense gas in the CMZ.

The process by which a CMZ forms is well documented in external galaxies; gas is chan-
nelled along “dust-lanes” by galactic bars at a typical rate of O(1Mg yr™') (Regan et al.
1997; Laine et al. 1999; Elmegreen et al. 2009; Shimizu et al. 2019) where it accumulates
into gaseous nuclear rings of radii O(10 pc) to O(1 kpc) (Comerdn et al. 2010).



1.1 The Milky Way 7

In the Milky Way the rate of the bar-driven gas inflow has been measured as M =
0.8+ 0.6M yr! (Sormani & Barnes 2019; Hatchfield et al. 2021) and the average star-
formation-rate (SFR) in the CMZ to be ~ 0.09 & 0.02M, yr~' (Barnes et al. 2017). The
CMZ is highly asymmetric about the Galactic centre, with the dominant emission located
at positive Galactic longitude (Eden et al. 2020), with a lot of mass in the worm of compact,
high dispersion clouds formed by the collision of rapidly in-falling gas and CMZ material
(Sormani et al. 2019). The total mass of molecular gas within ~ 300 pc is in the range 2
to 6 x10"M,, (Ferriere et al. 2007; Dahmen et al. 1998)

1.1.3 The Bulge & The Bar

Classical and Pseudo-Bulges

To really understand the Galactic bulge one must first understand the two distinct flavours
of galactic bulges (Kormendy & Kennicutt 2004), both of which are observed as over-
densities of stars in the centres of disk galaxies.

Classical Bulges are generally more spherically symmetric with older stellar populations
and are thought to be generated through mergers during the hierarchical formation of the
galaxy. The merger destroys the detailed structure of the merging galaxies, producing
more triaxial elliptical distributions, and a new disk then builds up as the galaxy accretes
more gas which goes on to form stars (e.g. The Sombrero Galaxy). The central bulge is
often modelled using a Sérsic profile, log, (I(r)) = log, (Iy) — kr'/™ (Sersic 1968), with the
Sérsic index, n, measured to be n ~ 4 (e.g. Drory & Fisher 2007).

Pseudo-Bulges are thought to arise from stellar disks through the processes of secular
evolution. Pseudo-bulges can be further categorised into boxy/peanut bulges which form
via resonance-driven or buckling instability® vertical thickening of stellar bars (Sellwood &
Gerhard 2020), and disc-like bulges which form after gas accreted into the galactic centre
starts forming stars.

Both classical and pseudo-bulges are abundant in nearby disk galaxies (Carollo et al.
1997, 1998). Using the same sample of 75 disk galaxies, Kormendy & Kennicutt (2004)
classified each galaxy as hosting either a classical or pseudo-bulge with classical bulges
exhibiting the /4 surface brightness profile and pseudo-bulges exhibiting disky features
such as spirals or a Sérsic index n < 2. Of the 75 galaxies they found classical bulges
in ~ 30% with the remainder mostly being pseudo-bulges or a composite bulge (classical
bulges with a substantial pseudo-bulge component) (see also Erwin & Debattista 2017).

The X-shaped Boxy/Peanut Bulge

Boxy-peanut (b/p) bulges are so named due to their somewhat unusual shape. In external
galaxies they exhibit a boxy shape which can even appear peanut-like in extreme cases
(Bureau et al. 2006, see their Fig. 1). Using a technique called “Unsharp-Masking”, a

See Erwin & Debattista (2016) for a bar currently undergoing the buckling instability.
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method to highlight localised density structures, it is found that bulges even exhibit an
X-shaped structure.

Boxy/peanut bulges have been observed in N-body simulations for many years (e.g.
Combes & Sanders 1981) with the first formation mechanisms for (b/p) bulges discussed by
Combes et al. (1990); Raha et al. (1991) also utilizing N-body simulations. In one mecha-
nism, the so-called buckling instability, the pre-existing galactic bar warps in the vertical
direction and produces the vertically thickened b/p bulge structure. Other mechanisms to
explain the vertical thickening have also been suggested (Quillen et al. 2014; Sellwood &
Gerhard 2020, e.g.).

The b/p bulge of the Milky Way was first recognised after the independent discovery
of the split red clump by Nataf et al. (2010) and McWilliam & Zoccali (2010). This
is detectable as a clearly bi-modal over-density of red clump stars sitting on top of the
smooth exponential background. Figure 1 from McWilliam & Zoccali (2010) is reproduced
in Fig. 1.3. The bi-modality is only present for b 2 6°, near the minor axis of the bulge,
with the brighter bump in front of the bulge and the fainter one behind it. It was three
years later, using VVV photometry, that Wegg & Gerhard (2013) produced the first three-
dimensional density map of the Milky Way bulge. Subtracting the exponential background
of stars they deconvolved the observed apparent magnitude distribution using a luminosity
function describing the absolute magnitude distribution of the red clump and red giant
branch bump. The result of this process is the number of red clump stars as a function
of distance modulus which is easily transformed to distance. Their maps are shown in
Fig. 1.4 (top down view) and Fig. 1.5 (side on view). The top down view shows the bar at
their measured angle of 26°.5 and the side on view shows a clear peanut shape. It is thus
clear how one would observe a double-peaked magnitude distribution for a line-of-sight
that passed through both lobes of the peanut shape.

Bars in Disk Galaxies

Galactic bars are elongated, flattened stellar overdensities that reside in the centre of many
spiral galaxies. It has been known for a long time that bars can form spontaneously out of
disk galaxies (e.g. Hohl 1971) and consist of the superposition of many individual stars on
bar supporting orbits (e.g. Abbott et al. 2017). Bars have characteristic rotation speeds
which is the speed at which the bulk structure rotates within the galactic disk.

We now know that bars are hosted by a significant fraction of disk dominated galax-
ies (Eskridge et al. 2000; Grosbgl et al. 2004; Menéndez-Delmestre et al. 2007; Barazza
et al. 2008; Diaz-Garcia et al. 2016; Géron et al. 2021; Vazquez-Mata et al. 2022). Bars
are extremely important in the process of secular evolution as they redistribute angular
momentum to the outer disk and halo. The non-axisymmetries, lack of local angular mo-
mentum conservation, and gas shocking generates gas inflows towards the galactic nuclei
(Lynden-Bell & Kalnajs 1972; Schwarz 1981; van Albada & Roberts 1981; Tremaine &
Weinberg 1984a; Sakamoto et al. 1999). One of the first attempts to understand how bars
form out of disks was made by Efstathiou et al. (1982) (see also Izquierdo-Villalba et al.
(2022)) who used 2D N-body simulations to explore the global stability of cold exponential
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Figure 1.3: Figure taken from McWilliam & Zoccali (2010). They show the magnitude
distribution at (I = 0°, b = —6°) for 4 independent photometric catalogues (black his-
tograms) and compare to OGLE data in the Baade’s window field at (I = 0°, b = —4°).
At b = —6° there is a clear bi-modality which is not seen at b = —4°. A red clump star
with absolute K-band magnitude of My, = —1.62 mag and an apparent magnitude of
mg,, = 12.85 mag corresponds to a distance of ~ 7.8 kpc. An apparent magnitude of
mk,, = 13.4 mag corresponds to a distance of ~ 10.1 kpc. (Numbers taken from lower left
panel with SOFT data. See § 1.4.1 for an explanation of stellar magnitudes and distance
computation.) These distances correspond to an over-density in front of and behind the
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Galactic centre which resides at ~ 8.2 kpc (Gravity Collaboration et al. 2020).
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Figure 1.4: Figure taken from Wegg & Gerhard (2013). This shows the face-on surface
density map of the number of RC stars computed assuming 8-fold symmetry. The elliptical
bulge structure is clearly visible which then morphs into the more extended bar structure.
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Figure 1.5: Figure taken from Wegg & Gerhard (2013). This shows a side-on surface
density map of the number of RC stars symmetrised assuming the bulge exhibits 8-fold
symmetry. The lobes of the peanut shape are clearly visible and it is easy to see how a
line-of-sight slightly away from the plane might intersect the initial high density lobe and
then the rear one thus forming the split RC feature.

disks. Other work by Zang (1976); Toomre (1981); Inagaki et al. (1984) further confirmed
that isolated disks are often highly unstable to bar formation.

Later work considered the role that dark matter might play in the (de-)stabilisation of
disks and the general evolution of galactic bars. By running 3D N-body simulations with
a live dark matter component (particle based and therefore able to transfer angular mo-
mentum between the stellar component and the dark matter halo), multiple studies have
considered the interplay between the dark and stellar component (e.g. Debattista & Sell-
wood 1998; Athanassoula 2002; Holley-Bockelmann et al. 2005; Weinberg & Katz 2007a,b;
Romano-Diaz et al. 2008a,b; Dubinski et al. 2009; Saha et al. 2012). More specifically
Athanassoula & Misiriotis (2002) showed that of two galaxies with the same disk-halo ra-
tio, the galaxy with the greater halo concentration developed the stronger and larger bar.
In subsequent work Athanassoula (2003) demonstrated that the more massive the dark
matter halo the stronger the bar it would host. This occurs when material in resonance
with the bar in the inner disk transfers angular momentum to resonant material in the
outer disk/halo.

The Milky Way’s Bar

The presence of a large triaxial structure in the Milky Way was first shown convincingly
in the 1990s considering: i) gas flows in the Galactic plane (Binney et al. 1991); ii) the
flattened-ellipse surface brightness profile seen in near-IF COBE data (Weiland et al. 1994;
Freudenreich 1998); iii) the colour-magnitude diagrams from OGLE data (Stanek et al.
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1994); iv) the vertex deviation of the velocity ellipsoids in Baade’s window (Zhao et al.
1994); and v) star counts from the Two-Micron galactic Survey at longitudes 35 > [[deg] >
15 (Hammersley et al. 1994). It is now known that the Milky Way hosts a barred bulge
with a large triaxial boxy/peanut bulge structure in the central region which is embedded
in a longer, thinner bar. The boxy/peanut bulge will be discussed in § 1.1.3. The longer
bar component was observed again by Hammersley et al. (2000) who reported an excess
density of stars extending to positive longitude up to [ ~ 28°. This early work measured the
distance to the bar at [ = 27° (I = 20°) to be 5.7 £ 0.7 kpc (~ 6.2 kpc), resulting in a bar
angle of 43°+7°, and found that the bar had merged into the bulge by [ = 10°. Red clump
star counts from various surveys Cabrera-Lavers et al. (2007, 2008) confirmed these earlier
results, finding a long-bar structure extending out to ~ 28° with a vertical scale height of
~ 100 pc. Notably the pitch angle of the long bar remains markedly stable between all
these measurements at ~ 43° while measurements of the pitch angle of the triaxial bulge
are mutually statistically inconsistent. Using GLIMPSE data Benjamin et al. (2005) found
consistent results of a long bar with a half length Ry, = 4.4 £+ 0.5 kpc.

The picture changed when Wegg et al. (2015), using combined VVV, UKIDSS, 2MASS,
and GLIMPSE data, demonstrated that the triaxial bulge smoothly transitions into a
longer, more in-plane bar, h, ~ 180 pc, with consistent pitch angles. Additionally they
identified the “super-thin” bar which is confined to the plane with a vertical scale height
of h, = 45 pc and a half-length of 5.0 = 0.2 kpc.

The Chemical Structure of the Bulge & Bar; Clues to the Formation

The relatively recent release of spectroscopic survey data in the Galactic bulge has opened
up a fresh avenue to explore the current structure of the Galactic bulge and bar by means
of stellar populations and abundances. Work includes: i) the analysis of the metallicity
distribution function in the bulge (Hill et al. 2011; Ness et al. 2013; Rojas-Arriagada et al.
2014; Zoccali et al. 2017; Rojas-Arriagada et al. 2020) and bar (Wegg et al. 2019b; Queiroz
et al. 2021); ii) work deriving individual elemental abundances (Lian et al. 2020; Queiroz
et al. 2021); and iii) studies measuring stellar ages (Bensby et al. 2013; Schultheis et al.
2017; Hasselquist et al. 2020).

A notable finding is the discrepancy between the metallicity of stars in the outer region
of the Galactic bar relative to the stars in the central bulge (Bovy et al. 2019; Hasselquist
et al. 2020; Queiroz et al. 2021) which manifests as a clear horizontal metallicity gradient
along the major axis of the bar (Wylie et al. 2021). Such a metallicity gradient may be the
result of a bar forming out of co-existing disks of different metallicity and with different
scale-lengths (Fragkoudi et al. 2018).

A recent discovery this year by Wylie et al. (2022) is the presence of an inner ring
structure. They integrated the orbits of a sample of APOGEE DR16 stars in one of the
Portail et al. (2017a) model’s Galactic potential finding a radially thick, vertically thin,
elongated ring structure. The Galactic bar gradually transitions into this structure whose
stars have an average age of ~ 6 Gyr and are, on average, solar metallicity, [Fe/H]. A
second result, in the boxy/peanut bulge region was a clear X-shape not only in the density
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Figure 1.6: Figure taken from Wegg et al. (2015). This shows a model of the Milky Way
bulge in face-on (top) and side-on (bottom) projection constructed from RC star counts.
All units are in kpc and the sun’s location is highlighted by the grey dot. The face-on
view shows how the dense central region gradually gives way to a more extended bar like
structure before eventually transitioning into a disk. The bar angle of the bar, ay,,,, is also
clearly visible. In the side on view one clearly sees the peanut shape of the bulge.
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distribution, but also in [Fe/H] which may provide additional constraints on the structure
of the disk out of which the bar formed. It is not yet clear how the ring structure formed;
whether concurrently with the bar or later.

Furthermore, the question of when/how the bulge and bar formed is made even more
confusing by the presence of remnant populations from past accretion events residing in
the Galactic bulge (Horta et al. 2021). To answer these questions it will be essential to
understand the current state of bulge and bar; only then can we begin to really look into
the past.

Kinematics of the Bulge and Bar

These is now a vast collection of kinematic data available for both the bulge and bar, see
Table 1.2 for a list of recent surveys with references. These include line-of-sight (LOS)
velocities from spectroscopic surveys such as BRAVA, ARGOS, and APOGEE as well as
proper motion data from astrometric surveys such as VIRAC and Gaia.

Recent kinematic results include: i) gradients in proper motion dispersion (e.g. Koztowski
et al. 2006; Rattenbury et al. 2007b); ii) evidence for streaming motions along the Galactic
bar (Véasquez et al. 2013); iii) the high LOS velocity peaks observed in the bulge (Nidever
et al. 2012; Molloy et al. 2015; Zhou et al. 2021); iv) differential rotation between either side
of the X-shaped distribution (Clarke et al. 2019; Sanders et al. 2019a); v) the quadrupole
correlation pattern between [ and b proper motions(Clarke et al. 2019); and vi) the vertex
deviation in the bulge (Sanders et al. 2019a; Simion et al. 2021).

The understanding of all this data and measurements requires a concerted modelling
effort. LOS velocities from the BRAVA and ARGOS surveys were included in the dynamical
modelling effort of Portail et al. (2017a). These models provide a full phase-space picture
of the kinematics of the Milky Way bulge and bar and were, remarkably, able to predict the
streaming motions in the bar and the correlation of [ and b proper motions (see Chapter 2).
Additionally this modelling allowed a determination of the bar pattern speed based directly
on kinematics of bar stars finding Qy, = 39.0 & 3.5 kms~'kpc~!. As I shall discuss below
)y, is an essential for the Galaxy as a whole due to resonance effects which can reach into
the disk to the solar radius and beyond.

A new generation of models, including APOGEE LOS velocities in the bar region and
VIRAC proper motions in the bulge, will be essential for interpreting the vast amounts of
upcoming data on the bulge/bar region of our Galaxy.

The Bar Pattern Speed, (,, and the Connection to Disk Resonances

There have been many measurements of €, over the years: i) hydrodynamical modelling
of gas kinematics in the Galactic plane (Sormani et al. 2015a; Li et al. 2022a, e.g.); ii) dy-
namical modelling of stellar kinematics in the bulge (Portail et al. 2017a); iii) applying
the Tremaine & Weinberg (1984b) method on proper motion data (Sanders et al. 2019b);
iv) application of the continuity equation to APOGEE data (Bovy et al. 2019; Leung et al.
2022); v) modelling the Hercules stream as a product of bar resonances and comparing to
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observations (e.g. Antoja et al. 2014; Pérez-Villegas et al. 2017; Asano et al. 2020); and
vi) modelling the various structures observed in the local Gaia data in the solar neigh-
bourhood (e.g. Fragkoudi et al. 2019; Sellwood et al. 2019; Binney 2020; Khoperskov et al.
2020).

The bar has an obvious impact on the orbits of the bar stars supporting it; e.g. stream-
ing motions and bulk rotation effects. However there is a large amount of velocity sub-
structure in the solar neighbourhood (Dehnen 1998) but see also (Gaia Collaboration et al.
2018b, Fig. 22) that is thought to be due to resonance effects of the rotating bar potential.

Orbital resonance occurs when there are integer values of [ and m that provide solutions
to,

m (Qb — W¢) = le, (11)

where €, represents the bar’s pattern rotation frequency (a simple unit conversion of the
km s~ kpc! pattern speed), and wy (wg) is the azimuthal (radial) orbital frequency of a
star. For an almost circular orbit we can set wy; = €2, (R) where €2, is the circular orbital
frequency at the distance of the guiding centre, R. Additionally we can set wg = K (R)
where k is the epicyclic frequency:

dQy?
2 A ¢ 2
K2 (R) = (R T T, )R/ (1.2)

The corotation resonance occurs when [ = 0 and m = 1, {}, = 4, where the guiding
centre of the star’s orbit rotates with the potential. The Lindblad resonances occur when
m (, — wy) = £k with the star encountering peaks in the potential at a frequency coin-
cident with the frequency of its radial oscillations.

Building on these ideas, the Hercules stream (Hunt et al. 2018a) has been modelled
as an effect of the Outer Lindblad resonance (OLR) of a fast-bar (Dehnen 2000; Minchev
et al. 2010; Antoja et al. 2014) but also as the corotation resonance (Pérez-Villegas et al.
2017; Monari et al. 2019b; Chiba & Schénrich 2021) or higher order OLR (Hunt & Bovy
2018; Asano et al. 2020) of a long-slow bar. Aside from Hercules, the complex velocity sub-
structure is most often simulated using a combination of spiral pattern (Hunt et al. 2018b;
Sellwood et al. 2019) and a long-slow bar (Monari et al. 2019a; Binney 2020; Khoperskov
et al. 2020; Kawata et al. 2021; Trick 2022) with the effects of bar and spiral difficult to
disentangle (Hunt et al. 2019). Key papers include: i) Monari et al. (2019a) who find that
six of the ridges that appear in local action space can be related to resonances of a bar
with €, = 39 kms™'kpc™!; ii) Binney (2020) who found that resonant trapping by the
corotation of a ), ~ 35 kms~!kpc™! bar explains structures seen in the density of stars
in velocity space; and iii) Chiba & Schénrich (2021) who demonstrated that a decelerating
Galactic bar will leave radial metallicity gradients in the disk as the bar resonances move
outwards.

The bar’s influence even extends into the stellar halo where it causes discontinuities in
stellar streams as it swings by (e.g. the Palomar 5 stream Pearson et al. 2017; Banik &
Bovy 2019; Bonaca et al. 2020).
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Clearly, accurate measurements of ()}, are essential for a wide range of applications
in Galactic dynamics from the bulge/bar itself to the stellar halo. A measurement and
detailed discussion of the bar pattern speed, including previous literature estimates, can
be found in Chapter 3.

1.1.4 The Disk(s)

Beyond the bulge region is the Galactic disk. The sun itself resides in the stellar disk at
a distance of ~ 8.2 kpc (Bland-Hawthorn & Gerhard 2016; Gravity Collaboration et al.
2020) away from the Galactic centre.

The precise structure of the Galactic disk is still under active investigation. A popular
hypothesis proposes the Galactic disk may actually be two overlapping disks. These two
components, widely referred to as the thin and thick disks, have different vertical and radial
scale lengths (Gilmore & Reid 1983; Juri¢ et al. 2008) and distinct chemical signatures
(Bensby et al. 2014; Hawkins et al. 2015; Masseron & Gilmore 2015). A major caveat
on the constraints reported above, 'measured using solar neighbourhood data only’, is
a symptom of a common problem between many studies of the Galactic disk although
the recent Gaia and APOGEE surveys have gone a long way to relieve this deficiency.
Quantities measurable in the vicinity of the sun become rapidly less well constrained away
from the sun due to difficulties such as interstellar extinction and uncertain distances. This
is in direct contrast to external galaxies where photometric scale lengths are well known
(e.g. Comerdn et al. 2012; Lange et al. 2015).

In this section I shall briefly describe the current state of our knowledge regarding the
stellar disk(s) before additionally discussing the Milky Way rotation curve.

The Thin/Thick Disks

(Jurié¢ et al. 2008), using photometric parallaxes of ~ 48 x 108 stars from the Sloan Digital
Sky Survey (SDSS), considered M-dwarfs in the solar neighbourhood (D < 2 kpc). They
found the number density distributions to be well fit by two exponential disks with scale
lengths (h., h.)min = (2.6, 0.3) kpc and (h,, h,)micx = (3.6, 0.9) kpc with the relative
local density of the two disks given by pick(Ro)/pimin(Ro) = 0.12. There is, however,
still significant inconsistencies in local measurements. Kordopatis et al. (2011), in nice
agreement with the findings of Juri¢ et al. (2008), found (A, h.)imin = (2.9 £0.2, 0.216 +
0.013) kpc and (A, h,)niek = (3.4 £ 0.7, 0.694 +0.045) kpc. However, Cheng et al. (2012)
found a inverted trend in radial scale lengths with A, = 3.44_%:3 kpc and hpgiae ~
1.821 kpc although note the large uncertainties on these values. This inversion is further
supported by Bensby et al. (2011) who found Ay, = 3.8 kpe and Ay ~ 2.0 kpe.
The situation became even more complicated with the discovery of two breaks in the
radial density profile by Wang et al. (2018) with each segment having its own scale length
(possibly an effect of radial migration). They additionally report an increase of A, from
~ 0.6 kpc at R = 8 kpc to ~ 1.3 kpc at R = 19 kpc indicative of disk flaring. Regardless
of the ongoing difficulties in reaching a consensus on the scale lengths of the two disks,
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there remains a lot of evidence for the spatial thin+thick disk structure (Bland-Hawthorn
& Gerhard (see 2016, Sect. 5 for a review)).

Spatial structure is, however, far from the only evidence of the double-disk system.
Over the past two decades, multiple spectroscopic surveys have observed a bi-modality
in the [a/Fe| — [Fe/H] abundance plane (here o refers to an average of Mg, Si, Ca and
Ti elemental abundances) (Prochaska et al. 2000; Bensby et al. 2003, 2004; Reddy et al.
2006; Adibekyan et al. 2011, 2012, 2013; Haywood et al. 2013; Yu et al. 2021). These
works consistently find the thick-disk population to be more metal-poor but a-enhanced
compared to thin-disk stars (e.g. Bensby et al. 2014, Fig. 22). Compared to kinematics,
where there will always be some overlap between components, chemical abundances offer
a different method by which to separate these two components. For example Masseron
& Gilmore (2015), using APOGEE data, showed that ¢/~ is enhanced in the thick disk
compared to the thin disk. Similar work by Hayden et al. (2015), considering a sample
of APOGEE red giant stars, shows the variation in the [o/Fe] plane as a function of
Galactocentric radius. They find that the thick disk stars have effectively vanished by
R ~ 12 kpc while the thin disk is still present. The complexity of chemical space led
Hawkins et al. (2015) to advocate for a chemical tagging approach in which an array of
chemical abundances are used to differentiate between the disks and the stellar halo. A
meta-analysis of various studies using both kinematic and chemical separation determines
a radial scale length R = 2.0 4 0.2 kpc and a total stellar mass Mpie = 6 &3 x 109M,
for the thick disk and Ry, = 2.6 £ 0.5 kpe, Mipin = 3.5 4 1.0 x 10190, for the thin disk
(Bland-Hawthorn & Gerhard 2016).

The Galactic Rotation Curve

The rotation curve of the Galaxy, Vi.(R), is the velocity with which a test particle at
Galactocentric cylindrical radius R would move on a circular orbit. In an axisymmet-
ric potential this is well defined at all radii however in the Milky Way, where the non-
axisymmetric bar dominates at R < 5 kpc, the best that can be done is an azimuthal
average of the circular velocity. An important feature of the rotation curve is, along with
the bar pattern speed (the rate at which the bar structure rotates as a solid body), it
allows one to constrain the co-rotation radius. Co-rotation marks the radius at which a
star on the circular orbit completes one orbit per full rotation of the bar which is incredibly
important for resonances as I shall discuss in the next section.

Early approaches, as well as some more recent studies, have applied the tangent-point
method to kinematic measurements of HI and CO gas (Gunn et al. 1979; Clemens 1985;
Fich et al. 1989; Levine et al. 2008; Sofue et al. 2009). The tangent-point method works,
for R < Ry, by making the assumption that the line-of-sight (LOS) velocity, viog, reaches
a maximum at the tangent point of a circle with radius given by R = Rysin(l). This
assumes that the gas is moving on a circular orbit. The velocity at R is then given by
v(R) = Vi sin(l) + max(vpos|;) where the motion of the sun is accounted for. A common
feature of the rotation curves derived in this way have been large peaks up to ~ 250 kms~!
in the inner 2 kpc. However Peters (1975); Binney et al. (1991) and later Chemin et al.
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Figure 1.7: This shows an artists impression of the Milky Way Galaxy viewed from above.
The bar is clearly visible, as are the gas lanes leading into the NSD, as well as the many
spiral arms twisting through the disk.

Credit: NASA/JPL-Caltech/ESO/R. Hurt
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(2015) showed that applying this approach to the inner Milky Way will give significantly
incorrect results due to the significant non-circular motions of the gas in the bar region;
the high velocity inner peak in the rotation curve is an artefact of this effect.

Alternatively to the tangent point method, the rotation curve can be constrained by
individual tracers for example stars, HII regions, models of masers, or open clusters as
long as accurate distances to the tracers can be obtained and at least one in-plane velocity
component is known Honma et al. (e.g. 2007); Smith et al. (e.g. 2007); Bovy et al. (e.g.
2012); Bhattacharjee et al. (e.g. 2014); Reid et al. (e.g. 2014); Ablimit & Zhao (e.g. 2017);
Russeil et al. (e.g. 2017); Eilers et al. (e.g. 2019); Reid et al. (e.g. 2019); Ablimit et al. (e.g.
2020). A different approach uses tracers such as halo stars (Kafle et al. 2014), globular
clusters (Binney & Wong 2017), red clump stars (Portail et al. 2017a), or even multiple
different measurements (McMillan 2017) to construct mass models of the Milky Way from
which the rotation curve is a natural by-product.

Notably, despite the huge quantity of high quality data now available, there remains
some systematic disagreements between measured rotation curves for example the differ-
ence between the curves of Eilers et al. (2019) and Reid et al. (2019).

1.1.5 The Halo
The Stellar Halo

Searle & Zinn (1978), who had observed the wide range in abundances of halo stars in 19
globular clusters at varied radii, proposed that the halo had formed by the chaotic infall of
multiple individual structures. The concept that the stellar halo had formed through the
accretion of many smaller subsystems garnered further evidence with the discovery that
the Sagittarius Dwarf galaxy, the Milky Way’s closest galaxy, is being tidally distorted and
is tidally-limited (Ibata et al. 1997). Tidally-limited refers to the process of mass-loss due
to tides from the Milky Way potential gradually stripping off stars and dark matter from
a subhalo (e.g. see Errani et al. 2022). This scenario is consistent with the hierarchical
formation scenario predicted by ACDM (see § 1.2.1) in which the Milky Way should have
accreted 100 — 200 satellite galaxies over the last 12 Gyr (Bullock & Johnston 2005).
Yet more evidence for the hierarchical assembly scenario was provided by Helmi et al.
(1999) who estimated that ~ 10% of the metal-poor halo stars came from a single coherent
structure (see also Koppelman et al. 2019a). The Helmi Stream is the remnant of this
structure that was disrupted around the time the Galaxy itself was forming.

In a prior work Helmi & White (1999) had demonstrated with simulations that the
disruption of infalling satellite galaxies 10 Gyr ago would leave no obvious asymmetries in
position space but would still have significant correlations in velocity space with multiple
streams. Using SDSS photometry Belokurov et al. (2006) reported the Field of Streams
where simple colour cuts highlight multiple stream structures around the north Galactic
pole. Carollo et al. (2007) demonstrated that the stellar halo does indeed consist of at least
two stellar populations; an inner- and outer-halo with different density profiles, and stellar
orbits/metallicities. They determined the inner halo to have prograde rotation, contrary to
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Table 1.1: A selection of measurements of the total mass of the Milky Way dark matter
halo.

Reference Quantity Value [10" M)
Boylan-Kolchin et al. (2013)  Magg | Myirial 1.6 +0.6
Kafle et al. (2014) 0.80%0 75
Cautun et al. (2014) 0.25 to 1.4
Penarrubia et al. (2016) 1.041028
Huang et al. (2016) 0.90%5:0
Monari et al. (2018) 1.28+53°
Callingham et al. (2019) L17H031
Cautun et al. (2020) 0.97%9%
Gnedin et al. (2010) Mpu(R < 80 kpe)  0.69%0%)
Deason et al. (2012) Mpm(R < 50 kpe)  ~ 0.4
Posti & Helmi (2019) Mpu(R < 20 kpe)  0.1374001%
Pefiarrubia et al. (2016) Moca1 Group” 2.6470:32
Benisty et al. (2022) 34579

* The timing argument constrains the total mass of the Local Group (Milky Way, M31, M33,
and the LMC) which is why the mass values are double those of other measurements.

the outer halo which rotates retrograde. These differences indicate that the two separate
components formed in distinct events (see also Carollo et al. 2010; Beers et al. 2012).

A recent major landmark in our understanding of the stellar halo was provided by
the Gaia DR2 data (Gaia Collaboration et al. 2018a) and various spectroscopic surveys.
One such discovery was that at metallicity, [Fe/H] < —1, the local halo is dominated by
stars originating from the merger of Gaia Enceladus ~ 10 Gyr ago (Belokurov et al. 2018;
Helmi et al. 2018). In the last five years there have been multiple studies reporting on
the discovery of new halo streams (Myeong et al. 2018c¢,a,d,b, 2019; Matsuno et al. 2019;
Koppelman et al. 2019b; Belokurov et al. 2020; Yuan et al. 2020a,b; Naidu et al. 2020,
2021).

Summarising this body of work the general picture emerges of a stellar halo whose stars
fall into two categories: i) debris from dwarf/satellite galaxies which have been tidally dis-
rupted by the Milky Way’s potential; and ii) ancient disk stars which have been shifted onto
more eccentric, out-of-plane orbits following satellite mergers (e.g. the “Splash” Belokurov
et al. 2020).
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The Dark Matter Halo

It is not possible to create a plausible model of the Milky Way stellar mass distribution that
also fits constraints such as the rotation curve and the velocity of maser sources that does
not include a dark matter halo (e.g. McMillan 2017). Indeed, numerous studies over the
years have demonstrated that dark matter is actually the dominant mass component in the
Galaxy; e.g. Posti & Helmi (2019), albeit assuming a distribution function, found the total
mass within 20 kpe, M. (R < 20 kpc), to be 1.91701% x 10'* M, where the dark matter
mass is Mpy (R < 20 kpc) = 1.37701% x 101 M, indicating that dark matter constitutes
~ 70% of the total mass within 20 kpc which is where the majority of the baryonic mass
is located.

A quantity of major interest is the total dark matter mass. This is not a trivial quantity
to define due to the ambiguity as to where exactly dark matter halos end (Shull 2014).
Ideally, we would measure the virial mass, M., which is the mass of dark matter which has
reached the virial equilibrium condition, (K) = —3(U), which relates the average kinetic
energy to the average gravitational potential energy. However an often used alternative
is Msgo which is defined as the total mass within a radius, r9gg, within which the average
density is 200 times the critical density for a closed universe, p.i. Table 1.1 provides a
selection of mass measurements which indicate the total Milky Way dark matter mass is
O(10™ M) however a more extensive compilation can be found in Callingham et al. (2019,
particularly their Fig. 7). A standard method for mass measurements relies on discrete
tracers such as halo stars (Deason et al. 2012; Kafle et al. 2012, 2014), globular clusters
(e.g. Li & White 2008; Posti & Helmi 2019), satellite galaxies (e.g. Watkins et al. 2010;
Callingham et al. 2019), RR Lyrae stars (Wegg et al. 2019a), or Hypervelocity stars (e.g.
Gnedin et al. 2010) whose dynamics allow one to infer the required dark matter mass
distribution. A complementary method relies on a so-called ”timing argument” which
works out how massive the Local Group (not the Milky Way individually) must be in
order for it to collapse despite the expansion of the Universe (e.g. van der Marel et al.
2012; Penarrubia et al. 2016; Benisty et al. 2022).

Cosmological simulations of galaxy formation considering only dark matter find highly
flattened dark matter halos, ¢ £ < ¢/a >,=~ 0.5 (Jing & Suto 2002; Allgood et al. 2006;
Schneider et al. 2012). When baryons are included the interplay between the two compo-
nents results in less triaxial and less flattened halos (Dubinski 1994; Abadi et al. 2010) with
the halos of Milky Way like galaxies becoming less flattened by Ag, ~ 0.2—0.3 (Debattista
et al. 2008). This is likely still an oversimplification because modern cosmological hydrody-
namical simulations predict a flattening and triaxiality that vary with radius (Shao et al.
2021). Nevertheless, measurements of the flattening of the overall gravitational potential,
¢s, have been made using stellar streams. The GD-1 stream (Grillmair & Dionatos 2006)
is commonly used with studies finding gs = 0.87700; (Koposov et al. 2010), g = 0.90709%
(Bowden et al. 2015), and go = 0.95 £ 0.04 (Bovy et al. 2016). An alternative stream,
Pal-5 (Odenkirchen et al. 2001), has been used with results g = 0.9570% (Kiipper et al.
2015) and go = 0.94 +0.05 (Bovy et al. 2016). A key recent result, considering the Gaia
kinematics of RR Lyrae stars within r < 20 kpc and using a Portail et al. (2017a) model
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to account for the baryonic contribution, was the work of Wegg et al. (2019a). They used
the Jeans Equations to measure the force field of the dark matter gravitational potential
finding a density flattening of ¢, = 1.00 & 0.09 and a potential flattening of 1.01 £ 0.06.

Aside from the overall dark matter halo profile and flattening there has been consider-
able interest in the local dark matter density. There are a number of ways to make this
measurement, which are beyond the scope of this short overview (see de Salas & Wid-
mark (2021) for a review), however a few methods used recently in the literature are as
follows: i) measuring the surface density and vertical distribution of baryonic matter and
comparing to the total matter surface density (e.g. McKee et al. 2015); ii) applications of
the axisymmetric Jeans equations to the kinematics of red clump stars in the solar neigh-
bourhood (e.g. Hagen & Helmi 2018); iii) fitting the observed Milky Way rotation curve
with baryonic and dark matter components (e.g. Pato et al. 2015); and iv) applying the
Jeans equations to measurements of halo RR-Lyrae stars using models to account for the
baryonic component (e.g. Wegg et al. 2019a). The results generally fall into the range
0.3 = 0.6GeVem 2 = 0.008 — 0.016M;, pc~? with some systematic difference the results
of local and global studies.

In this section I have provided an overview of the mass and shape of the Milky Way
dark matter halo. The general properties of dark matter halos, in a cosmological context,
will be discussed in more detain in § 1.2.3. The effect of baryons on the properties of the
inner regions of dark matter halos will be discussed in § 1.2.4. Constraining the structure
of the dark matter halo in the bulge region is one of the primary goals of this thesis and
will be discussed in detail in Chapters 4 and 5.

1.2 The Milky Way in Cosmological Context

In § 1.1 I provide a description of the major features of the Milky Way Galaxy most relevant
for the understanding of this thesis. In this section I describe the cosmological context of
the Milky Way addressing such questions as:

e How did structures such as the Milky Way evolve in the Universe?
e What is the observational evidence for cold dark matter?

e How does baryonic and dark matter interact in a regime such as the Milky Way
bulge?

1.2.1 The Flat A-Cold Dark Matter Model

The Energy Distribution of the Universe

The dominant theory for the growth of structure in the Universe is currently A-Cold Dark
Matter (ACDM). Throughout the Universe there are four components that contribute to
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the total energy, matter (£2,,), radiation (€2,), dark energy (€2,), and curvature (€;) with,

Q +Q, Q0+ = 1. (1.3)

Constraints on the energy densities quoted below were provided by the Planck Collabo-
ration et al. (2020) analysis of the Cosmic Microwave Background (CMB) using the base
ACDM theory.

The matter density must actually be split into two components, €2, = , + Q4 =
0.3153 + 0.0073; baryonic matter with €2, = 0.0493 £ 0.0022 and cold dark matter (CDM)
with €; = 0.2645 £ 0.0033. CDM is modelled as a non-baryonic collisionless fluid. The
radiation term is found to be negligible and allowing for curvature they found €2, = 0.0007+
0.0019 which is entirely consistent with a flat Universe.

It has been known that the Universe is expanding since Hubble (1929) reported a
relationship between the distance to external galaxies and their radial velocity (see also
Slipher 1913; Wirtz 1924; Lundmark 1925; Lemaitre 1927). However it was not until
decades later that, using spectral and photometric observations of < 50 Type Ia Supernova
that Riess et al. (1998); Perlmutter et al. (1999) independently demonstrated that the
expansion of the Universe must be accelerating®. Indeed, assuming a flat cosmology (£2,,, +
Qx = 1), Perlmutter et al. (1999) reported (€2,,, Q4) =~ (0.28, 0.72) which is impressively
close to the Planck Collaboration et al. (2020) value, (£2,,, 4) ~ (0.315340.0073, 0.6847+
0.0073). To have an accelerating expansion an energy component with negative pressure is
required which is interpreted as the cosmological constant, A. The Planck Collaboration
et al. (2020) measure the Hubble constant to be Hy = 67.36 + 0.54 kms~! Mpc™' which
quantifies the current expansion rate of the Universe.

The Growth of Structure

The CMB has allowed incredibly precise constraints on the energy densities of different
components in the Universe. However, it also provides a clue as to the physical mechanism
that led to the growth of gravitationally bound structures such as the Milky Way. Prior to
recombination, the moment (~ 380000 yr after the Big Bang) when protons and electrons
were able to recombine to form neutral Hydrogen atoms, photons and particle matter
existed in a hot, opaque, tightly coupled (via Thomson scattering) fluid, the so called
baryon-photon plasma. At the moment when the temperature decreased such that electrons
and protons could form atoms the scattering cross section immediately reduced as there
were no free electrons. The Universe suddenly became transparent and photons were able
to travel unimpeded from that moment. The CMB, which is composed of the photons
released at the moment of recombination, is therefore a snapshot of the distribution of
matter and radiation. The temperature fluctuations, AT/T ~ O(107°K), are caused by
the differential gravitational redshift of photons escaping from regions of different density.

6Perlmutter, Schmidt, and Riess were awarded the 2011 Nobel Prize in Physics for " the discovery of
the accelerating expansion of the Universe through observations of distant supernovae.”
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The incredible uniformity of the initial fluctuations in the CMB, between regions that
cannot have been in causal contact at z ~ 1100, is explainable by the mechanism of
inflation. Inflation refers to an epoch of incredibly rapid expansion, lasting until only
~ 107325 after the Big Bang, where the Universe increased in size by a factor > €. Prior
to inflation, where everything was in causal contact with each other, the only fluctuations
in density were a Gaussian random field due to Quantum Mechanical fluctuations. The
inflationary epoch increased these fluctuations to cosmological scales where they then went
on to form the ’seed’ fluctuations which allowed the growth of structure.

These fluctuations in density result in under- and over-dense regions. However, right af-
ter recombination the baryonic matter was still too hot, and therefore pressure supported,
to gravitationally collapse any further. CDM however, which only interacts gravitationally,
is able to decouple from the expansion and collapse into gravitationally bound structures.
Subsequent growth is driven by mergers with nearby structures and by mass accretion of
unbound matter (White & Rees 1978). This process has been named hierarchical assembly
in which galaxies, and their dark matter halos, grow through mergers with smaller struc-
tures forming first before combining into larger structures. This has been observed directly
in the Milky Way (e.g. Helmi & White 1999) and in simulations (e.g. Navarro et al. 2010).

Note that, as dark matter is dissipationless, it cannot lose energy through electro-
magnetic radiation, the dark matter halo remains much more spatially extended than the
baryonic component which is able to sink to the centre. As such, while the total dark
matter halo mass of galaxies is often (O(20) times larger than the total baryonic mass in
MW-like galaxies (O (100) times in dwarf galaxies), the baryonic density in the region of
the bulge and disk is larger than that of the dark matter meaning the dark matter in this
inner region will respond to the baryonic gravitational potential.

This explanation of the mechanism by which galaxies formed raises a few key questions:
What evidence do we have for the postulated CDM component? What impact does the
in-fall of baryonic material, and the subsequent formation of bulges and disks, have on
the existing dark matter distribution. These are the questions that are discussed in the
remainder of this section.

1.2.2 Indirect Evidence for Cold Dark Matter

Despite the lack of any direct proof of DM (e.g. a detectable particle) there is now a
sizeable, and varied, body of empirical evidence for its existence. Zwicky (1933) contained
the first reference to “dunkle materie” inferred from a mismatch between the amount of
luminous matter in the Coma cluster and the cluster mass inferred from its radial velocity
dispersion. A few years later Smith (1936) identified a similar problem in the Virgo cluster.
A quarter century later Kahn & Woltjer (1959) pointed out that the Milky Way (MW) and
Andromeda (M31) galaxies are falling towards each other. Applying Kepler’s third law, and
assuming an orbital period < 15 Gyr, they found the mass of the pair to be > 1.8 x 10120,
(see Table 1.1 for MW halo mass); a factor of six times larger than the combined luminous
mass. A decade after that Rubin & Ford (1970); Roberts & Whitehurst (1975) were
studying the rotation curve of M31 and found that, despite the surface density of the
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galaxy dropping off rapidly, the rotational velocity curve stayed approximately constant
from 15 < r[kpc] < 30 indicating additional, unseen mass.

These discoveries, miss-attributed at the time, are with hindsight the first pieces of
a puzzle that continues to this day. Using weak lensing of the Bullet cluster merger,
Clowe et al. (2004); Markevitch et al. (2004); Clowe et al. (2006) demonstrated that the
gravitational potential did not trace the x-ray emitting plasma but instead approximately
the distribution of galaxies indicating that the majority of the cluster’s matter is unseen
and collisionless. Further evidence can be found in the detection of Baryonic Accoustic
Oscillations (BAO Eisenstein et al. 2005) which are predicted by the ACDM model.

1.2.3 A Question of Cusps and Cores

In this section I shall explain our current understanding of dark matter density profiles
from both observations and simulations and in § 1.2.4 I shall discuss the effect that baryons
might have on the innermost regions of their host dark matter halos.

Simulations that model the evolution of dark matter halos in the absence of baryons
predict density profiles with mass-independent shapes (Navarro et al. 1996b). It is for this
reason that they are sometimes referred to as “scale-free.” These “Universal” profiles are
well described by the Navarro et al. (1997, NFW) profile,

pnrw (1) = (1.4)

or the Einasto (1965) profile,

o= e (2)[(2) 1. i

where pg is a characteristic density and rq is the scale radius. The Einasto (1965) profile
has an additional curvature parameter o which affects the change in slope with radius.
One property of the NFW profile is the divergent behaviour at small r; as 7 — 0 one sees
that pnpw — 00 as parw (r — 0) r~1. It has become a common practice to denote the
dark matter density profile as ppy o< =7 where for NFW ~ = 1 at small radii. The fact
that these halo profiles appear ubiquitous in simulations provides a test of CDM theory:
Do observationally inferred density profiles also show this r=* behaviour at small radii?
The answer to this question is definitively no. Multiple investigations studying dwarf
galaxies (Moore 1994; Burkert 1995; Salucci & Burkert 2000; Spekkens et al. 2005; Adams
et al. 2014; Oh et al. 2015; Cooke et al. 2022), spiral galaxies (Gentile et al. 2004; Walter
et al. 2008; Spano et al. 2008; Oh et al. 2011; Relatores et al. 2019), galaxy clusters
(Flores & Primack 1994; Sand et al. 2004; Newman et al. 2009, 2011; Del Popolo 2014),
and low surface brightness galaxies (de Blok et al. 2001; Swaters et al. 2003; Del Popolo &
Kroupa 2009) have inferred shallower dark matter density profiles in the inner regions. The
amount of flattening is highly dependent on halo mass and redshift (Ricotti 2003; Ricotti
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& Wilkinson 2004; Del Popolo 2010; Del Popolo et al. 2013) with some dwarf galaxies
consistent with a flat, constant density structure, ppy o< 779 (see Del Popolo & Le Delliou
2021, for a detailed review of this subject). Indeed, to accommodate their observations,
Burkert (1995); Salucci & Burkert (2000) used the Burkert Potential,
poro”

(7” + TO) (7’2 n 7,02)7 (16)

PBurkert (T) -

to successfully fit the rotation curves of dwarf galaxies and disk systems of O(100) times
more massive.

This inconsistency between simulations and observation is known as the cusp-core
problem. In § 1.2.4 T shall discuss some of the suggested solutions to the core-cusp problem
as well as the mechanisms by which baryonic matter might interact with its host dark
matter halo.

7

1.2.4 Effect of Baryons on Dark Matter Halos

The cusp-core problem was originally posed from dark matter only simulations. Clearly
ignoring a major, and often dominant at the radii of interest, component of the galaxy will
have significant impact on the structure of the dark matter halo.

Baryonic Contraction

Baryonic contraction occurs when the clustering of baryonic matter at the centre of dark
matter halos causes an increase in the dark matter density (Blumenthal et al. 1986). This
was studied by Gnedin et al. (2004) using high-resolution cosmological simulations to follow
the effects of cooling gas in the inner regions of halos. They find that the dissipation of gas
increases the dark matter density compared to the case without gas cooling which would
result in ultra-cusp profiles with v > 1. Using the EAGLE simulations, Schaller et al.
(2015) found that the presence of stars can induce cuspier dark matter density profiles
with enhancements most significant for halos in the mass range 10'? to 103M. Similar
results have been obtained using NIHAO (Dutton et al. 2016), [llustrisTNG (Lovell et al.
2018), and AURIGA (Callingham et al. 2020) simulations (see also Abadi et al. 2010).

Cautun et al. (2020) used three different simulation suites to develop a simple empirical
expression relating the dark matter mass interior to radius R in a contracted halo compared
to a dark matter only counterpart,

Mpy (r < R) = MPW© (r < R) [0.45 + 0.38 (vpar + 1.16)"%°] (1.7)

where Vo = Mpar(r < R)/MPMO (1 < R) is the mass ratio of the enclosed baryonic mass

between hydrodynamical and dark matter only (DMO) runs (the DMO baryonic mass

7 Cusp: A steep density profile rising right into the centre characterised by ppy o< 7~!. Core: A flat

density profile characterised by ppm o< 77°.
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MPMO (r < R) £ fu MPMO (r < R) is simply the baryonic fraction times the total en-
closed mass in the DMO run). However, applying this to the Milky Way’s halo they were
unable to rule out the uncontracted NF'W halo model due to a lack of data in the bulge
region.

Feedback-Induced Core Formation

Alternatively, the inner dark matter density can decrease due to the repetitive outflow of
baryonic matter due to feedback (e.g. from supernova or active galactic nuclei) followed
by the re-accretion of gas (Navarro et al. 1996a; Read & Gilmore 2005; Mashchenko et al.
2006; Governato et al. 2010, 2012; Pontzen & Governato 2012; Teyssier et al. 2013; Di
Cintio et al. 2014a; Brook & Di Cintio 2015; Chan et al. 2015; Tollet et al. 2016).

Interestingly Forouhar Moreno et al. (2022), using the EAGLE simulations, found that
while halos do contract due to baryons, they subsequently de-contract due to active galactic
nuclei feedback and the formation of a stellar bar which induces a secular expansion of the
halo.

Di Cintio et al. (2014b), presented the generalised a3~y profile® |

_ Po
Papy (T) - ~ aq (B—7)/a’ (18)
(5) [+ (5) ]
o 0
where [ defines the outer slope, 7y controls the inner slope, and « controls the sharpness of
the transition. Considering a set of hydrodynamical simulations with various dark matter

density profiles and Mgenar/Mhpalo ratios, they then fit simple empirical functions to the
three shape parameters,

a = 2.94 —log,, {(1OX+2-33)71'08 + (10X+2_33)+2.29}
f=423+1.34X +0.26X> (1.9)
v = —0.06 + logy, {(1()X+2-56)*0'68 + (10X+2.56)} ’

where X = log,, (M, /Mpu), and which correspond to the coloured lines shown in Fig. 1.8.
They found that only systems in which the stellar mass is > 10715 Mpy, corresponding
to &~ 3%, have an inner slope v > 1 as predicted by the baryonic contraction model.
Furthermore they find that dark matter halos are most cored when the halo mass is between
102 to 103 times larger than the stellar mass. Taking values for the Milky Way total stellar
mass, M, = 0.0543 & 0.0057 x 10'2M,, and total virial mass, M;, = 1.30 £ 0.30 x 102 M,
(McMillan 2017), one obtains a mass ratio,

M, 0.0534
= ~ 0.04
Myao  1.30 — 0.0534

(1.10)

8In Chapter 4 I redefine a — 1/a however leave it unaltered from the original Di Cintio et al. (2014b)
format here so that comparison to Fig. 1.8 remains intuitive.
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Figure 1.8: Image taken from Di Cintio et al. (2014b). This plot shows the best fitting
a3y curves which correspond to Eqn. (1.9). The inner slope parameter, +, is around 1 at
either end of the stellar-halo mass fraction range they consider however gets closer to zero
for galaxies with log, (M,/Mpyn) =~ —2.6 indicating a cored density profile for that mass
range.
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which means that for the Milky Way we might expect v ~ 1.13; more cusped than NFW.

Using the FIRE-2 simulations Lazar et al. (2020, see their Fig. 2) analysed the inner
dark matter density slope averaged over 1 to 2% of the virial radius finding, in mild dis-
agreement with the Di Cintio et al. (2014b) results, v ~ 1.5 for all DMO runs independent
of mass ratio and that feedback induced core formation peaks at M, /Mpy =~ 5 x 1073 (see
also Tollet et al. 2016).

Dynamical Friction from Minor Accretion Events

The final mechanism we shall discuss by which baryons influence their host halos involves
the dynamical friction from minor accretion events (El-Zant et al. 2001; Tonini et al. 2006;
Romano-Diaz et al. 2008a; Goerdt et al. 2010; Cole et al. 2011; Zhu et al. 2016). El-Zant
et al. (2001) demonstrated that cores can form naturally if infalling gas is distributed in
clumps (> 0.01% of the total system mass) as opposed to a smooth distribution. Dynamical
friction transfers orbital energy from the clumps into the dark matter heating the halo and
turning the initial cusp into a core. Cole et al. (2011) found than an infalling clump is
highly efficient at reducing the inner halo density; a clump of mass Mjymp = 0.01 M50 can
remove of O(2x) its own mass from the inner halo transforming a cusp into a weker-cusp
or core. They do however comment that such clumpy in-fall may be unrealistic to some
extent.

1.3 Dynamical Modelling of Galaxies

In the previous sections we have described the Milky Way Galaxy and our current under-
standing of its structure. We have furthermore described the cosmological context within
which the Milky Way formed and outlined the as-of-yet open question regarding the dark
matter structure in the inner-most regions of galaxies. In this section we discuss the tool
by which one may use the Milky Way to provide another piece of the dark matter puzzle;
dynamical modelling.

1.3.1 Collisionless Stellar Dynamics

A typical disk galaxy contains O(10) stars which corresponds to an average number
density of n(1 pc™® (assuming a cylindrical geometry with radius ~ 10 kpc and a cylindrical
height ~ 0.5 kpc). Consequently, a galaxy is mostly empty space, in which two-body
interactions are vanishingly rare, with each individual star experiencing the geometrical
average force of all other stars in the system. It is therefore plausible to model a galaxy
not as a collection of individual point masses but as a smooth density distribution and
corresponding smooth gravitational potential. We refer to such galaxies as collisionless
systems.

The question remains however, of just how good an approximation this is. To quantify
this we follow the motion of a test particle as it moves through the galaxy experiencing
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“passing encounters” with local stars. As the test particle, moving with velocity v, travels
past another star of mass M, at a perpendicular distance b, the test particle’s velocity will

change by,

GM, 2b 2GM,
2oov b
which roughly corresponds to the acceleration at closest approach multiplied by the dura-
tion of the interaction. For a interacting star with M, = 1M, travelling relative to the test
particle at v = 100 kms~! at a distance of 1 pc we estimate év ~ 0.1 x 1072 kms~! which
is individually negligible. However, during a single crossing of the galaxy the test particle
may encounter many such interactions with a cumulative impact on the test particle’s ve-
locity. The time scale for these small interactions to accumulate sufficiently to change a

velocity by order itself is (Binney & Tremaine 2008, pages 34 to 37),

N N
T= 10 loge (N) 7-CI‘OSS7

v ~ (1.11)

(1.12)

where 7.5 18 the time required for a typical star to cross the galaxy once. Here 7 is
referred to the relazation time. After one relaxation time the star has lost the memory of
its initial conditions.

Returning to a disk galaxy, with NV = 10! stars and 7eess ~ 100 Myr, this corresponds
to 7 ~ 107 yr = 10® Gyr which is ©O(10%) times longer than the age of the Universe itself.
As such a disk galaxy such as we have considered (analogous to the Milky Way) is perfectly
collisionless. This is not the case for all astrophysical dynamical systems. For example in
globular clusters, where N = 10° stars and Teposs ~ 1 MyT, we have 7 = 2 x 10? yr = 2 Gyr
meaning globular clusters are subject to collisional dynamics.

Tabulating the position and velocity of the billions of stars in such a system is an
intractable problem. A far superior approach is to utilise the distribution function of the
system, f(x, v, t), where, P (x, v, t) = f(x, v, t) d*zd>v represents the probability of a
star occupying the six-dimensional phase-space volume, (x, v) — (x +dx, v+ dv) at time
t. In certain cases, discussed in more detail in § 1.3.3, one can provide analytic forms
for the distribution function however this is not a general result and so other modelling
methods must be used.

Any changes to the distribution function must obey the continuity equation,

or, o

5+ g (f) =0, (1.13)

where w £ (x, v). An increase in phase-space density at some point must be accompanied
by a lowering of phase-space density somewhere else and a flow of mass towards the point
of increasing density. This can be simplified (following Binney & Tremaine 2008, see page
276) into the collisionless Boltzmann Equation (CBE),

df of . of . of oOf
Y= 2L L2 242 . _ L 1.14
dt o T T e T VI Vg, (1.14)

which describes the conservation of fluid mass in phase-space in a collisionless system.

0 of
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The art of dynamical modelling involves the construction of approximate equilibrium
solutions to the CBE; an equilibrium, time-independent, solution allows us to set 9/at = 0.
This is not a simple task given the CBE is a second order differential equation of seven
variables and in the remainder of this section we present some of the methods that have
been used to model real galaxies.

1.3.2 Integrals of Motion

Integral of Motion: Any function of a star’s phase-space coordinates that is constant and
time-independent over an orbit.

Constant of Motion: A function of time and a star’s phase-space coordinates that is con-
stant over an orbit.

The above definitions mean that all integrals of motion are also constants of motion
however the converse is not true as constants of motion are not time-independent.

Orbits can have between zero and five integrals of motion (Goldstein et al. 2002) however
there is no guarantee that the integrals can be easily expressed analytically. Those integrals
for which there is an analytical form are named classical integrals.

In any time-independent potential, ® (x), the Hamiltonian,

2

M (z, v):%—l—@(a}):E, (1.15)

is an integral of motion which quantifies a star’s total energy, FE. Another important
integral of motion in axisymmetric galaxies is the z-component of angular momentum, L, =
R-vg4, while in a spherically symmetric potential all three angular momentum components,
L = x x v, are integrals of motion.

The definition of an integral of motion (some function of phase-space coordinates,
7 (x, v)) given above can be restated mathematically,

d
—7 = 0. 1.1
ST (1), v (1) =0 (1.16)
We can expand the derivative to write,
d 0L dx 0T d'u 8I

which, when compared to Eqn. (1.14), shows that if Z is an integral of motion it is also a
steady state solution of the CBE.

This leads to Jeans’ Theorem (Jeans 1915):
Any steady state solution of the collisionless Boltzmann Equation depends on the phase-
space coordinates only through integrals of motion in the given potential, and any function
of the integrals yields a steady-state solution of the collisionless Boltzmann equation.
Consider a function of N integrals of motion, G (Z;, Zs, ...Zx). Applying the chain rule we
can write,

Y06 dT;
— oL, dt

d
%Q (Z1, Lo, ..IN) = 0, (1.18)
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which demonstrates that G (Z;, Z, ...Zy) is also a solution of the CBE.

1.3.3 Distribution Function Modelling

Distribution function (DF) modelling aims to construct an analytical form of the distribu-
tion function that solves the CBE while also accurately representing real data. Almost by
definition this approach requires that the integrals of motion have analytical forms or can
be approximated analytically. As discussed previously, in an equilibrium, axisymmetric
system two of the integrals of motion are the total energy, FE, and the z-component of
angular momentum, L., while the third is unknown (and in general does not exist) and
often labelled as I5.

Examples of DFs for spherical systems, depending only on the Hamiltonian, H (x, v)
have been reported by Jaffe (1983); Hernquist (1990). An example of one such DF is the
1sothermal sphere,

f(€) = —L—em, (1.19)
(2mo?)2
where £ £ —F is the negative energy, and (p, o) are free parameters determining normal-
isation and shape.

Anisotropic DFs depending both on energy and angular momentum, f (#, L), have
also been reported Lynden-Bell (1962); Hunter (1975); Wilson (1975); Lake (1981); Kent
& Gunn (1982); Dejonghe (1987); Bertin et al. (1992); Hunter & Qian (1993); Evans & de
Zeeuw (1994).

Finally there are DFs which depend on three integrals constructed for special-case
separable potentials (Bishop 1986, 1987; Dejonghe & de Zeeuw 1988; de Zeeuw & Hunter
1990) or for an approximate third integral (Dehnen & Gerhard 1993).

An extensive review of DFs is presented in Gerhard (1994) in the context of Elliptical
galaxies.

Using Actions as the Integrals of Motion

There is no reason why one must confine oneself to a Cartesian phase-space, (x, v), when
one could use any canonical coordinate system for the phase-space. One highly useful set
of coordinates is known as action-angle coordinates; the three velocities in this system, the
“actions,” are integrals of motion and the conjugate coordinates are the angles. We denote
this coordinate system as (@, J).

For a spherical system the general action variables are (Binney & Tremaine 2008, section
3.5.2),

Jp =L,

2 T—0min L2
J = — de L2 — z - L — LZ
’ / V sin2 = (1.20)

TJ3

1 Tmax L2
Jr:—/ dT\/QE—Qq) (7")—2,

T Tmin r




1.3 Dynamical Modelling of Galaxies 33

where Jy is the azimuthal action, Jy is the latitudinal action, and J, is the radial action.
In general axisymmetric systems the actions are often not analytically calculable either
however they can be approximated using the Stackel fudge approach (Sanders 2012; Binney
2012; Sanders & Binney 2016) in which the potential is fit over the range of interest by
Stackel potentials (de Zeeuw 1985).

A powerful example of the use of DF modelling is the work of Sormani et al. (2022a).
They modelled the Milky Way’s nuclear stellar disk as a quasi-isothermal DF parameterised
using the three cylindrical action variables, J = (Jg, Jys, J.) (Binney 2010; Binney &
McMillan 2011; Vasiliev 2019). Other more recent applications include modelling the solar
neighbourhood (Binney 2010; Piffl et al. 2014) and the Milky Way’s nuclear star cluster
(Chatzopoulos et al. 2015).

However, while DF modelling has found success modelling relatively simple, axisym-
metric structures, they are currently insufficient for a detailed and accurate modelling
of more complex systems such as the Galactic bulge/bar. Such complex systems require
non-parametric techniques which I shall discuss in the next section.

1.3.4 Non-Parametric Orbit Modelling

Distribution Function modelling, see § 1.3.3, endeavours to approximate the distribution
function analytically. There are however other methods that entirely forgo an analytical
description of the distribution function and instead use a discrete sampling of the distri-
bution density.

Schwarzschild Modelling

The Schwarzschild Method (SM; Schwarzschild 1979) generates a model that is a superpo-
sition of orbits (hence it usually being referred to as an orbit-based technique). The DF is
given by,

Norbit

fpoa)=> wifi(p, q), (1.21)

i=1

where w; is the weight of the i*® orbit and f; (p, q) is the corresponding orbit DF. The
weight is proportional to the amount of mass associated to the particular orbit.

The basic premise of the SM is to find a self-consistent combination of orbits whose
observable density and kinematic properties match the system you are trying to model. A
standard application of the SM proceeds in three stages:

i) For a given system (e.g. a triaxial galaxy) one observes the 2D surface brightness
profile which represents the 3D brightness structure of the galaxy projected onto the sky.
The first step is to de-project this brightness profile to obtain the 3D light distribution.
A recent advance in de-projection methodology was presented by de Nicola et al. (2020).
Their non-parametric approach minimises a likelihood function comparing the projection
of a guessed 3D density distribution to the observed surface brightness profile. This likeli-
hood function includes a penalty term to avoid unphysical non-smooth solutions. The 3D
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density distribution guess is updated using a metropolis algorithm and they additionally
assume approximately ellipsoidal isodensity contours allowing for possible discy or boxy
deformations. Following de-projection the total mass distribution is,

p(r) = pi(r) + pom (r), (1.22)

where ppy (r) is an (often analytical) parameterisation for the DM halo density. This
mass distribution is often combined with that of a SMBH whose mass, Mgvgh, is a free
parameter to be optimised.
ii) The overall gravitational potential is calculated numerically by solving Poisson’s
equation, , ) ,
) ) )
ggﬂ + ng + 222 = V20 = 4nGp(z, v, 2). (1.23)
The orbits of test particles are then integrated in this potential which are used to build
an orbit-library or representative stellar orbits. Integrals of motion, see § 1.3.2 are used to
ensure the complete sampling of phase-space.
iii) Once the orbit library has been generated the orbits are superposed atop one another
and the weights are adjusted to optimise the fit between the model and the data observables.
The ;% observable of the model is given by,

Norbit

0, — Zl wi-/dV i (r, v) 5 (x, V)] (1.24)

where £ (r, v) is a kernel transforming orbital phase-space density into observable quanti-
ties such as stellar density or radial velocity.

These three stages describe how one generates one realisation of a SM for a given
combination of assumed viewing angles, the mass-to-light ratio, the dark matter halo pa-
rameterisation, and SMBH mass. Since these quantities are often not known a priori SM
often makes use of grid searches to optimise these global parameters.

The SM has been successfully implemented assuming spherical (Richstone & Tremaine
1984; Rix et al. 1997), axisymmetric (van der Marel et al. 1998; Gebhardt et al. 2000;
Thomas et al. 2004) and triaxial (van den Bosch et al. 2008; Valluri & Vasiliev 2020;
Neureiter et al. 2021) geometries. As a simple example of its use, Mehrgan et al. (2019)
recently applied the SM to the galaxy Holm 15A finding evidence for a 40 - 10 M, SMBH
in its centre. It was only very recently that a Schwarzschild code, FORSTAND, was first
used to model barred galaxies (Vasiliev & Valluri 2020; Valluri & Vasiliev 2020) however
this requires the 3D shape of the galaxy to be known a priori in order to accurately recover
the orbit distribution and bar pattern speed.

The Made-2-Measure Method

A second method, one ideally suited to the study of Galactic bars, is the Made-to-Measure
(M2M) method. This method is described in great detail in § 4.3 and I shall give a broad
overview of the technique here.
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As input, the M2M method requires an initial self-consistent N-body model. Each
particle has a weight, which directly corresponds to mass, which corresponds to the weight
of that particle’s orbit in the total model. The M2M method then slowly adapts the
weights, while simultaneously integrating the model forwards in time, so that the weight
distribution gradually converges. This results in a gravitationally self-consistent model
that also matches the observational constraints. As all that needs to be stored are the
particle weights and the time-averaged predictions of the observational data this method is
incredibly efficient in terms of memory. The comparison between the model predictions and
the observations is quantified using a y?-based profit function which includes an entropy
term for regularisation. M2M maximises this profit function using a simple gradient descent
algorithm which updates the particle weights at each iteration. Every n; iterations the
potential is recomputed to ensure the model remains self-consistent and every ny iterations
we re-sample the particle distribution to discard low weight orbits in favour of orbits with
a higher orbit-space density. The fact that one only needs a reasonable initial model makes
M2M incredibly versatile as the model can take on any physically reasonable structure,
however complex, making it ideal for modelling complex structures such as the Milky Way’s
barred bulge. The basic M2M algorithm is shown algorithmically in algorithm 1.

Algorithm 1 The M2M Algorithm

Load initial model
Compute gravitational potential from particle distribution
Inviont <=0
IporEnTIAL < 0
IparTicres < 0
while ]MQM 7é NM2M do
Integrate particle orbits
Predict observational data
Update particle weights following gradient descent algorithm

if IporEnTIAL == NpoTENTIAL then
Recompute potential to maintain self-consistency

IporEnTIAL < 0
end if
if IparTicLEs == NparricLes then
Re-sample particles to discard low weight orbits in favour of high weight orbits

IparTicLEs < 0
end if

Ivonvt <= Ivov + 1
end while

The M2M method was first introduced by Syer & Tremaine (1996) to adapt N-body
models to match certain conditions as a method for generating initial models. It was
the work of de Lorenzi et al. (2007) that saw the potential in this method and adapted
the algorithm to match observational data. Further refinements have been studied over



36 1. Introduction

the years including regularisation (Morganti & Gerhard 2012), application of M2M to
modelling barred galaxies (Hunt & Kawata 2013; Hunt et al. 2013; Portail et al. 2015a), and
the creation of chemodynamical (dynamical models in which each particle has abundance
weights) models (Portail et al. 2017b). Prior applications of M2M have studied elliptical
galaxies (de Lorenzi et al. 2008, 2009; Das et al. 2011; Long & Mao 2012; Morganti et al.
2013; Zhu et al. 2014), M31 Blana Diaz et al. (2018), and the Milky Way (Long et al. 2013;
Hunt & Kawata 2014; Portail et al. 2017a).

In this work we use the NN-particle Made-to-Measure AlGorithm mInimizing Chi-
Squared (NMAGIC) implementation first written by de Lorenzi et al. (2007), specialised
to barred galaxies like the Milky Way by Portail et al. (2015a, 2017a), and subsequently
heavily modified in this work, see Chapters 4 and 5. This program represents the state
of the art in modelling the Milky Way bulge/bar system however it has also been used to
model other barred systems such as the Andromeda galaxy (Blana Diaz et al. 2018; Gajda
et al. 2021).

1.4 Galactic Astronomy

The purpose of this section is to provide background information on the various challenges
of observing the Milky Way Galaxy. In this section I shall explain the various challenges
posed by our unique viewpoint which makes studying the Milky Way very different from
any other galaxy. I will additionally provide a quick summary of the basic fundamen-
tals of Galactic astronomy, e.g. magnitude systems, and finish with a summary of the
observational effort being made to study the Milky Way.

1.4.1 Magnitudes

A key quantity when looking at a star is its apparent magnitude. Apparent magnitude is a
measure of the brightness of an astronomical object as observed from Earth. It is defined
as,

m, = —2.51og;, (ff—x) , (1.25)
z,0

where x denotes a photometric filter, f, is the observed flux density of the star, and f, o
is the zero-point flux for the photometric filter. One can easily remove the zero-point and
consider the difference in apparent magnitude of two stars as a function of the flux ratio or,
given that f oc L - d=2 where d is the distance of the star and L is its intrinsic luminosity,
as a function of the intrinsic luminosity and the distance to the star,

Ly [dy]?
my —mg = —2.5log, (L_l {dﬁ] ) . (1.26)
2 [d1

The next interesting quantity is the absolute magnitude. While apparent magnitude
considers the brightness from the perspective of Earth, absolute magnitude aims to provide
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a consistent reference point by “observing” the star from a distance of 10 pc. One can
then easily compute the difference between apparent and absolute magnitude of a star by
noticing that, for the same star, L; = Ly giving,

d
A
=m—M=>5lo , 1.27
M €10 (10 D c) ( )
where m is apparent magnitude, M is absolute magnitude, d is the distance of the star,
and the difference between apparent and absolute magnitude is defined as the “distance
modulus”, p, which is a measure of distance on a logarithmic scale.

Extinction

Eqn. (1.27) assumes that our view of a star is unimpeded and clear of obstruction. In the
bulge region this is definitively not the case with large amounts of dust obscuring the line-
of-sight. This dust absorbs/scatters some of the star’ radiation preventing it from reaching
Earth and thus reduces the apparent magnitude in a process called extinction. We must
therefore add an additional term to account for the “reddening” effect (extinction makes
a star’s colour appear redder than intrinsic) of interstellar extinction,

w=my— M, — A, (1.28)

where A, is computed by considering the effect of extinction on a stars apparent magnitude
in filter # (Gonzalez et al. 2012; Surot et al. 2020).

The amount of extinction is heavily dependent on the wavelength of light being consid-
ered. In the optical V band, looking directly at the Galactic centre, extinction can reach
Ay = 40 mag (Nishiyama et al. 2008) while in the infrared the extinction is much smaller,
Ak, ~ 2.6 mag (Fritz et al. 2011). It is for this reason that many surveys observing
the Galactic bulge region observe at infrared wavelengths while the Gaia satellite, which
operates in the optical is almost blind towards the galactic centre.

1.4.2 Milky Way Geometry

The difficulty of observing the Milky Way is nicely encapsulated by the following (trans-
lated) poem:

From the side, a whole range; from the end, a single peak:
Far, near, high, low, no two parts alike.

Why can’t I tell the true shape of Lushan?

Because I myself am in the mountain.

Su Shi

Many of the observational challenges associated with Milky Way astronomy are caused
by the fact that our viewpoint is embedded in the structures we wish to observe. In this
section we shall explain the various difficulties staring with the methods of calculating
distance and discussing the geometry of velocity measurements.
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The Many Methods of Measuring Distance

Unlike external galaxies, where the approximation of a uniform distance is normally rea-
sonable, the stars in the Milky Way occupy a large range (many orders of magnitude) of
distances. As stars have a huge range of absolute magnitudes( see § 1.4.1) a bright star
at a large distance can appear to have the same apparent magnitude as a fainter star at
a closer distance. Without any additional information the two scenarios are impossible to
distinguish.

The Red Clump: A powerful method for obtaining distance resolved data is to focus
on red clump stars as a tracer. Main-sequence stars fuse Hydrogen in their cores releasing
energy that provides the pressure which prevents further gravitational collapse. The Red
Clump is a later stage of evolution after a star is no longer able to fuse Hydrogen in its
core as a main sequence star. Stars travel up the red giant branch, outer layers expanding
and core contracting, possibly with Hydrogen shell burning still taking place. Eventually
the core temperature and pressure is sufficiently large and the star is able to begin Helium
fusion and undergoes the Helium flash. The star moves back down the Red Giant Branch
until it reaches a new equilibrium and beings the Helium burning main sequence phase;
the Red Clump. The star remains a Red Clump star for as long as the temperature,
pressure, and core Helium density is sufficient for fusion. Importantly, the possible range
of red clump star absolute magnitudes (which together with apparent magnitude can be
converted to distance) is narrow (Stanek et al. 1994) which facilitates their use as Standard
Candles. The dispersion of the absolute magnitude is ~ 0.2 mag (Alves 2000; Bressan et al.
2012) in the K, band resulting in distances with +10% error. Most importantly, Salaris
& Girardi (2002) demonstrated that red clump stars are good tracers of the stellar mass
distribution of an old population for a wide metallicity” range making them an excellent
tracer for the old stellar population in the Milky way bulge. Red clump stars are reviewed
in Girardi (2016).

Spectroscopic Magnitudes: Spectroscopy of stars allows the measurement of a stars
surface gravity, g, as well as the effective surface temperature, denoted T,g¢. The absolute
magnitude of a star is sensitive to the surface gravity and effective temperature; a star with
lower surface gravity but equal mass to a reference star will have a larger radiating area.
By measuring surface temperature and surface gravity one can use theoretical isochrones
(e.g. PARSEC Bressan et al. (2012) or BASTI Pietrinferni et al. (2004)) to interpolate
a star’s position and measure the stars absolute magnitude. This absolute magnitude,
together with the apparent magnitude, can be used to compute distance. An example of
this implemented on a large scale, and applied to the Gaia data, is the STARHORSE
code which, given a set of spectrophotometric parameters, uses a bayesian approach to
compute the posterior probability distribution over a set of stellar evolutionary models
(Queiroz et al. 2018; Anders et al. 2019).

Cepheid Variable & RR Lyrae Stars: 1t was the pioneering work of Henrietta Leavitt
(Leavitt 1908; Leavitt & Pickering 1912) who first discovered the simple relationship be-

9Metallicity, [Fe/H] denotes the abundance of elements heavier than Hydrogen and Helium in a stellar
atmosphere.
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Figure 1.9: Diagram outlining the basic geometry of the galactic coordinate system. The
direction of Galactic rotation is towards +I.
Image Credit: Swinburn University of Technology

tween the pulsation period of a Cepheid and its intrinsic luminosity. It is fairly simple to
measure pulsation periods, and from that the intrinsic luminosity, making variable stars
nice targets for computing distances. Similar period-luminosity relationships hold true for
RR Lyrae stars (Catelan et al. 2004) as well as other kinds of pulsating stars. Note that
Cepheid variables are very massive and young stars while RR Lyrae are less massive, old
stars. As such, RR Lyrae stars have been found to only trace the metal poor population
making them less useful in the Milky Way as they do not trace the bulk of the stellar mass
(Dékény et al. 2013; Pietrukowicz et al. 2015) while Cepheid variables are not observed in
the bulge which hosts an old stellar population.

Coordinate Systems

The Galactic Coordinate System

When studying the Milky Way it is convenient to use a spherical coordinate system specif-
ically aligned to the Milky Way - Sun system. The coordinates used is the Galactic co-
ordinate system, r = (d, b, [), where d is the distance of an object from the sun, b is the
polar angle (defined such that b = 0° is the Galactic plane), and [ is the azimuthal angle.
This coordinate system is shown in Fig. 1.9.
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The Galactocentric Coordinate System
A coordinate system convenient for running simulations'? is the Galactocentric coordinate
system which is a right-handed Cartesian system in which (x = 0, y = 0, z = 0) corre-
sponds to the Galactic centre and the xy plane corresponds to the Galactic disk plane. In
this system the Sun is located at (z = —Rp, y = 0, 2 = z5) where Ry is the distance to
the Galactic centre and z is the sun’s height above the Galactic disk plane.

A modification on this frame is the Cartesian Heliocentric frame (,,) which is obtained
from the Galactocentric frame () using,

Ih:I’g—i‘Ro
Yn =Yg
Zh = Zg

1.2
F— (1.29)

This is the frame in which all velocity equations in the subsequent sections are derived.
Note that the sun has a velocity vy = (Ug, V40, We) in the Galactocentric frame where
Us ~ O(10 kms™) is the radial velocity towards the Galactic centre (+x direction), Vi ¢ ~
O(250 kms™1) is the tangential velocity of the sun (+y direction), and Wz, ~ O(10 kms™)
is the vertical velocity out of the disk plane (42 direction).

Line-Of-Sight Velocity

Spectroscopic surveys, such as ARGOS and APOGEE, measure spectra of, in the Milky
Way’s case, individual stars. From the Doppler shift of spectral lines the line-of-sight
(LOS) velocity can be measured. This velocity is referred to as the heliocentric radial
velocity as it is the velocity from the Sun’s perspective (it includes a contribution from
the Sun’s own velocity in the measurement). To predict these velocity components from
an N-body particle model we must transform the particle (x5, yn, 2, Van, Vy;, v2p) Phase
space coordinates into LOS velocity values.

This transformation is illustrated with the help of Fig. 1.10. The diagram shows two
cases, both with the same underlying geometry, that are necessary for understanding this
problem. The two cases are separated by the vertical “or” marker, |. The first case
considers the z — y plane and the second case the R;, — z plane. The LOS velocity
in the heliocentric frame is trivially obtained by the dot product of the star’s velocity

vector, v, = (vmh, Uy vzh) with the unit vector pointing to the position of the star,
é* = (xha Yh, Zh) /’Ir*" where Te = (th, Yh,s Zh)? giVing:
1
Vlos,n = (Th Vo + Yn Uy, + 20 Vap) - (1.30)

10 Note that, in the work in this thesis, we find it useful to work in a variant of this frame known as the
bar-frame in which the Milky Way bar is aligned with the x-axis. Transforming between the bar-frame
and Galactocentric is a simple rotation by the bar angle, ay,;.
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Noting that,

Th

R,
& sin(l) = g cos (b)) = —1 & sin(b):ﬁ (1.31)

cos (l) =
© Ray, Ray), "h Th

we can re-write Eqn. (1.30) in terms of Galactic coordinates,
Vlos,h = Vgp, - COSICOSD + vy, - sinlcosb + vy, - sinb, (1.32)

which in turn allows us to subtract the solar motion and measure the LOS velocity in the
much more useful Galactocentric frame,

Ulos,g = Ulos,h + U - coslcosb + Vo -sinlcosb + W, - sinb. (1.33)

Proper Motion

As stars move within the Galaxy their positions on the sky change. The angular rate
of change of stellar coordinates is called proper motion. Proper motion is split into two
components in the galactic coordinate system; the longitudinal component, pj, and the
latitudinal component, p,. Here uf = py cos (b) where the cos (b) term originates from the
convergence of lines of constant longitude at the galactic coordinate poles. p; is evaluated
in the x —y plane. In this section we shall derive the equations for converting the Cartesian
phase space coordinates from N-Body models into proper motions.
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Figure 1.11: Longitudinal proper motion geometry diagram.

Longitudinal Proper Motion,
Fig. 1.11 shows a diagram of the geometry required to derive the equation for p;. We
initially consider a star’s motion projected into the x — y plane. The sun is taken to be
stationary at the origin. If, as is the case for our sun, the reference point (i.e. the sun) has
a velocity of its own then it is mathematically equivalent to add it to the star’s velocity
as appropriate and treat the observation point as stationary. A unit vector showing the
direction of positive velocity in the [ direction, Vl, is shown in cyan.

Vi, is trivially obtained by the dot product of the star’s 2D velocity vector, v, =
(vxh, Uy h) with the unit vector perpendicular to the star’s position vector. The unit vector
pointing to the star is é,o = (zn, yn) /|Tx2|, therefore the perpendicular unit vector is

€12 = (—yh, xh) /|”’*2|, giving,

1
Ry,

VZh = (xh “Vyp, — Yn - U:I:h) . (134)

The angular distance per year (in masyr—!), of a star with transverse velocity Vi, lo-
cated at x — y distance Ry, is 1y = kVi,/Ray,, and given that cos(b) = Ry, /7h

(0= VTTVT T & Reyy = /7 07) we bive,

1 1
— (Th - Uy, = Yn Vap) - K (1.35)
xyp, Th

pi = pucos(b) = &

where distances are given in kpc, velocities are given in kms™!, and x &~ 1/4.74 is a unit
conversion constant.
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Latitudinal Proper Motion, ju

Fig. 1.12 shows a diagram of the geometry required for the p, derivation which is identical
to the setup shown in Fig. 1.11 albeit with different physical values. The total velocity in
the b direction is given by,

Vin, = vz cos (b) 4+ (= Vo) sin (D)

Rﬂiyh Zh ( Th
o (Umh)
R

Th Th TYh

= VUzp

Yn > (1.36)
where pup = Kk - Vip /7.

Unit Conversion, k

For velocities given in kms™, a series of unit transformations are required to obtain a
proper motion in the standard observational units of masyr—!. We require the transform
from seconds to years, C'j. ~ 3.1688 x 1078, the conversion from km to kpc, C’li‘gé R
3.2404 x 1077, and the conversion from radians to milliarcseconds, C' ™4 ~ 2.0626 x 108.

mas

These factors should be combined as k = C' }2 - '} /C'5 . Using these unit transforms a

star travelling in the z—y plane at V; = —250 kms~! and at a distance of r = R,,, = 8.2 kpc
has a proper motion of yf = —6.4305 masyr—!.1

1

"This example roughly corresponds to the observed proper motion of Sgr A* (the supermassive black
hole at the centre of the MW) due, almost entirely, to the reflex motion of the sun (see Reid & Brunthaler
2020)
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1.4.3 Large Scale Surveys of the Milky Way Bulge

In recent years the volume of data, photometric, astrometric, and spectroscopic, gathered
on the Milky Way has increased rapidly. Table 1.2 provides an in-exhaustive reference list
of surveys targeting the MW along with the references to the relevant papers.
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1.5 Goal of the Thesis

In this thesis we present a detailed study of the structure, kinematics, and dynamics of the
Milky Way’s barred bulge.

We use a series of observational datasets which constrain the density and kinematics
(both proper motion and radial velocity) in the bulge and bar region. The key addition
relative to Portail et al. (2017a) is the VIRAC data. VIRAC (v1 used in Chapters 2 and 3,
updated to v2 in Chapters 4 and 5) is a large catalogue of proper motion measurements
covering the MW bulge region from —10° < [ < 10°. This data provides unparalleled
kinematic information through the bulge region and is a key constraint in our endeavour
to constrain the inner dark matter density profile.

Together with the observational data we consider a suite of state of the art dynamical
models. These models are generated using the Made-2-Measure method, which gradually
adapts an N-body model to match a given set of constraints, and as such represent the best
models of the Milky Way bulge/bar system currently in existence. In Chapters 2 and 3
we use the models computed by Portail et al. (2017a) to present a qualitative and then
quantitative comparision to the VIRACv1 data. In Chapters 4 and 5 we detail our efforts
to construct a new generation of Made-2-Measure models and discuss the insights these
models provide into the structure of our Galaxy. These models are secondly an incredibly
powerful tool for future studies of the Milky Way that require a realistic model for the
bulge /bar region.

The goals of this thesis are to obtain an improved understanding of the current state of
the structure and kinematics of our Galaxy; both baryonic and dark matter. This thesis
is split into four parts representing our progress towards this goal and a brief summary of
each stage is outlined below:

e Chapter 2 introduces the VIRACv1 dataset and the kinematic analysis to extract a
three-dimensional proper motion map. We discuss the methodology to predict the
VIRACv1 kinematics from N-body models and present a qualitative comparison of
the fiducial model to the observed data. We demonstrate how all the kinematic
observations are well matched by the X-shaped boxy/peanut bulge model.

This work was published as Clarke et al. (2019).

e Chapter 3 provides a quantitative comparison between the VIRACv1 kinematics and
an array of made-to-measure models with well defined pattern speeds. We undertake
a careful analysis of the various error sources in both data and models and use a
Bayesian likelihood framework to identify the best fit region. We provide constraints
on the pattern speed of the galactic bar and the total azimuthal velocity of the sun.
Further constraints are made on the radii of bar driven resonances in the disk through

comparison to an observational rotation curve.
This work was published as Clarke & Gerhard (2022).

e Chapter 4 describes a new algorithm to constrain the dark matter halo density profile
in the inner regions of the Milky Way, where the mass density is dominated by the
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baryonic component. We justify the key assumption underpinning our method and
describe in detail the algorithm and how it naturally fits into the Made-2-Measure
framework. We proceed to test our method on mock data generated from a Portail
et al. (2017a) model demonstrating empirically the success of our algorithm despite
the necessary assumptions. We finally extend our analysis of the mock data to investi-
gate the success of the Made-2-Measure method in recovering global hyperparameters
finding it can accurately recover the model pattern speed and mass-to-clump ratio.
This chapter is in preparation for submission to a journal.

e Chapter 5 details the application of our new dark matter reconstruction algorithm
to the true observational data. We describe each dataset in detail, focusing on the
selection functions required to predict each dataset from the model particles, and
identifying any caveats attached to the data. We then describe the input models,
including global constants kept fixed during the model, and briefly outline the nu-
merical details of the NMAGIC modelling code. A comparison between the fiducial
(fitted) model and the observational data is followed by a discussion on the derived
dark matter halo density profile. Finally we present predictions from the fiducial
model for the rotation curve, streaming velocity maps, and other kinematic tracers
recently used in the literature. This chapter represents a partially completed project
which will be finished separately to the thesis and then submitted to a journal.

e Chapter 6 summarises the conclusions of this thesis and provides a brief outlook for
future work on the Galactic bulge and bar.
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Chapter 2

The Milky Way bar/bulge in proper
motions: a 3D view from VIRAC and
Gaia

Original publication: Jonathan P. Clarke, Christopher Wegg, Ortwin Gerhard, Leigh
C. Smith, Phil W. Lucas and Shola M. Wylie, 2019, MNRAS, 489, 3519

Abstract

We have derived absolute proper motions of the entire Galactic bulge region from VIRAC
and Gaia. We present these as both integrated on-sky maps and, after isolating stan-
dard candle red clump (RC) stars, as a function of distance using RC magnitude as a
proxy. These data provide a new global, 3-dimensional view of the Milky Way barred
bulge kinematics. We find a gradient in the mean longitudinal proper motion, < p« >,
between the different sides of the bar, which is sensitive to the bar pattern speed. The split
RC has distinct proper motions and is colder than other stars at similar distance. The
proper motion correlation map has a quadrupole pattern in all magnitude slices showing
no evidence for a separate, more axisymmetric inner bulge component. The line-of-sight
integrated kinematic maps show a high central velocity dispersion surrounded by a more
asymmetric dispersion profile. o, /0, is smallest, ~ 1.1, near the minor axis and reaches
~ 1.4 near the disc plane. The integrated < u, > pattern signals a superposition of bar
rotation and internal streaming motion, with the near part shrinking in latitude and the
far part expanding. To understand and interpret these remarkable data, we compare to
a made-to-measure barred dynamical model, folding in the VIRAC selection function to
construct mock maps. We find that our model of the barred bulge, with a pattern speed of
37.5 kms~!kpc!, is able to reproduce all observed features impressively well. Dynamical
models like this will be key to unlocking the full potential of these data.


https://ui.adsabs.harvard.edu/abs/2019MNRAS.489.3519C
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2.1 Introduction

The Milky Way (MW) is a barred galaxy with a boxy/peanut bulge, which appears to
be in a relatively late stage of evolution based on its low specific star formation rate (see
Bland-Hawthorn & Gerhard 2016). The presence of the bar was first convincingly shown
in the 1990s through its effect on the distribution and kinematics of stars and gas (Binney
et al. 1991; Stanek et al. 1994; Weiland et al. 1994; Zhao et al. 1994; Fux 1999). It is
now well established that a dominant fraction of the MW bulge is composed of a triaxial
bar structure (Lopez-Corredoira et al. 2005; Rattenbury et al. 2007a; Saito et al. 2011;
Wegg & Gerhard 2013). There is still an ongoing debate as to whether there exists a
secondary classical bulge component in the central parts of the bulge (Shen et al. 2010;
Rojas-Arriagada et al. 2017; Di Matteo et al. 2015; Barbuy et al. 2018). With modern
stellar surveys, the MW bulge and bar can be studied at great depth, rapidly making
the MW a prototypical system for understanding the formation and evolution of similar
galaxies.

A prominent feature of the barred bulge is the split red clump (RC) which was first
reported by Nataf et al. (2010); McWilliam & Zoccali (2010) using OGLE-III photometry
and 2MASS data respectively. They showed that this phenomenon occurs close to the
MW minor axis at latitudes of |b| 2 5°. From these analyses it was suggested that the
split RC could be the result of a funnel shaped component in the bulge which is now
commonly referred to as X-shaped. Further evidence for this scenario was presented by
1. Saito et al. (2011) also using 2MASS data who observed the X-shape within |I| < 2° with
the two density peaks merging at latitudes |b| < 4°; 2. Ness et al. (2012) who showed that
2 ARGOS fields for which b < —5° exhibit this bi-modal magnitude distribution only for
stars with [Fe/H] > 0.5; 3. Wegg & Gerhard (2013, hereafter W13) who reconstructed the
full 3D density of RC stars using star counts from the VVV survey; 4. Nataf et al. (2015)
who compared OGLE-III photometry to two barred N-body models that both show the
split RC at high latitudes; 5. Ness & Lang (2016) who used WISE images to demonstrate
the X-shape morphology of the MW bulge in projection; and 6. Gonzalez et al. (2016) who
compared the X-shape bulge of NGC 4710 from MUSE with that of the MW and found
general agreement. Such peanut shaped bulges have been observed in external galaxies
(Littticke et al. 2000; Bureau et al. 2006; Laurikainen et al. 2014) and naturally form
in N-body simulations due to the buckling instability and/or orbits in vertical resonance
(Combes et al. 1990; Raha et al. 1991; Athanassoula 2005; Debattista et al. 2006). An
alternative explanation for the split RC was proposed by Lee et al. (2015, 2018) who
suggested that the split RC we observe is not due to a bi-modal density profile but rather
that it is due to a population effect. Their model contains a bar superimposed on top of a
classical bulge with two RC populations. The RC is so prominent in the literature because
its narrow range of absolute magnitudes makes their apparent magnitude a good proxy for
distance (Stanek et al. 1994).

There have been many previous proper motion studies in the galactic bulge (Spaenhauer
et al. 1992; Koztowski et al. 2006; Rattenbury et al. 2007b; Soto et al. 2014; Clarkson et al.
2018 and references therein). This work has highlighted gradients in the proper motion
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dispersions, o+ and o,,, see in particular Kozlowski et al. (2006, hereafter K06) and
Rattenbury et al. (2007b, hereafter R07), and measured the proper motion dispersion ratio,
Our /O, ~ 1.2 in near galactic center fields in the (+1,-b) quadrant, see also Fig. 2.11 below.
Due to a lack of background quasars to anchor the proper motion reference frame, these
studies had to work with relative proper motions. Moreover, the relatively low numbers of
stars in these studies restricted them to investigating only projected kinematics.

Recent and ongoing large scale surveys such as OGLE, UKIDSS, 2MASS, VVV, AR-
GOS, BRAVA, GES, GIBS and APOGEE allow bulge studies to extend beyond integrated
LOS measurements and probe the bulge as a function of distance. Using VISTA Variables
in the Via Lactea (VVV) DR1 (Saito et al. 2012) star counts W13 performed a 3D density
mapping of the galactic bulge. They found a strongly boxy/peanut shaped bulge, with a
prominent X-shape, and the major axis of the bar tilted by (27 & 2)° to the line of sight.
Wegg et al. (2015, hereafter W15) followed this up studying the long bar that extends
beyond the MW bulge and concluded that the central boxy/peanut bulge is the more
vertically extended counterpart to the long bar. This suggests that the two structures are
dynamically related and share a common origin although this requires further confirmation.
It has also been possible to study the MW bulge in 3D with radial velocities. Vasquez et al.
(2013) observed a sample of 454 bulge giants in a region at (I = 0.°,b = —6.°) with stars
well distributed over the bright and faint RC peaks. They found evidence of streaming
motions within the bar with an excess of stars in the bright RC moving towards the sun
and the converse for the faint RC. This streaming motion is in the same sense as the bar
rotates.

The VVV Infrared Astrometric Catalogue (VIRAC) (Smith et al. 2018, hereafter S18)
has provided a total of ~ 175000000 proper motion measurements across the Galactic
bulge region, (—10 < [/deg < 10, —10 < b/deg < 5). Combined with data from Gaia
(Gaia Collaboration et al. 2018a) to provide an absolute reference frame, these data offer
an unprecedented opportunity to study the 3D proper motion structure of the MW bulge.
The goal of this paper is to derive LOS integrated and distance-resolved maps of mean
proper motions and dispersions from the VIRAC data and use a dynamical model to aid
in their interpretation.

Dynamical models are a key tool in interpreting the vast quantity of data now being
provided by large stellar surveys. Portail et al. (2017a, hereafter P17) used the made-
to-measure (M2M) method to construct barred dynamical models fit to VVV, UKIDSS,
2MASS, BRAVA and ARGOS. These models have well defined pattern speeds and P17
found the best fitting pattern speed to be Q = 39.0 £3.5 kms~'kpc~t. They also found
dynamical evidence for a centrally concentrated nuclear disc of mass ~ 0.2 x 10'° M. This
extra mass is required to better match the inner BRAVA dispersions and the OGLE b proper
motions presented by R07. Additionally the best fitting models favour a core/shallow cusp
in the dark matter within the bulge region. These models are in good agreement with all
the data to which they were fitted, making them a specialised tool for studying the MW
bulge. We use them here to predict proper motion kinematics.

The paper is organised as follows. In § 2.2 we extract a colour selected sample of red
giant branch (RGB) stars with absolute proper motions from VIRAC and Gaia. § 2.3
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describes the modelling approach to observe the P17 M2M model in a manner consistent
with our VIRAC subsample. In § 2.4 we present integrated on-sky maps of the mean proper
motions, proper motion dispersions, dispersion ratio and proper motion correlation. § 2.5
discusses the method to extract a statistical sample of RC stars together with the red
giant branch bump (RGBB) and asymptotic giant branch bump (AGBB) stars for use as
a distance proxy. In § 2.6 we present the results of the kinematic analysis as a function
of magnitude for the RC, RGBB and AGBB sample and in § 2.7 we summarise the main
conclusions of this work.

2.2 VVYV proper motions

2.2.1 The VIRAC Proper Motion Catalogue

Please note that the VIRACv1 catalogue was created, and generously provided to us ahead
of formal publication, by Dr Leigh Smith. The description below was written by Jonathan
Clarke with some advice from Dr Leigh Smith.

The VISTA Variables in the Via Lactea (VVV) (Minniti et al. 2010) survey is a public,
ESO, near-InfraRed (IR) survey which scanned the MW bulge, and an adjacent section of
the disc at [ < 0°. Using the 4m class VISTA telescope for a 5 year period, a typical VVV
tile was observed in between 50 to 80 epochs from 2010 to 2015. An extended area of the
same region of the galaxy is currently being surveyed as part of the VVVX survey. The
VISTA Infrared Camera (VIRCAM) has a total viewing area of 0.6 deg? for each pointing
with each pointing known as a pawprint. A VVV tile consists of 6 pawprints, three in [
times two in b, with a total coverage of ~ 1.4 by 1.1°, and substantial overlap between the
individual pawprints. This overlap ensures that a large number of sources are observed in
two or more pawprints. The bulge region observations are comprised of 196 tiles spanning
roughly —10 <[ < 10° and —10 < b < 5°.

The VVV Infrared Astrometric Catalogue (VIRAC) takes advantage of the excellent
astrometric capabilities of the VVV survey to present 312,587,642 unique proper motions
spread over 560 deg? of the MW bulge and southern disc (S18). In the astrometric analysis
a pawprint set was constructed by cross-matching the telescope pointing coordinates within
a 20” matching radius which results in a sequence of images of the same on-sky region at
different epochs. Each pawprint set was treated independently to allow precise photometry.
This yielded a total of 2100 pawprint sets from which independent proper motions could
be calculated. In section 2 of S18 the criteria for rejecting a pawprint are outlined. Within
each pawprint set a pool of reference sources with p;« and p; not significantly deviant from
the local <y« > and < u, > are extracted in an iterative process. All proper motions within
a pawprint set are calculated relative to this pool but, because absolute <y« > and < >
are unknown at this stage, there is an unknown drift in [ and b for each pawprint which
we measure in § 2.2.2 using Gaia data. The difference in drift velocity of the reference
sources between pawprint sets, within a VV'V tile, is smaller than the measurement error
on the proper motion measurements from a single pawprint set. A VVV tile can therefore
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Figure 2.1: Tile b278 (1.°, -4.2°). Comparison between proper motions in RA and DEC
measured by Gaia and VIRAC. Cross matching performed using a 1.” matching radius.
The bottom row shows the raw proper motion measurements for Gaia and VIRAC in
RA (left) and DEC (right). The blue points are the stars selected for the offset fitting
based upon their proper motions errors and other criteria described in the text. The red
points were excluded upon application of these criteria. There is a linear relationship in
both cases, with gradient of 1 by construction, which is shown here as the green line.
The black lines show the zero point for the VIRAC proper motions in the Gaia reference
frame. The mean offset is shown in the plot titles and demonstrates that statistically the
mean offset is very well determined due to the large number of stars per tile. The top row
shows histograms of the deviation from the mean offset of the proper motion difference of
individual stars.



54 2. Milky Way barred bulge kinematics

1 1

o<ap> = 0.103 mas yr~ o<aAp> = 0.116 mas yr~

-3.8 0=
I$-4
)
. —4.0 2.1 2
] £
S 42
- —22 A
2
—4.4
Y
—4.6

1.00 . . 1.00
l [deg] 1 [deg]

Figure 2.2: Tile b278 (1.°, -4.2°). Offsets calculated on a sub tile grid for RA (left) and
DEC (right). These maps show there is significant variation of the measured proper motion
offset within a tile. The standard deviation of the offsets, see figure titles, is of order 0.1
masyr~! and we observe a slight gradient across the map for < Ap;s >. These demonstrate
that there are systematic effects occurring in the proper motion correction which are likely
due to a combination of (i) the known systematics in the Gaia proper motion reference
frame (Lindegren et al. 2018); and (ii) variations in <y« > and < u, > due to a varying
distance distribution of reference sources because of variable extinction.
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be considered to be in a single consistent reference frame with a constant offset from the
absolute reference frame. To calculate final proper motions for stars observed in multiple
pawprints S18 use inverse variance weighting of the individual pawprint measurements.
Also provided is a reliability flag to allow selection of the most reliable proper motion
measurements. The approach and criteria to determine this flag is presented in section
4.2 of S18. In this paper we only use the stars where the reliability flag is equal to one
denoting that the proper motion are the most trustworthy.

In this work we adopt the VVV tiling structure for the spatial binning. For integrated
on-sky maps we split each tile into quarters for greater spatial resolution. However when
considering the kinematics as a function of magnitude we use the full tile to maintain good
statistics in each magnitude interval. For the majority of tiles in the VIRAC catalogue
there is photometry in Ky, H and J bands. The exceptions are fields b274 and b280
for which VIRAC has no H band data and b212 and b388 for which VIRAC has no J
band data. These data were not present in VVV DR4 when the photometry was added to
VIRAC. We make use of an example tile in figures illustrating the analysis approach. The
tile is b278 which is centred at approximately (=1.0°, b=-4.2°.

2.2.2 Correction to absolute Proper motions with Gaia

Please note that the work described in this section, the correction to the Gaia reference
frame, was performed by a postdoc in our group, Dr Chris Wegg. The description below
was written by Jonathan Clarke.
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The VIRAC catalogue presents the proper motions in right ascension (RA), pa+, and
declination (DEC), us, relative to the mean proper motions in a VVV tile. To obtain the
absolute proper motions each VVV tile is cross matched with the Gaia DR2 catalogue to
make use of its exquisite absolute reference frame (Lindegren et al. 2018). Only matches
within 1.0 arcsec are considered.

Fig. 2.1 shows the proper motions as measured by Gaia plotted against the proper
motions as measured by VIRAC for VVV tile b278. The left panel shows the comparison
for RA and the right panel shows the comparison for DEC. Stars are selected for use
in the fitting based upon a series of quality cuts: 1. The uncertainty in proper motion
measurement is less than 1.5 masyr—! for both Gaia and VIRAC. 2. The star has an
extincted magnitude in the range 10 < K, < 15 mag. 3. The star is classed as reliable
according to the VIRAC flag. 4. The cross match angular distance between VIRAC and
Gaia is less than 0.25”. These criteria result in a sample of stars for which the mean G
band magnitude is ~ 16.5 with a dispersion of ~ 1.0 magnitudes. By construction a linear
relationship, with gradient equal to one, is fit to the distribution. This fits well given that
we expect there should be a single offset between Gaia and VVV proper motions for each
pawprint set. The offset between the zero point for VIRAC and Gaia is caused by the drift
motion of the pool of reference stars used for each pawprint set. The measured offsets and
uncertainties for the example tile are quoted in Fig. 2.1. The consistency checks performed
by S18 showed that measurements between different pawprint sets are consistent at the
tile scale. A single offset per tile is therefore used to correct from relative proper motions
to the absolute frame.

To check this assumption further we computed the offsets on a sub tile scale for tile
b278, see Fig. 2.2. We use a ten by ten sub-grid and determine oa,,=0.10 masyr
and oa,,=0.12 masyr—!. These values show that the uncertainty in the fitted offset is
larger than the formal statistical uncertainty derived on the offsets by about two orders
of magnitude. We also see indications of a gradient across the tile for the DEC offsets.
These are likely a combination of two effects. There are known systematics in the Gaia
proper motion reference frame (Lindegren et al. 2018), an example of which was observed
in the LMC (Gaia Collaboration et al. 2018c). Additionally there are possible variations
in <y« > and <, > on this scale due to variation in the average distance of the reference
sources, causing a variation in the measured mean proper motions, caused by variable
extinction.

2.2.3 Extracting Red Giants

The stellar population observed by the VVV survey can be split into two broad categories;
the foreground (FG) disk stars and the bulge stars. Fig. 2.3 shows the colour-distance
distribution of a stellar population model made using galaxia (Sharma et al. 2011). The
model was observed in a region comparable to the example tile and only stars with Ky <
14.4 mag are used. The FG disk stars are defined to be those that reside between the bulge
and the Sun, at distances D < 4 kpc. Considering the magnitude range 11.5 < Ky < 14.4
mag we work in, the stars observed at D < 4 kpc will be mostly main sequence (MS)
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stars. The bulge stars residing at distances D > 4 kpc are expected to be predominantly
RG stars. Fig. 2.3 is analogous to a colour-absolute magnitude diagram and shows the
two stellar types are separated spatially along the line of sight with only a relatively small
number of sub-giant (SG) stars bridging the gap.

To study the kinematics of the bulge we remove the FG stars to prevent them con-
taminating the kinematics of the bulge stars. Considering the colour-colour distribution
of stars, (J — Ky) vs (H — K), we expect the bluer FG to separate from the redder RG
stars, see Fig. 2.3. We use the colour-colour distribution as the stars’ colours are unaffected
by distance. A stellar population that is well spread in distance will still have a compact
colour-colour distribution if the effects of extinction and measurement uncertainties are not
too large. The top panel of Fig. 2.4 shows the colour-colour distribution for the galazria
model observed in the example tile. There are two distinct features in this diagram. The
most apparent feature is the redder (upper right) density peak that corresponds to stars
on the RGB. The second feature is a weaker, bluer density peak (lower left) which cor-
responds to the MS stars. These two features overlap due to the presence of sub-giants
which bridge the separation in colour-colour space. In tiles where there is more extinction
the RGB component is shifted to even redder colours. The MS stars, which are closer,
are not obscured by the extinction to the same extent and are not shifted as much as the
RG stars. This increases the distinction between the two components and so we separate
based upon colour before correcting for extinction.

We use gaussian mixture modelling (GMM) to fit a multi component 2D gaussian
mixture (GM) to the colour-colour distribution. Fitting was performed with scikit —learn
(Pedregosa et al. 2011). The fit is improved by using only stars with an extinction corrected
magnitude Ky < 14.4 mag, see § 2.2.4 for details of the extinction correction. At fainter
magnitudes the FG and RGB sequences merge together and it becomes increasingly difficult
for the GMM to accurately distinguish the two components.

We use different numbers of gaussians depending on the latitude, and the fits have
been visually checked to ensure that they have converged correctly. Identifying the FG
component and the RG component, we weight each star by its probability of being a RG
star. The weighting is calculated as follows,

_ P (RG)
RG = P (RG) 1 P (FG)

where P(RG) and P(FG) are the probability of a star’s colours given the RGB and FG
gaussian mixtures respectively, and wgrg can take values in the range 0 to 1. For the
few stars that do not have a measured J band magnitude we assign a weighting equal
to one. These stars are mostly highly reddened, causing their J band magnitude to not
be measured and are therefore likely to be bona fide bulge stars. To test the procedure
outlined above it was applied to the galaxia model. The model has had extinction applied
and the magnitudes are randomly convolved with typical observational uncertainties to
mimic the VVV survey. When selecting only the bright stars to apply the modelling we
correct the mock extincted magnitudes using the same method as is used on the data to
make the test as consistent as possible. The progression is shown in Fig. 2.4 with the top

(2.1)
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Figure 2.3: Tile b278 (1.°,-4.2°). Colour-distance distribution for a single line of sight, and
in the magnitude range 11.0 < K4 < 14.4 mag, made using the galaria model. We see a
clear MS and then a RG branch with a strong density peak at the galactic centre, much
of which is due to RC stars at this distance. The RG stars are clearly separated spatially
from the MS stars that can only be observed when at distances D < 3 kpc (horizontal
black line). We remove the FG MS stars as they will have disc kinematics and we wish to
study the kinematic structure of the bulge-bar.
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Figure 2.4: Tile b278 (1.°, -4.2°). Illustration of the colour selection procedure for the
galazia synthetic stellar population. The top panel shows the reddened colour-colour log
density diagram for the example tile. The middle panel shows the gaussian mixtures that
have been fitted to this distribution. The blue contours highlight the foreground population
and the red contours show the RGs. The bottom panel shows the RGB population following
the subtraction of the FG component.
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Figure 2.5: Tile b278 (1.°, -4.2°). Top panel: Distance distribution of the galaxia synthetic
stellar population. The whole distribution is outlined in black and the sample has been
divided according to the result of the GMM fitting for the foreground. The stars called
RGB are shown in red and the FG component in blue. We zoom in on the 0. < D/kpc <
3.5 region of the plot to provide greater clarity. Bottom panel: The same decomposition
now mapped into magnitudes. In addition we show the contribution of the stars classed as
RGB by the GMM that are at distances D < 3.5 kpc as the green histogram. These stars
contribute ~ 0.6% of the total RGB population. This shows that the GMM modelling
is successful in identifying most of the MS foreground stars with only a slight residual
contamination.
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Figure 2.6: Tile b278 (1.°,-4.2°). Plots illustrating the separation of FG stars from the RG
stars for the VVV example tile using a GMM technique. Top: Colour-colour histogram for
the example tile. There are two populations, FG and RGB stars, that overlap slightly in this
space but are clearly individually distinct density peaks. Middle: GMM contours showing
the fit to the colour-colour distribution. The fit has correctly identified the two populations
and allows a probability of the star belonging to either population to be assigned. Bottom:
Histogram of the same data where each particle is now weighted by probability of being a
RG. The FG component has been successfully removed. There is a smooth transition in
the overlap region between FG and RGB with no sharp cutoffs in the number counts of
stars. This is expected from a realistic stellar population and cannot be achieved with a
simple colour cut.
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panel outlining the double peaked nature of the colour-colour diagram. The middle panel
shows the fitted gaussians, FG in blue and RGB in red, and the bottom panel showing
the original histogram now weighted according to Eqn. (2.1). The GMM has identified
the density peaks correctly and removed the stars in the FG part of the diagram. Fig. 2.5
shows the results of the GMM procedure on the galazia population’s distance (top) and
luminosity function (bottom). The GMM successfully removes the majority of stars at
distances D < 3 kpc. The contamination fraction in the RGB population by stars at D < 5
kpc distance is then only &~ 1%. Fig. 2.5 also shows the presence of a FG population that
corresponds to the blue MS population shown in Fig. 2.3 at colours (J — K)o < 0.7. At
D<1.2 kpc a small number of stars are included in the RGB population which plausibly
correspond to the redder faint MS population seen in Fig. 2.3. This population accounts
for ~ 0.6% of the overall RGB population. The RGB population tail at D < 3 kpc is
composed of SG stars. The GMM is clearly extremely successful at removing the MS stars
and leaving a clean sample of RGB with a tail of SG stars.

Having demonstrated that the GMM colour selection process works we apply it to each
tile. Fig. 2.6 shows the progression for tile b278. This plot is very similar to Fig. 2.4 and
gives us confidence that the GMM procedure is a valid method to select the RGB bulge
stars. The sources at low (H — K) and high (J — Kj) present in the data but not the
model are low in number count and do not comprise a significant population.

As mentioned in § 2.2.1 there are 4 tiles with incomplete observations in either H or
J bands. Tiles b274 and b280 have no H band measurements in VIRAC and the colour-
colour approach cannot be applied. For these tiles we apply a standard colour cut at
(J — K)o < 0.52 to remove the FG stars. Fig. 2.7 illustrates this cut and also includes
lines highlighting the magnitude range we work in, 11.5 < Ky < 14.4 mag. The fainter
limit is at the boundary where the FG and RGB sequences are beginning to merge together
and the brighter limit is fainter than the clear artefact which is likely due to the VVV
saturation limit.

We exclude the two tiles with no J band observations from the analysis as we do not
wish to include the extra contamination due to the foreground in these two tiles. These
tiles are plotted in grey throughout the rest of the paper.

2.2.4 Extinction Correction

By observing in the IR, VVV can observe a lot deeper near the galactic plane where optical
instruments like Gaia are hindered by the dust extinction. However, at latitudes |b| < 2°
the extinction becomes significant even in the IR, with Ax > 0.5. We use the extinction
map derived by Gonzalez et al. (2012), shown together with the VVV tile boundaries
in Fig. 2.8, to correct the K, band magnitudes directly following Ky = Ky + Ax(l,b)
where K is the unextincted magnitude. This map has a resolution of 2. We correct
H and J bands, where available using the Agx values from the map and the coefficients
Ap/Akx = 1.73 and A;/Ax = 3.02 (Nishiyama et al. 2009). We use the extinction map as
opposed to an extinction law because some of the stars do not have the required H or J
band magnitudes.
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Figure 2.7: Tile b274 (-4.8°, -4.2°). Colour magnitude diagram for one of two tiles with
no H band observations and requiring a colour cut at (J — K)o = 0.52 mag (vertical
black line) to separate the FG stars. The two horizontal lines mark the boundary of our
magnitude range of interest at 11.5 < Ky < 14.4 mag. The fainter boundary is selected
to be brighter than where the FG and RGB populations merge in this diagram which aids
in the application of the colour-colour selection in tiles with full colour information.



2.3 Made-to-Measure Milky Way Models 63

Ak [mag]

—2.5 —=5.0 —=7.5 —10.0

0.0
! [deg]
Figure 2.8: Extinction data from Gonzalez et al. (2012). Map showing the K band
extinction coefficient Ax at a resolution of 2’. It shows the large extinction in the galactic
plane and also in places out to |b] < 2°. Overplotted on this map are the outlines of the

VVV tiling pattern with tile b201 at the bottom right, tile b214 at the bottom left and
tile b396 at the top left.

A further issue, caused partially by extinction but also by crowding in the regions of
highest stellar density, is the incompleteness of the VVV tiles. Our tests have demonstrated
that at latitudes || > 1.0° and away from the galactic centre, (|I| > 2.0°|b] > 2.0°), the
completeness is > 80% at K,y = 14.1 mag. However inside these regions the completeness
is lower, and so we exclude these region from our magnitude dependant analysis.

Our extinction correction assumes that the dust is a foreground screen. Due to the
limited scale height of the dust this is a good assumption at high latitude. The assumption
becomes progressively worse at lower latitudes and the distribution of actual extinctions
increasingly spreads around the map value due to the distance distribution along the line
of sight. Due to incompleteness we exclude the galactic plane, which is also where the 2D
dust assumption is worst, from our magnitude dependent analysis. We further apply a
mask at Ax = 1.0 mag when considering integrated on-sky maps.

2.3 Made-to-Measure Milky Way Models

We compare the VIRAC proper motions to the MW bar models of P17. They used the
made-to-measure (M2M) method to adapt dynamical models to fit the following con-
straints: 1. The RC density computed by W13 by inverting VVV star count data. 2. The
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magnitude distributions in the long bar from UKIDSS and 2MASS surveys (W15). 3. The
stellar kinematics of the BRAVA (Howard et al. 2008; Kunder et al. 2012) and ARGOS
(Freeman et al. 2013; Ness et al. 2013) surveys. The models very successfully reproduce
the observed star counts and kinematics for pattern speeds in the range 35.0< € <42.5
kms~!kpc~!. P17 found a best fitting bar pattern speed of 39.043.5 kms~! however in
this work we use the model with = 37.5 kms~!kpc™! together with a slightly reduced
total solar tangential velocity Ve = 245 kms™' as we see an improved match between
the <y« > maps. In the integrated maps, see § 2.4, the shape of the <y« > isocontours is
improved. In the magnitude sliced maps, see § 2.6, the gradient between bright and faint
magnitude is better reproduced by this model. In future work we shall explore quantita-
tively the constraints on the pattern speed, solar velocity and mass distribution that can
be obtained from VIRAC. The other solar velocities remain unchanged from P17; we use
a radial solar velocity V..o = —11.1 kms™! (i.e. moving towards the GC), and a vertical
solar velocity of V, o = 7.25 kms™! (Schonrich et al. 2010). Our chosen fiducial barred
model has a mass-to-clump ratio (the total mass of the stellar population, in Mg, that can
be inferred from the presence of one RC star) of 1000, and a nuclear stellar disc mass of
2.0x10° My, see P17.

The aim of this section is to construct a model stellar distribution with magnitude and
velocity distributions that can be directly compared to VIRAC. The P17 model provides
the kinematics and the distance moduli of the particles. The distance moduli are calculated
assuming R, = 8.2 kpc (Bland-Hawthorn & Gerhard 2016) which is very similar to the
recent GRAVITY results (Gravity Collaboration et al. 2019). To construct the magnitude
distribution we further require an absolute luminosity function (LF) representing the bulge
stellar population and we use the distance moduli to shift this LF to apparent magnitudes.
Each particle in the model can be thought of as representing a stellar population with
identical kinematics.

2.3.1 Synthetic Luminosity Function

To construct an absolute LF representing the bulge stellar population we used: 1. The
Kroupa initial mass function (Kroupa 2001) as measured in the bulge (Wegg et al. 2017);
2. a kernel-smoothed metallicity distribution in Baade’s window from Zoccali et al. (2008)
where we use the metallicity measurement uncertainty to define each kernel; 3. isochrones
describing the stellar evolution for stars of different masses and metallicities. The PARSEC
+ COLIBRI isochrones (Bressan et al. 2012; Marigo et al. 2017) were used with the as-
sumption that the entire bulge population has an age of 10 Gyr (Clarkson et al. 2008; Surot
et al. 2019a). These three ingredients were combined in a Monte Carlo simulation where
an initial mass and metallicity are randomly drawn and then used to locate the 4 nearest
points on the isochrones. Interpolating between these points allows the [My, My, M ;| mag-
nitudes of the simulated star to be extracted. The simulation was run until 10% synthetic
stars had been produced.

To observe the model as if it were the VIRAC survey it is necessary to implement all
the associated selection effects. In § 2.2.3 a colour based selection was used to weight stars
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Table 2.1: Reference table of the most commonly used acronyms.

Acronym Definition
LF Luminosity Function
FG Foreground
SG Sub-Giant
RGB Red Giant Branch
RC Red Clump
RGBB  Red Giant Branch Bump
AGBB  Asymptotic Giant Branch Bump
RGBC  Red Giant Branch Continuum
RC&B  Red Clump and Bumps

based on their probability of belonging to the RGB. The same colour based procedure
was applied to the synthetic stars’ colour-colour diagram and the corresponding weighting
factors were calculated. The results of the simulation, with the colour weightings applied,
are shown in the upper panel of Fig. 2.9. As expected, the RC LF is very narrow facilitating
their use as standard candles in studies of the MW (eg. Stanek et al. 1994; Bovy et al.
2014; Wegg et al. 2015).

We define the exponential continuum of RGB stars, not including the over densities at
the RC, RGBB and AGBB, to be a distinct stellar population, henceforth referred to as
the red giant branch continuum (RGBC). We refer to the combined distribution of the RC,
RGBB and AGBB stars as the RC&B. A list of stellar type acronyms used in this paper
is given in Table 2.1.

We fit the simulated LF with a four component model that we then combine to construct
the RGBC and RC&B. We use an exponential for the RGBC,

Lrape (Mk,,) = aexp (BMk,,). (2.2)
We fit separate gaussians for the RGBB and AGBB,

C 1
ACRGBB/AGBB (MKO) = 5 OXP (—— 3); (2'3)
2mo; 2
where,
My — i
G=—S2 B (24)

and p;, 0;, and C; denote the mean, dispersion, and amplitude of the respective gaussians.
We use a skewed gaussian for the RC distribution,

Lrc (Mk,,) = \/%exp <—%§]2%C) {1 + erf (%CRC)} , (2.5)
RC

where erf () is the standard definition of the error function and + is the skewness parameter.
Fitting was performed using a Markov Chain Monte Carlo procedure; the results are shown
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Figure 2.9: Theoretical luminosity function used as inputs to the modelling to facilitate the
observation of the particle model consistently with the VVV survey. Top: The initial LF
is shown in red crosses. This is produced from the Monte Carlo sampling and the colour-
colour selection procedure has been applied in a manner consistent with the VIRAC data.
The Markov Chain Monte Carlo fit using four components, an exponential background, a
gaussian each for the AGBB and RGBB, and a skewed gaussian for the RC, is overplotted
as the blue line. Bottom: LF now split into the components that will be used in this paper;
the RC (red), RGBB (cyan), AGBB (green), that are combined to produce the RC&B,
and the RGBC (blue).
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Table 2.2: Parameters for the LF shown in Fig. 2.9.

Parameter Value

o 0.1664
6] 0.6284
HRGBB -0.9834
ORGBB 0.0908
CraBB 0.0408
UAGBB -3.0020
OAGBB 0.2003
CacBB 0.0124
HRC -1.4850
ORC 0.1781
CRc 0.1785
vy -4.9766

in the lower panel of Fig. 2.9 and the fitted parameters are presented in Table 2.2. These
four LFs are used as individual inputs to the modelling code and allow each particle to
be observed as any required combination of the defined stellar evolutionary stages. These
choices are well motivated as Nataf et al. (2010) and W13 showed that the RGBC is well
described by an exponential function and the RC LF is known to be skewed (Girardi 2016).

Ideally we would use only the RC stars from VIRAC when constructing magnitude
resolved maps as they have a narrow range of absolute magnitudes and so can be used as
a standard candle. We statistically subtract, when necessary, the RGBC through fitting
an exponential. As shown in Fig. 2.9 the RC and RGBB are separated by only ~ 0.7
mag. When convolved with the LOS density distribution these peaks overlap. Because it
is difficult to distinguish the RGBB from the RC observationally we accept these stars as
contamination. It is also important to include the AGBB (Gallart 1998); stars of this stellar
type residing in the high density bulge region can make a significant kinematic contribution
at bright magnitudes, Ky < 12.5 mag, where the local stellar density is relatively smaller.

2.3.2 VIRAC Observables

The kinematic moments we consider are the mean proper motions, the corresponding
dispersions and the correlation between the proper motions.

We here define dispersion,

Op; = \/< g > — < i >? (2.6)
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In the previous section we described the method to construct synthetic absolute LFs
for the RGBC and the RC&B stars, see Fig. 2.9. We now combine this with the dynamical
model of P17 to observe the model through the selection function of the VIRAC survey.
For a more detailed description of the process used to reconstruct surveys see P17.

Each particle in the model has a weight corresponding to its contribution to the overall
mass distribution. When constructing a measurable quantity, or "observable”, all particles
that instantaneously satisfy the observable’s spatial criteria, i.e. being in the correct region
in terms of [ and b, are considered and the particle’s weight is used to determine its
contribution to the observable. In addition to the particle weight there is a second weighting
factor, or "kernel”, that describes the selection effects of the survey. The simplest example
of an observable is a density measurement for which,

p= Sk (=), (2.9)

where the sum is over all particles, w; is the weight of the i** particle, z; is the parti-
cle’s phase space coordinates and the kernel K determines to what extent the particle
contributes to the observable. To reproduce VIRAC we integrate the apparent LF of the
particle within the relevant magnitude interval to determine to what extent a stellar distri-
bution at that distance modulus contributes. For the magnitude range 11.8 < Ky < 13.6
mag, which we use for constructing integrated kinematic maps, and the stellar population
denoted by X, the kernel is given by,

K () = 8(z) / T (Ko — K (2.10)

Ks0=11.8

where the LF is denoted Ly, the distance modulus of the particle is y;, and 0(z;) determines
whether the star is in a spatially relevant location for the observable. More complicated
observables are measured by combining two or more weighted sums. For example a mean
longitudinal proper motion measurement is given by,

Y owi K (2) pu

2.11
Z?:osz(Zz) ’ ( )

< i >=

where 1y, is the longitudinal proper motion of the i particle. This generalises to all
further kinematic moments as well.

To account for the observational errors in the proper motions we input the median
proper motion uncertainty measured from the VIRAC data for each tile. We use the
median within the integrated magnitude range for the integrated measurements, see § 2.4,
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and the median as a function of magnitude for the magnitude resolved measurements, see
§ 2.6. Given the true proper motion of a particle in the model we add a random error
drawn from a normal distribution centred on zero and with width equal to the median
observational error.

Temporal smoothing allows us to reduce the noise in such observables by considering
all previous instantaneous measurements weighted exponentially in look-back time (P17).

2.4 Red Giant Kinematics

The methods described in § 2.2 were applied to all tiles in VIRAC to extract a sample
of stars weighted by their likelihood of belonging to the RGB. For each quarter tile we
implement cuts in proper motion to exclude any high proper motion stars likely to be in
the disc and to ensure we only use high quality proper motions: We cut all stars with an
error in proper motion greater than 2.0 masyr—! and apply a sigma clipping algorithm
that cuts stars at 30 about the median proper motion. There were two stopping crite-
ria; when the change in standard deviation was less than 0.1 masyr~! or a maximum of
four iterations. These criteria ensure that we only remove the outliers and leave the main
distribution unchanged. These cuts remove ~ 20% of the stars in the VIRAC catalogue.
From the resulting sample the on-sky, integrated LOS kinematic moments were calculated,
combining the proper motion measurements using inverse variance weighting. As discussed
in § 2.3.2 we do not remove the additional dispersion caused by measurement uncertain-
ties but instead convolve the model. The typical median error is ~ 1.0 masyr—! which
corresponds to dispersion broadening in the range 0.15 to 0.25 masyr—'. We note here
that there is an uncertainty in the mean proper motion maps of ~ 0.1 masyr—! due to
the correction to the absolute reference frame, see § 2.2.2. The resulting kinematic maps
are compared to the P17 fiducial bar model predictions, as described in § 2.3.

2.4.1 Integrated Kinematics For All Giant Stars

We first present integrated kinematic moments calculated for the magnitude range 11.8
< K4 < 13.6 mag which extends roughly £3 kpc either side of the galactic centre. Fig. 2.10
shows < i >, < up >, Tprs Opys the dispersion ratio, and [«,u) correlation components
and compares these to equivalent maps for the fiducial model.

The < p;« > maps show the projected mean rotation of the bulge stars where the global
offset is due to the tangential solar reflex motion measured to be -6.38 masyr—! using Sgr
A* (Reid & Brunthaler 2004). They contain a clear gradient beyond |b] > 3.° with the
mean becoming more positive at positive [ because of the streaming velocity of nearby bar
stars, see also § 2.6, Fig. 2.16. A similar result was also reported by Qin et al. (2015) from
their analysis of an N-body model with an X-shaped bar. Away from the galactic plane the
model reproduces the data well. It successfully reproduces the <y« > isocontours which
are angled towards the galactic plane. These isocontours are not a linear function of [ and
b and have an indent at [ = 0° likely caused by the boxy/peanut shape of the bar.
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Figure 2.10: Integrated kinematic maps for the VIRAC data (left column) and the fiducial
bar model (right column). The integration magnitude interval is 11.8 < K < 13.6 mag.
The kinematic moments shown are as follows: <+ > and <> (first - second row), o,
0, dispersion ratio (third - fifth row) and correlation of proper motion vectors (final row).
The grey mask covers regions for which Ax > 1.0. We see excellent agreement between
the model and the data giving us confidence in the barred nature of the bulge.
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Figure 2.11: Comparison between VIRAC proper motions and previous MW bulge proper
motion studies (K06 and R07). The panels show o, (top left), o, (top right), o, /0,
(bottom left) and the correlation (bottom right). In these plots we have zoomed in on the
overlap region between the previous datasets and the VIRAC maps. The grey mask covers
regions for which Ax > 1.0.
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The < pp, > maps show a shifted quadrupole signature. There are two factors we believe
contribute to this effect; the pattern rotation and internal longitudinal streaming motions
in the bar. The near side of the bar at positive longitude is rotating away from the sun and
the far side is rotating towards the sun. The resulting change in on-sky size manifests as
proper motions towards the galactic plane at positive longitudes and away from the galactic
plane at negative longitudes. The streaming motion of stars in the bar has a substantial
component towards the sun in the near side and away from the sun in the far side which
has been seen in RC radial velocities (Vasquez et al. 2013). For a constant vertical height
above the plane, motion towards the sun will be observed as +p;,. By removing the effect of
the solar motion in the model, and then further removing the pattern rotation, we estimate
the relative contribution to <, > from the pattern rotation and internal streaming to be
2:1. The offset of ~ -0.2 masyr~! from zero in y; is due to the solar motion, V, o. The
quadrupole signature is also offset from the minor axis due to the geometry at which we
view the structure. It should be noted here that the random noise in the mean proper
motion maps is greater than that of the corresponding dispersions. This is a consequence
of systematic errors introduced by the Gaia reference frame correction (Lindegren et al.
2018) to which the mean is more sensitive.

The dispersion maps both show a strong central peak around the galactic centre. This
is also seen in the model and is caused by the deep gravitational potential well in the
inner bulge. In both cases the decline in dispersion away from the plane is more rapid at
negative longitude while at positive longitude there are extended arms of high dispersion.
For both dispersions there is a strip of higher dispersion parallel to the minor axis and
offset towards positive longitude; centred at [ ~ 1°. This feature is prominent for both
data and model for the latitudinal proper motions. For the longitudinal case the model
shows this feature more clearly than the data but the feature is less obvious compared
to the latitudinal dispersions. Both maps also show a lobed structure which is also well
reproduced by the bar model and is likely a result of the geometry of the bar combined
with its superposition with the disc. The model is observed at an angle of 28.0° from the
bar’s major axis (P17) and so at negative longitudes the bar is further away and therefore
the proper motion dispersions are smaller. On the other side, for sub-tiles at [ > 7.0° the
dispersions are larger and both dispersions decline more slowly moving away from b = 0°,
as in this region the nearby side of the bar is prominent.

The dispersion ratio g/, shows an asymmetric X-shaped structure with the region
of minimum anisotropy offset from the minor axis by about 2° at high |b|. The dispersion
ratio is slightly larger than 1.1 along the minor axis and reaches 1.4 at high |/| near the
plane of the disc. These features are reproduced well by the model which has slightly lower
dispersion ratio around the minor axis.

The correlation maps show a clear quadrupole structure with the magnitude of the
correlation at ~ 0.1. The correlation is stronger at positive longitudes which is likely due
to the viewing angle of the bar as the model also shows the signature. This shows that
the bar orbits expand in both [ and b while moving out along the bar major axis. This is
consistent with the X-shaped bar but could also be caused by a radially anisotropic bulge so
this result in itself is not conclusive evidence for the X-shape. However the fiducial model
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is a very good match to the structure of the observed signal which gives us confidence
that this signature is caused by an X-shaped bulge similar to the model. In addition, the
difference between correlation amplitude between positive and negative longitude rules out
a dominant spherical component as this would produce a symmetrical signature.

All of the results of the integrated kinematic moments are consistent with the picture
of the bulge predominantly being an inclined bar, rotating clockwise viewed from the north
galactic pole, with the near side at positive longitude. The fiducial bar model is a very
good match to all of the presented kinematic moments which gives us confidence that the
model can provide a quantitative understanding of the structure and kinematics of the
bulge.

2.4.2 Comparison to Earlier Work

Previous studies of MW proper motions have been limited to small numbers of fields.
Due to the difficulty of obtaining quasars to anchor the reference frame these studies have
dealt exclusively with relative proper motions. In this section we compare VIRAC to two
previous studies, K06 and RO7. These studies have a relatively large number of fields, 35
HST fields for K06 and 45 OGLE fields for R07, so on-sky trends are visible. Both of these
studies have different selection functions from VIRAC and so here we mainly compare the
average trends in the data with less focus on the absolute values. We do not consider other
previous works because in some cases they discuss only results for a single field. Comparing
kinematics for single fields is less informative due to the effects of the selection functions
and other systematics, Fig. 2.11 shows the comparison of the dispersions, dispersion ratio
and correlation measurements from VIRAC with those of K06 and RO7.

We see excellent agreement between the VIRAC data and the RO7 measurements in
all 4 kinematic moments. The dispersion trends are clearly consistent; both VIRAC and
RO7 dispersion measurements increase towards the MW plane. The lobe structures caused
by the superposition of barred bulge and disc are also reproduced in both the VIRAC
data and RO7 with the dispersion at high positive [ larger than at high negative [ for both
dispersions. The dispersion ratios also match nicely with the lowest ratio found along the
minor axis and then increasing for larger |I| sub-tiles. The correlation maps are also in
excellent agreement with a clear quadrupole signature visible in both VIRAC and RO07.

The agreement between VIRAC and K06 is less compelling. This is likely due to the
larger spread of measurements in adjacent sub-tiles. In the dispersion maps we still see
the general increase in dispersion towards the galactic plane, however the trend is far less
smooth for the K06 data than for the VIRAC or R0O7 data. There also appears to be a
slight offset in the absolute values although this is expected since VIRAC does not replicate
the selection function of K06. For the dispersion ratio we observe a similar overall trend;
the dispersion ratio increases moving away from the minor axis. This is likely due to the
X-shape. There is a single outlying point in the dispertion ratio map at ~(5°,—4°) that
has a ratio ~0.3 greater than the immediately adjacent sub-tile. This outlier is caused by
a high 0, measurement. The correlations are in good agreement between the two datasets
although the K06 sample only probes the (+[, —b) quadrant.
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Figure 2.12: Correlation of py« and g for the VIRAC data (upper) and the fiducial barred
model (lower) in spatial fields on the sky and split into magnitude bins of width AK =
0.1lmag. We see the same quadrupole structure in all magnitude bins. In both the data
and the model the correlation signal is stronger in the magnitude range 12.5< K, <13.1
mag which corresponds to the magnitude range of the inner bulge RC population.
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2.4.3 Correlation in Magnitude Slices

In this section we decompose the integrated RGB correlation map into magnitude bins of
width AK, = 0.1 mag, see Fig. 2.12. As in the integrated map, the magnitude resolved
correlation maps all show a distinct quadrupole structure as well as a disparity between
the strength of the correlation at positive and negative longitude. The magnitude binning
also reveals that the brightest and faintest stars have less correlated proper motions than
stars in the magnitude range 12.5 < K4 < 13.1 mag which corresponds to the inner-bulge
RC stellar population. As RC stars have a narrow LF their magnitude can be used as a
rough proxy for distance. The rise and fall of the correlation therefore demonstrates that
a fraction of RC stars in the inner bulge (£0.3 mag ~ +1.2 kpc along the LOS) have
correlated proper motions. This signature is very similar in the analogous plots for the
fiducial barred bulge model in Fig. 2.12. There is no evidence in the VIRAC data that the
correlated RC fraction decreases towards the Galactic centre, as would be expected if a more
axisymmetric classical bulge component dominated the central parts of the bulge. In the
RGB population, underneath the RC, the correlation is spread out in magnitude because
of the exponential nature of the RGB; this plausibly explains the baseline correlation seen
at all magnitudes in Fig. 2.12.

2.5 Extracting the RC&B from the VIRAC RGB

RC stars are valuable tracers to extract distance resolved information from the VIRAC
data. They are numerous and, due to their narrow range of absolute magnitudes, their
apparent magnitudes are a good proxy for their distance. From the LF the combination
of RC, RGBB and AGBB is readily obtained with the fraction of contaminating stars
relative to the RC ~ 24% consistent with RGBB measurements from Nataf et al. (2011),
see also § 2.3. It is possible to obtain an estimate for just the RC from the RC&B using a
deconvolution procedure as used in W13 however we do not do this here.

2.5.1 Structure of the Red Giant Branch Continuum

The RGBC absolute LF, as discussed in § 2.3.1, is well described by an exponential function.
We assume that the stellar population is uniform across the entire MW bulge distance
distribution and therefore there exists a uniform absolute magnitude LF for the RGBC,

L(Mg,,) oc e?Micso, (2.12)

where [ is the exponential scale factor, see Eqn. (2.2).

We now demonstrate that the proper motion distribution of the RGBC is constant at
all magnitudes. This will allow us to measure the proper motion distribution of the faint
RGBC, where there is no contribution from the RC&B, and subtract it at all magnitudes.
The result is the proper motion distribution as a function of RC standard candle magnitude
with only a small contamination from RGBB and AGBB stars.
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Figure 2.13: Histograms of the RGBC proper motion distributions from the model at three
magnitude intervals, along a single LOS, considering all model disk and bulge particles.
The histograms are individually normalised and clearly show that the three profiles lie
directly on top of each other. This is the case for all magnitude intervals we are consid-
ering. The proper motion distribution at each magnitude has the same structure but the
overall normalisation changes allowing the distribution at faint magnitudes without RC&B
contamination to be used at brighter magnitudes.

Consider two groups of stars at distance moduli p; and uy with separation Ay = pg—py.
These groups generate two magnitude distributions £; oc 109t and £, o< 10°#2 respectively.
Lo can be rewritten as,

Ly oc 10°PB#F1) o 10521105 (2.13)

meaning both groups of stars produce the same magnitude distribution but with a relative
scaling that depends upon the distance separation and the density ratio at each distance
modulus. Generalising this to the bulge distance distribution; each distance generates
an exponential luminosity function that contributes the same relative fraction of stars to
each magnitude interval. This is also true for the velocity distributions from the various
distances and so we expect the velocity distribution of the RGBC to be the same at all
magnitudes.

To test this further we construct the RGBC (p,K0) distributions for a single LOS
using the model and the RGBC absolute LF constructed in § 2.3.1. We then normalise
the distributions for each magnitude interval individually and the distributions for three
magnitudes are shown in Fig. 2.13. This shows that the RGBC proper motion distributions
are magnitude independent. The distribution at faint magnitudes, 14.1 < Ky < 14.3 mag,
where there is no contamination from the RC&B, can be used to remove the RGBC at
brighter magnitudes where the RC&B contributes significantly.
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2.5.2 Extracting the Kinematics of the RC&B

We have just shown that the proper motion distribution of the RGBC at faint magnitudes,
where it can be directly measured, is an excellent approximation of the proper motion
distribution at brighter magnitudes where it overlaps with the RC&B. We use this to
subtract the RGBCs contribution to the VIRAC magnitude - proper motion distributions.
The first step is to fit the RGBC LF marginalised over the proper motion axis. This
provides the fraction of RGBC stars in each magnitude interval relative to the number of
RC&B stars. We fit a straight line to log(Nrape),

log(NRGBC) =A+B (Kso - KSO,RC) , (214)

where A and B are the constants to be fitted and Ksrc = 13.0 mag is the approximate
apparent magnitude of the RC. When fitting, we use the statistical uncertainties from the
Poisson error of the counts in each bin. The LF is fitted within two magnitude regions on
either side of the clump; 11.5 < K,y < 11.8 and 14.1 < K, < 14.3 mag. The bright region
is brighter than the start of the RC over density but is not yet affected by the saturation
limit of the VVV survey. The faint region is selected to be fainter than the end of the
RGBB but as bright as possible to avoid uncertainties due to increasing incompleteness at
faint magnitudes. The fit for the example tile is shown in Fig. 2.14. Included are the two
fitting regions in red and the RC&B LF in green following the subtraction of the fitted
RGBC.

The second step to extract the RC&B velocity distribution is to remove the RGBC
velocity distribution. This process is summarised in Fig. 2.15. We construct the RGBC
velocity distribution using a kernel density estimation procedure. For consistency we com-
pute the RGBC proper motion profile using the same faint magnitude interval used for the
RGBC fitting. The background is scaled to have the correct normalisation for each mag-
nitude interval according to the exponential fit. The total proper motion profile for each
magnitude interval is then constructed using the same kernel density estimation procedure.
We use a rejection sampling approach to reconstruct the RC&B proper motion distribution
with discrete samples. We sample two random numbers: 1. The first in the full range of
proper motions covered by the two proper motion distributions, total distribution and the
scaled RGBC distribution, in the magnitude interval. 2. The second between zero and the
maximum value of the two kernel density smoothed curves. Only points that lie between
the two distributions, in the velocity range where the two distributions are statistically
distinct, are kept, as only these points trace the RC&B distribution. We sample the same
number of points as the exponential fit indicates there are in the RC&B component. This is
to reconstruct the distribution with the correct level of accuracy. For this sample of points
we compute the mean and dispersions analytically. We repeat this sampling in a Monte
Carlo procedure to obtain 100 realisations of the mean and dispersion measurements and
use these to characterise the uncertainty upon the measurements.

This approach ignores the variable broadening as a function of magnitude caused by
measurement uncertainties. To test this we extracted the magnitude-proper motion data
from the model for a variety of representative tiles and convolved the values with the
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Figure 2.14: (b278 (1.°, -4.2°)) This plot shows the fit to the RGBC for the example tile in
the VIRAC data. We use two magnitude intervals, 11.5< K, <11.8 and 14.1< K, <14.3

mag, shown as the red regions for the fitting. Subtracting the fit, red line, from the tile
LF, shown in black, gives the LF of the RC&B.
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Figure 2.15: (b278 (1.°, -4.2°)) Process for extracting the kinematics as a function of
magnitude for the RC&B from the total RGB (K, i+ ) distribution. Left plot: The kernel
density smoothed RGB distribution (left panel) with white lines highlighting the magnitude
interval used for constructing the proper motion distribution of the RGBC, (right panel).
This RGBC distribution is subtracted at each magnitude normalised according to the
RGBC fit. Right plot: The (K, pu+) distribution (left panel) for the RC&B following the
subtraction of the RGBC. The vertical white lines highlight a magnitude bin for which the
kinematic measurements are shown (right panel). The horizontal dashed line shows the
mean, and the error bar shows the dispersion.

median VIRAC uncertainties. The convolution increases the dispersion by 0.06 masyr—!
at K, = 11.8 mag and ~ 0.16 = 0.05 masyr—! at K, = 13.6 mag. The broadening at
fainter magnitudes is more sensitive to the spatial location of the tile. The model provides
discrete samples of the RC&B kinematic distribution as a function of magnitude and so
we calculated the convolved mean proper motions and dispersions analytically. We then
applied the same analysis as described for the data to the complete convolved distribution
drawn from the model, disregarding the known separation between RC&B and RGBC.
Comparing the analytically calculated kinematics with the data-method measurements we
find a systematic uncertainty in the recovered values of <0.1 masyr~! for dispersion and
significantly less for the mean. This systematic can be positive or negative for a given tile
but is consistent at all magnitude intervals along the LOS.
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Figure 2.16: Top panels: < ;= > maps of the RC&B stars in latitude slices as a function
of magnitude for the VIRAC data. The contours correspond to the stellar number count
of the RC&B stars. Focusing on the top row in particular where we observe a split RC&B
we see that the two density peaks have A < pf >~ 1 masyr—'. Lower panels: Equivalent
plots for the fiducial bar model from P17 which matches the mean transverse motion and
the gradients in the data very well. The grey areas in the VIRAC plots are masked based
on our measurement errors and are shaded in the model plots to guide the eye.



2.6 Red Clump Kinematics 81

2.6 Red Clump Kinematics

2.6.1 Latitude Slices

The luminosity function along the minor axis for high latitude tiles in the bulge exhibits a
double peaked distribution which is believed to be due to an X-shaped boxy/peanut bulge.
The acute viewing angle of the bar causes lines of sight near the minor axis at high latitude
to intersect the near arm first and subsequently the faint arm of the X-shape. As discussed
in the Introduction, this scenario is supported by various evidence from observations and N-
body simulations, but alternative scenarios based on multiple stellar populations along the
line-of-sight have also been suggested. In this section we present proper motion kinematics
of RC&B stars as a function of magnitude which provide an independent test of these
scenarios.

Figs. 2.16 to 2.20 show the number density, mean proper motions and proper motion
dispersions of RC&B stars in latitude slices as a function of magnitude for both VIRAC
and the fiducial dynamical model from P17.

In § 2.5 we described the rejection sampling approach to measure the proper motion
mean and dispersion. We apply an opaque mask to bins in which the RC&B contributes
less than 10% of the stars according to the RGBC fit to ensure that the results are reliable.
We apply a secondary transparent mask to all regions where the Monte Carlo resampling
measurement uncertainty is greater than 0.1 masyr~! to guide the eye as to where the
results are most secure. As mentioned in § 2.5 there is also a systematic uncertainty of
at maximum 0.1 masyr~! in the dispersion measurements and smaller for the mean mea-
surements which is caused by the magnitude dependent broadening of the proper motion
distributions.

The fiducial model has been fitted to star count data and radial velocity data for the
bulge and long bar as described in § 2.3, but no VIRAC proper motion data was used. It
nonetheless provides excellent predictions for the observed PM data, and can therefore be
used to understand the signatures present in the VIRAC maps.

Number Density

The star counts of RC&B stars are shown with the grey contours in Fig. 2.16. Near the
minor axis at |b] > 4.° the contours show a bi-modal star count distribution while at
|b| > 6.° they show clear evidence of double peaked luminosity functions. These results are
both consistent with Saito et al. (2011) and W13, who studied the distribution of RC stars
using VVV, and with previous studies (McWilliam & Zoccali 2010; Nataf et al. 2010). As
expected they are consistent with the structure of a boxy/peanut bulge with the near end
at positive longitude. The model, which is known to host an X-shaped structure, nicely
replicates the extension of the final density contour towards fainter magnitudes which is
caused by the presence of the RGBB stars.
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Figure 2.17: Zoom in of b = —6.37° slice for the model <y« > (top panel) and < >
(bottom panel). The panels to the right show the profile for the tile highlighted by the
dotted lines. The profiles show a clear series of kinks rather than a smoothly varying
structure which are consequences of the pattern rotation, streaming motions along the bar
and the presence of multiple stellar evolutionary stages. The contours show the RC&B
star counts.
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Figure 2.18: < u, > maps of the RC&B stars as a function of magnitude for the VIRAC
data with the format of the plots identical as in Fig. 2.16. The model reproduces the
transition between more positive to more negative proper motion aligned with the bar axis
shown by the star count contours. This pattern reflects the streaming motion within the
bar and the bar pattern rotation.
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Figure 2.19: 0,x maps of the RC&B stars as a function of magnitude for the VIRAC data
with the format of the plots identical as in Fig. 2.16. The model nicely reproduces all of
the features such as the central dispersion peak due to the RC stars in the galactic centre,
the secondary peak corresponding to the fainter RGBB stars also in the galactic centre,
and the increased dispersion gradient in the bar starting at |b| ~ 6° which is caused by the
intrinsic proper motions of stars in the bar beginning to dominate.
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Figure 2.20: o0, maps of the RC&B stars as a function of magnitude for the VIRAC data
with the format of the plots identical as in Fig. 2.16. As in Fig. 2.19 the model produces
an excellent match to the structures seen in the data.
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Mean Longitudinal Proper Motion

The VIRAC < py« > of the RC&B as a function of tile and magnitude is shown in the
upper plot of Fig. 2.16. The overall proper motion of the galactic centre is consistent with
the solar reflex motion y+ = —6.38 masyr~' (Reid & Brunthaler 2004). We see that at
all latitudes the brighter stars have a less negative proper motion than the fainter stars
and the observed gradient is well reproduced by the model.

A zoom in of the b = —6.37° slice for the model <y« > is shown in the top panel of
Fig. 2.17. The overall bright to faint <y« > gradient shows the mean rotation of stars as a
function of distance which is lower than for circular orbits in a disk. The barred structure
causes a longitudinally asymmetric pattern different from expected for a circular rotation
field. These features are sensitive to the pattern rotation and to streaming motions in the
bar. The effect of streaming can be seen at |I| < 4°. Considering <y« > there is a smooth
but rapid transition from more positive to more negative p;« between 12.2 < Ky < 13.2
mag where the mean is dominated by the RC. This is followed by a kink at Ky ~ 13.5
where the RGBB stars in the near side region of high bulge density cause a kink towards
more positive mean proper motion. Ther initial transition is much stronger in the tiles
near the minor axis, |I| < 4°, and the kinks are only observed in this region. The kinks
being longitude dependant makes this unlikely to be a purely stellar population effect.
We expect the greatest streaming velocities near the minor axis and so it is likely that a
combination of stellar type and streaming is causing these effects. This kink in the proper
motion profiles as a function of K,y can also be seen in the VIRAC data in Fig. 2.16. At
bright magnitudes < p;« > becomes more negative again due to AGBB stars in the high
density bulge region which have more negative proper motions than the closer RC and
RGBB stars.

At higher latitudes that exhibit a double peaked density distribution the misalignment
of the proper motion transition causes the brighter peak to have mean proper motion ~ 1
masyr~ 1 more positive than the fainter peaks. This demonstrates that the bright peak
in the split RC has significantly distinct proper motion kinematics from the faint peak.
The faint and bright RC division can therefore not have a purely stellar population origin.
Instead, the observed effects are well reproduced by the X-shaped bar model, shown in the
lower plots. Since the barred potential and the orbits in it are largely fixed by the fitted
data, and both RC peaks are visited by similar orbits (Portail et al. 2015b), it is hard
to see how the barred model could support the split RC peaks through different stellar
populations.

Mean Latitudinal Proper Motion

The VIRAC < > of the RC&B as a function of tile and magnitude is shown in the upper
plot of Fig. 2.18. The < u;, > appear noisier compared to <y« > because while both maps
are subject to systematic errors of ~0.1 masyr~!, <, > covers a smaller range of values.
The systematics are a combination of the relative to absolute correction, see § 2.2, and the
effect of variable broadening on our RC&B extraction approach, see § 2.5. The reflex motion
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due to the sun’s vertical motion is ~ —0.2 masyr~! for V, o = 7.25 kms™! (Schonrich
et al. 2010) which broadly accounts for the overall offset from zero in the fiducial model
shown in the lower plots. At latitudes |b| > 4° the < u, > isocontours for both VIRAC
and the model highlight a transition that is aligned with the bar axis shown in the star
count contours. Considering the zoom in of the b = —6.37° slice for the model < pu; >
shown in the bottom panel of Fig. 2.17, the near side of the bar, along the [ = 2.5° LOS,
shows strong negative < p;, > while the far side shows more positive <y, >. If only pattern
rotation were contributing we would expect a smoothly declining trend as the apparent
proper motion decreases for stars at greater distance. At this latitude the strong variation
in < > is plausibly explained by streaming motions. Specifically, streaming motions in
the near side towards the Sun induce an apparent negative u;, while streaming motion away
from the sun on the far side induce an apparent positive p,. We see further evidence in
Fig. 2.17 with a spur of more negative < ;> that is located at || < 3.0° and Ky ~ 13.3
mag. This feature is caused by RGBB stars in the near half of the bar which are streaming
towards the Sun and so present a negative <y, >.

These < p, > motions in the VIRAC data in Fig. 2.18 are therefore due to a superpo-
sition of streaming velocities in the bar frame along the LOS as well as the bar pattern
rotation. We see similar features of streaming motions in the model, including at latitudes
closer to the plane where they are not visible in the VIRAC data for our magnitude range.

Longitudinal Proper Motion Dispersion

o, as a function of tile and magnitude for the RC&B is shown in the upper plot of
Fig. 2.19 and corresponding plots for the fiducial model are shown below. We see a clear
centrally concentrated dispersion peak for tiles close to the plane. This dispersion peak
is reproduced by the model where it is caused by the depth of the central potential as
opposed to being a separate bulge component. For latitudes in the range 3 < |b] < 6°
there is a clear gradient in the dispersion between the near side of the bar and its far side
which is at lower dispersion. This is reproduced by the model and is because, while the
RC&B stars on both sides have symmetric intrinsic dispersion, the greater distance for the
far side of the bar makes the dispersion appear smaller. The dispersion gradient becomes
less pronounced beyond |b| > 6° for both VIRAC and the model. For latitudes |b| < 4°
there is a secondary peak of high dispersion ~ 0.8 mag fainter than the central peak at
Ky = 12.7 mag. This is caused by the RGBB stars near the galactic centre.

Latitudinal Proper Motion Dispersion

o, as a function of tile and magnitude for the RC&B is shown in the upper panels of
Fig. 2.20. The latitudinal dispersions show structures very similar to those in the longi-
tudinal dispersion maps. We see a concentrated central peak due to RC stars in the deep
potential well near the galactic centre and a fainter second peak which is caused by the
RGBB stars. These features are well reproduced by the model which is shown in the lower
panels. There is a clear gradient between the two ends of the bar for latitudes |b| > 4°
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Figure 2.21: This shows o, as on-sky maps as a function of magnitude for the data (top
panels) and for the barred particle model (bottom panels). The difference at high latitude
is due to the treatment of the disc in the model which we do not differentiate from the
bulge. This map helps us to understand the structures seen in Fig. 2.10. They show the
arched structure at negative latitude only occurs at fainter magnitudes suggesting that the
arc is caused by the low dispersion in the far side of the bar.

with more distant stars having smaller proper motion for the same intrinsic dispersion.
A notable difference to the longitudinal maps is the shallower gradient in the dispersion
between brighter and fainter magnitudes. This is likely due to the foreground bar compo-
nent having a small vertical dispersion in comparison to that of the X-shaped boxy/peanut
bulge.

2.6.2 Magnitude Slices

Fig. 2.21 shows the breakdown of longitudinal dispersion in different magnitude intervals
for the data (top panels) and fiducial bar model (bottom panels). At all magnitudes we see
a high dispersion peak at the galactic centre which is caused by the deep potential well and
stars orbiting aligned to the bar major axis. This peak is offset slightly towards positive
longitude due to the acute observation angle of the bar. The magnitude of this peak is
strongest at K,y ~ 12.8 mag which corresponds to RC stars in the centre. The central peak
dispersion decreases until Ky ~ 13.3 mag at which point the dispersion increases again
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due to RGBB stars in the galactic centre. We see excellent agreement with the fiducial bar
model which reproduces the two central dispersion peaks. The model reproduces the arc of
low dispersion at negative longitude which is likely caused by the low dispersion of the far
side of the bar. The high dispersion peak at brighter magnitudes is not symmetric about
the minor axis with near plane positive longitude regions at higher dispersion than their
counterpart at negative longitude. This is likely due to the intrinsic dispersion of the near
side of the bar. This plot is complementary to the integrated map, see Fig. 2.10, showing
the origin of the dynamically colder region at |b| > 5° is not a single feature of the bar but
rather a superposition of the kinematics at different magnitude intervals.

2.7 Summary & Conclusions

We have combined VIRAC and Gaia data to obtain ~ 40000000 absolute proper motions
in 196 tiles to investigate the —10 < [ < 10°, —10 < b < 5° region of the MW barred bulge.

We apply a colour selection to obtain a clean sample of bulge stars and correct for
extinction assuming a single foreground sheet. We present integrated on-sky maps for the
mean proper motions, the proper motion dispersions, the dispersion ratio and correlation.
As a function of magnitude we present on-sky correlation maps of the RGB, and RC&B
mean proper motions and dispersions. We derive combined kinematics of the RC, RGBB
and AGBB (RC&B) as a function of magnitude which is a good proxy for the distance
due to the small width of the RC luminosity function. These kinematics are presented in
latitude slices with longitudinal dispersion also presented in magnitude slices. The main
scientific results of our analysis are:

e The <y« > isocontours in the integrated <y« > map are tilted, due to the streaming
motions in the bar. The < u, > map shows a quadrupole signature caused by the
composite effect of the bar pattern rotation and longitudinal streaming motions in
the bar.

e There is a peak in on-sky integrated proper motion dispersions, with o, > 3. masyr—!,
at the galactic centre. This is due to the deep potential well which causes stars fol-
lowing bar orbits to pass rapidly through the centre. The dispersion maps exhibit a
lobed structure at negative [ where o, is ~ 0.2 masyr~' smaller than at positive
for b = —5°.

e The dispersion ratio exhibits a clear X shape, slightly asymmetrical about the minor
axis due to bar geometry, that has minimum o+ /o, ~ 1.1 located at ~ (2°,=7°),
and maximum, ~ 1.4, near the disk for |I| 2 6°.

e There is a distinct quadrupole signature in the integrated correlations which we in-
terpret as being caused by stars following boxy orbits within the bar. The correlation
is stronger at [ > 0° as expected for a bar with the near side at [ > 0°.
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e We see an increase in the correlation of RGB star proper motions at magnitudes cor-
responding to RC stars near the galactic centre. This demonstrates that a significant
fraction of stars in the inner bulge have correlated proper motions. Furthermore, we
see no decrease in correlation towards the centre which would be expected if a sep-
arate, more axisymmetric, classical bulge component dominated in the central parts
of the bulge.

e In constant latitude slices VIRAC shows a bi-modal star count distribution with clear
evidence for the double peaked RC near the minor axis at high latitudes which is
consistent with previous work.

e <> in slices of RC magnitude shows clear evidence of a proper motion difference
of ~ 1 masyr—! between the RC&B stellar populations in the near and far sides of
the bar. This strongly supports the X-shaped scenario in which the different sides
of the bar move in different directions relative to the Sun. The split RC cannot be
explained purely by a population effect.

e The overall gradient is sensitive to the pattern rotation and the tilt of the <y« >
isocontours is due to the presence of the bar. The <y« > profile along a LOS is
sensitive to streaming motions within the bar.

e <> shows a gradient aligned with the bar star count contours. We interpret this
as evidence for streaming motion in the bar.

In parallel we have used an existing barred dynamical model, from P17, and replicated
the selection function of the VIRAC survey, to compare with the observed kinematic maps.
All kinematic measurements from VIRAC and Gaia are in excellent agreement with the
predictions from the fiducial barred model. Even though not fit to the VIRAC data,
the model still explains 1. all structures seen within the integrated maps, 2. the RGB
proper motion correlation in magnitude slices without the need for a separate classical
bulge component, and 3. the complex interplay of bar pattern rotation and streaming
motions seen in the magnitude sliced mean proper motions. In future work we shall explore
quantitatively the constraints on the pattern speed and mass distribution that can be
obtained from VIRAC. By fitting to the VIRAC data with the M2M method we shall
obtain improved models for studying the detailed dynamics, and population dynamics, in
the Galactic bulge.
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Chapter 3

The Pattern Speed of the Milky Way
Bar/Bulge from VIRAC & Gaia

Original publication: Jonathan P. Clarke and Ortwin Gerhard, 2022, MNRAS, 512,
2171

Abstract

We compare distance resolved, absolute proper motions in the Milky Way bar/bulge region
to a grid of made-to-measure dynamical models with well defined pattern speeds. The
data are obtained by combining the relative VVV Infrared Astrometric Catalog v1 proper
motions with the Gaia DR2 absolute reference frame. We undertake a comprehensive
analysis of the various errors in our comparison, from both the data and the models,
and allow for additional, unknown, contributions by using an outlier-tolerant likelihood
function to evaluate the best fitting model. We quantify systematic effects such as the
region of data included in the comparison, the possible overlap from spiral arms, and the
choice of synthetic luminosity function and bar angle used to predict the data from the
models. Resulting variations in the best-fit parameters are included in their final errors.
We thus measure the bar pattern speed to be €, = 33.29 4+ 1.81 kms ' kpc~! and the
azimuthal solar velocity to be Vo = 251.31 £ 1.95 kms~!. These values, when combined
with recent measurements of the Galactic rotation curve, yield the distance of corotation,
6.5 < Rcr [kpc] < 7.5, the outer Lindblad resonance (OLR), 10.7 < Rorr [kpe| < 12.4,
and the higher order, m = 4, OLR, 8.7 < Rorr, [kpc] < 10.0. The measured pattern speed
provides strong evidence for the "long-slow” bar scenario.


https://ui.adsabs.harvard.edu/abs/2022MNRAS.512.2171C/abstract
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3.1 Introduction

3.1.1 The Pattern Speed, (), of the Milky Way Bar

The Milky Way (MW) bulge is dominated by a triaxial bar structure (Lépez-Corredoira
et al. 2005; Rattenbury et al. 2007a; Saito et al. 2011; Wegg & Gerhard 2013). Understand-
ing the structure and dynamics of the Galactic bar and bulge is essential for interpreting a
wide variety of MW bar/bulge observations including: 1. the X-shape (Nataf et al. 2010;
McWilliam & Zoccali 2010) and its kinematics (Gardner et al. 2014; Williams et al. 2016)
in the boxy/peanut (b/p) bulge (Wegg & Gerhard 2013; Li & Shen 2015); 2. the high
line-of-sight (LLOS) velocity peaks observed in the bulge (Nidever et al. 2012; Molloy et al.
2015; Zhou et al. 2021); 3. the quadrupole patterns seen in VIRAC/Gaia proper motion
correlations (Clarke et al. 2019); 4. the vertex deviation in the bulge (Babusiaux et al. 2010;
Sanders et al. 2019a; Simion et al. 2021); and 5. the kinematics of the stellar populations
in the long bar (Bovy et al. 2019; Wegg et al. 2019b; Wylie et al. 2022).

An essential parameter for characterising the bar is the pattern speed, §2;,, which directly
influences the bar length (e.g. Wegg et al. 2015, ~ 4.6+0.3 kpc for their ”thin” long bar), as
bar supporting orbits cannot exist far beyond corotation (Contopoulos 1980; Aguerri et al.
1998). Using bulge stellar kinematics Portail et al. (2017a, hereafter P17) estimated €2}, =
39 £ 3.5 kms ' kpc! by modelling several MW bulge surveys. This result was confirmed
through application of the Tremaine & Weinberg (1984b) method to VVV/VIRAC data
(Sanders et al. 2019b), and by applying the continuity equation to APOGEE data (Bovy
et al. 2019).

The bar drives the dynamics of gas in the inner Galaxy, generating strong non-circular
motions (e.g., Binney et al. 1991). There have been many attempts using hydrodynamical
models to match the observed gas kinematics in the MW (Englmaier & Gerhard 1999; Fux
1999; Baba et al. 2010; Sormani et al. 2015a; Pettitt et al. 2020) using various potentials
and spiral/bar components. €, sets the resonant radii at which the gas flow transitions
between orbit families meaning that a realistic model of the gas can place strong con-
straints on this parameter. While some older studies have reported rather high values,
50 <, [km s~ kpe™!] <60, (fast-short bar, e.g., Fux 1999; Debattista et al. 2002; Bissantz
et al. 2003) more recent works have determined lower values, 33 < €, [kms™! kpc™!] <40
(long-slow bar, Sormani et al. 2015b; Li et al. 2016, 2022a).

The bar also shapes the disk kinematics through resonances. A classic example is
the Hercules stream, modelled originally as the Outer Lindblad resonance (OLR) of a
50 < €, [kms~tkpc™!] < 60 bar (e.g. Dehnen 2000; Minchev et al. 2010; Antoja et al.
2014) but more recently, as the corotation resonance (CR) (Pérez-Villegas et al. 2017,
Monari et al. 2019b; Chiba & Schonrich 2021) or 4:1/5:1 OLR of a long-slow bar (Hunt &
Bovy 2018; Asano et al. 2020). Bar resonances and/or spiral arms are also likely to explain
the multiple structures seen by Gaia in the extended solar neighbourhood (SNd) (Gaia
Collaboration et al. 2018b, Fig. 22). While some analyses favour short-fast bar models
(e.g., Fragkoudi et al. 2019) or steady spiral patterns (e.g., Barros et al. 2020), most favour
transient spiral arms (Hunt et al. 2018b; Sellwood et al. 2019) and a long-slow bar (Monari
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et al. 2019a; Khoperskov et al. 2020; Binney 2020; Kawata et al. 2021; Trick 2022). The
effects of the bar and spiral arms are difficult to disentangle (Hunt et al. 2019) emphasising
the need for accurate, independent measurements of §2y,.

The bar’s influence even stretches beyond the bulge and disk and into the stellar halo.
One example being the truncation of Palomar 5 due to the different torques exerted on
stars as the bar sweeps past (Pearson et al. 2017; Banik & Bovy 2019; Bonaca et al. 2020).

Bars can slow down over time as angular momentum is transferred to the dark matter
halo (Debattista & Sellwood 2000; Valenzuela & Klypin 2003; Martinez-Valpuesta et al.
2006). Conversely, they can also gain angular momentum as they channel gas towards
the GC (van Albada & Sanders 1982; Regan & Teuben 2004). However only recently
Chiba et al. (2021) considered the effect of a decelerating bar on local stellar kinematics.
Their model reproduced Hercules with its CR resonance and dragging by the slowing bar
generated multiple resonant ridges found in action coordinates. Perhaps most importantly
they thereby showed that models using a constant ), can lead to incorrect conclusions.
The dynamical effects of the bar are further complicated as €2}, might vary by as much as
20% on a timescale of 60 - 200 Myr due to interactions between spiral structure and the
bar (Hilmi et al. 2020) although these values may be model dependent.

The first step to tackling these more complex effects is to better understand the current
), value. In this work we provide a robust measurement, from the inner bar/bulge, in
excellent agreement with recent studies that used data from the SNd (Binney 2020; Chiba
& Schonrich 2021).

3.1.2 The Tangential Solar Velocity, V; ¢

To move past a heliocentric view of the MW requires precise knowledge of the sun’s motion
within the MW. A recent, high precision measurement of Vo combined the Gravity Col-
laboration et al. (2020, hereafter Grav2020) measurement of Ry = 8.2467+0.0093 kpc with
the proper motion of Sgr A* from Very Long Baseline Array radio observations (Reid &
Brunthaler 2020, hereafter RB2020). Assuming Sgr A* is at rest with respect to the centre
of the bulge and disk, the longitudinal (latitudinal) proper motion can be converted to the
azimuthal (vertical) solar velocity with v; o (kms™') = —4.74 - p; a. (masyr—!) - Ry (kpc),
resulting in a total solar tangential velocity Vo = 250.63 £ 0.42 kms~'. Consistent mea-
surements were made using a newly discovered hypervelocity star (Koposov et al. 2020)
and using the solar system’s acceleration from Gaia EDR3 data (Bovy 2020).

Here we use the kpc-scale bulge rather than Sgr A* to obtain a precise measurement
of V4 o. Whether these two approaches give consistent answers provides information on
whether both components are at rest relative to each other.

In an axisymmetric galaxy the local standard of rest (LSR) is defined as a circular
orbit through the solar position, with velocity v sg = (0, Veire(Ro), 0) (Binney & Tremaine
2008). The solar peculiar motion, or its negative, the velocity of the LSR relative to
the sun, is found by considering the streaming velocities of samples of nearby stars with
different velocity dispersions and extrapolating to small dispersion. In this case, Vg is
the combination of the circular velocity, Vii.(Rp), and the tangential component, V, of
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the solar peculiar velocity. !

However, in the MW’s bar+spiral gravitational potential, where stars near the sun
are no longer on families of perturbed circular orbits, the definition of the LSR is more
complicated. It is still useful to define an average circular velocity, Vi.(Ro) at Ry, as
the angular velocity of a fictitious circular orbit in the azimuthally averaged potential
(sometimes called the rotational standard of rest, RSR, see Shuter 1982; Bovy et al. 2012).
However due to the non-axisymmetric perturbations we now expect systematic streaming
velocities relative to this RSR 2 example, the zero-dispersion LSR for stars on dynamically
cold, non-resonant orbits in a weakly barred potential between corotation and the OLR
would be a near-elliptical closed orbit with faster (slower) tangential velocity than Vi (Ry)
on the bar’s major (minor) axis.. The velocity maps presented by Gaia Collaboration
et al. (2018b, e.g. their Fig. 10) show a complicated streaming velocity field in the
nearby disk. In such cases, the LSR as determined from local star kinematics will not,
in general, coincide with the globally averaged RSR circular velocity (Drimmel & Poggio
2018), i.e., V is measured relative to an LSR that will itself have a non-circular velocity
with respect to the RSR, vi,sgr = (U, V, W); g, such that the total azimuthal LSR velocity
Vo rsr = Veire(Ro) + Vigr and,

Voo = Veire(Ro) + Visr + Vo. (3.1)

Multiple studies have constrained individual or combined velocity components in Eqn. (3.1)
(see Bland-Hawthorn & Gerhard (2016) for an overview): Viy.(Ro) has been determined
using stellar streams (Koposov et al. 2010; Kiipper et al. 2015; Malhan et al. 2020), LOS ve-
locities from APOGEE (Bovy et al. 2012), MW mass modelling (McMillan 2017), cepheids
in Gaia DR2 (Kawata et al. 2019), red giants stars with precise parallax (Eilers et al.
2019), and parallaxes and proper motions of masers (Reid et al. 2019). Standard values
for 4, were published by Schonrich et al. (2010) although it has been measured many
times (e.g. Delhaye 1965; Dehnen & Binney 1998; Binney 2010). Not accounting for the
additional Vi sgr term can lead to apparently contradictory measurements and care should
be taken when combining measurements from different sources. Accurate measurements
of Vi o, Vere(Ro), and V; potentially constrain Vigg.

3.1.3 Our Approach

The VVV InfraRed Astrometric Catalogue (VIRAC) (Smith et al. 2018) contains ~ 1.75 X
10® proper motions across the Galactic bulge region, roughly (—10 < [ [deg] < 10, —10 <
b [deg] < 5). When combined with Gaia data (Gaia Collaboration et al. 2018a) to provide
the absolute reference frame these data provide an extraordinary opportunity to study
the kinematics through the bulge region. Using various radial velocity and stellar density
information in the bulge P17 constructed a grid of dynamical models, with well defined €2,

!The solar peculiar velocity vector, relative to the LSR, is here defined as @, o = (U, V, W) where Ug
is radially inwards, V, is tangential in the direction of Galactic rotation, and W, is vertically upwards.
2As a simple
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values, using the made-to-measure (M2M) method. These models are a powerful resource
because, unlike many other dynamical models, they have been iteratively adapted to fit
observed star counts and kinematics, providing superior parity between model and ob-
servations. Kinematic maps of the VIRAC/Gaia (gVIRAC, see § 3.2.1) data and the
O, = 37.5 kms tkpc! M2M dynamical model (P17) were qualitatively compared in
Clarke et al. (2019, hereafter C19) finding excellent agreement despite the models not
having been fit to the data.

The purpose of this paper is to provide accurate measurements of €}, and Vyo. We
shall utilise the P17 M2M models for a systematic, quantitative comparison to the gVIRAC
data. We further derive CR and OLR distances from the GC assuming recently determined
Galactic rotation curves (Eilers et al. 2019; Reid et al. 2019). The structure of the paper is
as follows. In § 3.2 we present the data and models we are comparing. § 3.3 describes the
analysis of the sources of error in our comparison and § 3.4 outlines our adopted approach
for measuring €2, robustly. In § 3.5 we present tests carried out to ensure the results are
also robust against known systematics (choice of luminosity function and bar angle, effect
of spiral arms, and region in the inner bar/bulge where we make the measurement). § 3.6
describes the inferred resonant radii in the disk. Finally, we discuss the results in a wider
context in § 3.7 and summarise and conclude in § 3.8.

3.2 Models & Data

In this section we will describe the data we are using, a combination of VIRAC and Gaia,
the M2M models constructed in P17, and the methods used to predict the VIRAC/ Gaia
data from the models. The section ends with a description of the simple masking approach
we take to exclude less robust kinematic data from the comparison.

3.2.1 VIRAC + Gaia: gVIRAC

VIRACv1 (Smith et al. 2018); a catalogue of 312 587 642 unique, albeit relative, proper
motion measurements covering 560 deg? of the MW southern disc and bulge derived from
the VVV survey (Minniti et al. 2010). The bulge observations consist of a total of 196
separate tiles spanning —10 < [ [deg] < 10 and —10 < b[deg] < 5. Each tile has a coverage
of =~ 1.4°in [ and ~ 1.1° in b and is observed for 50 to 80 epochs from 2010 to 2015. Typical
errors are ~ (.7 masyr~! for brighter stars away from the Galactic plane but can be as
large as > 1.2 masyr~! for fainter, more in-plane stars.

The following summarises the extraction of a red giant branch (RGB) star sample in
the MW bulge/bar region (see C19 for a detailed discussion). 1. VIRAC provides relative
proper motions. Absolute proper motions were obtained by cross-matching to Gaia’s DR2
absolute reference frame (Lindegren et al. 2018). gVIRAC is used here to refer to this
combination of VIRAC and Gaia data.? 2. RGB stars in the bulge were distinguished from

3The upcoming release of VIRACv2 (Smith et al. in preparation) will contain the proper motions
determined from improved photometry and will be calibrated to Gaia EDR3 (Gaia Collaboration et al.
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Table 3.1: List of stellar type acronyms for reference. The bottom two rows represent
composite groups of the initial four.

Acronym Definition

RC Red clump

RGBB Red giant branch bump

AGBB Asymptotic giant branch bump
RGBC Red giant branch continuum

RGB Red giant branch
RC&B Red clump and bumps

foreground main sequence stars according to a Gaussian mixture model of the (H — K) vs
(J — K) distribution. 3. Magnitudes were extinction corrected using the extinction map
of Gonzalez et al. (2012) and the Nishiyama et al. (2009) coefficients.

At this point the RGB stars have been separated from foreground main sequence stars
however, due to the large range in RGB absolute magnitudes, each apparent magnitude
interval is composed of stars spanning a large physical distance range. The red clump
(RC) can be used as a standard candle due to the narrowness of its intrinsic luminosity
function (Stanck et al. 1994). The RC is not easy to extract cleanly; there are no definitive
photometric measures by which to separate it from other RGB stars. Therefore the red
clump & bumps (RC&B) population, the combination of the RC, the red giant branch
bump (RGBB), and the asymptotic giant branch bump (AGBB), is used which is much
easier to isolate (see Table 3.1 for a summary of stellar type acronyms used in this paper).
The RGBB + AGBB contamination fraction was measured by Nataf et al. (2011) to be
24%. The RC&B population sits on top of the smooth exponential continuum (Nataf et al.
2010) which we refer to as the red giant branch continuum (RGBC).

The RGBC velocity distribution was measured, independent of the RC&B, at 14.1 <
Ky [mag] < 14.3, where there is little to no contamination by the brighter RC&B. Sub-
tracting the RGBC velocity distribution at brighter magnitude intervals, suitably scaled
according to the observed RGBC luminosity function, allows the kinematics of just the
RC&B, for which magnitude is a proxy for distance, to be measured. The individual mag-

nitude intervals used here have width AK, = 0.1 mag, and for brevity we shall refer to
them, across all VIRAC tiles, as vozels, (I;,b5, Ko )

For our later analysis we remove the two most in-plane rows of tiles from the analysis as
they are affected by extinction and crowding rendering the RC&B kinematic measurements
untrustworthy. Additionally we only consider longitudinal proper motions which are far
more sensitive to €, and Vj o for our quantitative comparison.

2021).
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Table 3.2: Parameters of the W13 luminosity function. The mean and dispersion of the
RC and RGBB gaussians are set to the values quoted in W13.

Parameter  Value Parameter  Value
ARraBC 0.1577 ARcBB 0.0362
«Q 0.7302 URGBB —0.91

15} 0.0305 ORGBB 0.19
Agrc 0.1456 AAGBB 0.0122
HURC —1.72 HUAGBB —3.2126
ORC 0.18 OAGBB 0.3488

3.2.2 M2M Dynamical Models

Please note that the dynamical models were created in the thesis work of Dr Matthieu
Portail. The description below was written by Jonathan Clarke.

We will compare the VIRAC data with the predictions of the M2M barred dynamical
models of the Galactic bulge obtained by P17. The M2M models were constructed by
gradually adapting dynamical N-body models to fit the following constraints: 1. the density
of RC stars in the bulge region computed by deconvolution of VVV RC + RGBB luminosity
functions (Wegg & Gerhard 2013, hereafter WG13); 2. the magnitude distribution in the
long bar determined by Wegg et al. (2015, hereafter W15) from UKIDSS (Lucas et al.
2008) and 2MASS (Skrutskie et al. 2006); and 3. stellar radial velocity measurements from
the BRAVA (Howard et al. 2008; Kunder et al. 2012) and ARGOS (Freeman et al. 2013;
Ness et al. 2013) surveys. We note that these models assume a single disk beyond the
bulge region and do not include a separate thick disk component.

We consider a sequence of models from P17 with well determined €2, in the range 30.0
to 45.0 kms~tkpc™t. For each Q) we select their model with the overall best mass-to-
clump ratio, M/nrc = 1000. The extra central mass, M., that P17 required in addition
to the stellar bar /bulge is chosen for each €y, to minimise the x? of the stellar density and
total rotation curve obtained by P17. We omit the kinematic constraints used by P17 in
this evaluation because the gVIRAC data to which we compare the models result in much
stronger constraints on the bulge kinematics. We include the density so that the models,
when re-convolved, are best able to reproduce the gVIRAC data, and the rotation curve
constraint to optimise the dark matter halo. We thus find that, for all €2;,, the model with
M, = 10°M,, is preferred. This is in good agreement with the Nuclear Stellar Disk mass
determined recently by Sormani et al. (2022a). We have also verified that the corresponding
models match the gVIRAC velocity dispersion maps better than models with larger M..
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3.2.3 Predicting the gVIRAC Kinematics

W13 used the BASTI isochrones to construct a synthetic luminosity function (synth-LF)
for the bulge RGB stars of a 10 Gyr old stellar population. This synth-LF was used
to deconvolve line-of-sight (LOS) observed luminosity functions (obs-LF) from VVV to
produce 3D RC density maps.*

The W13 synth-LF has 4 components corresponding to different stages of stellar evo-
lution. There is a near-exponential background for the RGBC given by,

LRraBC (M}(m) = Argpc €xp (CYM;(SO + ﬁM}(502>, (32)

and separate gaussian components for each of the RC, RGBB, and AGBB,

, A; 1My, — i\’
L; (M) = exp (—5 ( K : ) >’ (3.3)

2mo; op

N

where 7 denotes the stellar population component. Parameter values are given in Table 3.2.
The RC density measurements of W13 were computed assuming Ry = 8.3 kpc. We shift
the synth-LF taking Mp = Mg, — 0.026 to account for the more recent Ry = 8.2 kpc
GC distance (Bland-Hawthorn & Gerhard 2016; Gravity Collaboration et al. 2019). We
also allow for a shift in RC absolute magnitude, due to the vertical metallicity gradient
in the bulge, by adding a further, z-dependent shift to the synth-LF magnitudes, see
Appendix A.1. The deconvolution process produces a LOS density profile with a systematic
error introduced by any differences between the synth-LF and the true-LF. For a given
apparent magnitude distribution using a broader-than-reality LF will result in a narrower-
than-reality density distribution and vice versa. P17 fitted the grid of M2M models to these
3D density maps. Reconvolving the model density distribution with a different synth-LF
will introduce further systematic errors compounding the effect.

Therefore, when predicting the gVIRAC kinematics, we take the W13 synth-LF as our
fiducial assumption but will estimate the systematic effects of varying the synth-LF in
§ 3.5.2. Each model particle is treated as a stellar population according to the synth-LF.
For a given apparent magnitude interval, the particle’s contribution is obtained by shifting
the synth-LF according to the particle’s distance modulus and integrating over the bin
width (see C19 for a detailed description). When computing proper motion dispersions for
the particles in a given apparent mag interval we allow for the broadening effect of proper
motion measurement errors on the dispersion measurements by adding an appropriate
Gaussian random deviation to each individual model proper motion (see § 3.3.1).

4 We make the distinction between synth-LF, true-LF, and obs-LF as they are three distinct concepts
that are all commonly called ‘LFs’. A synth-LF is generated for simulations, using isochrones, an initial
mass function, and a metallicity distribution, and is an approximation to the true absolute magnitude
distribution of a given stellar population; the true-LF. An obs-LF is a function of apparent magnitude and
represents the convolution of a synth-LF with a LOS density distribution.



3.2 Models & Data

101

b =-9.65° b =—8.56° b =—7.46° b =—6.37° b=—5.27° b=—4.18° b =—3.09°

- ﬂ.ﬁﬂ.ﬁ
b:—199° b =—0.90° b =0.19° b =1.29° b =2.38° b =3.47° b =4.57°
10 5 0 -5 10 5 0 -5 10 5 0 -5 10 5 0 -5 10 5 0 -5 10 5 0 -5 10 5 0 =5
1 [deg]

Koo [mag]
o

13

12 |

Figure 3.1: Map showing the RC&B fraction of all stars present as a function of magnitude
and according to the VVV tiling pattern. The white region outlines all fields in which the
RC&B comprise at least 10% of all stars in the magnitude interval. The darkest blue shows
where the RC&Bs account for at least 50% and the intermediate colours represent 20%,
30%, and 40%. We see the split RC effect first shown by Nataf et al. (2010); McWilliam
& Zoccali (2010) in the b = —6.37° panel where there are two peaks along the | ~ 0°
lines of sight. Furthermore we see the orientation of the bar with the near end at positive
longitude from the tilt of the outlined regions. The vertical grey stripes in the extreme b
panels are due to a lack of colour information preventing the extraction of the RGB stars.
The vertical stripes near the Galactic plane are where completeness prevents us from fitting

the RGBC (necessary for extracting the RC&B).
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3.2.4 Importance of the Red Clump Fraction in the Bulge

RC stars in the barred bulge cause a peak in the observed magnitude distribution at
Ky ~ 12.8 mag although this varies with longitude due to the bar orientation. The peak
is relatively narrow, AK,y ~ 1 mag, due to the localised high density of the bulge and the
intrinsically narrow RC true-LF. In contrast, the RGBC at a given distance is far more
broadly distributed in magnitude, hence its removal as discussed in § 3.2.1. Fig. 3.1 shows
the RC&B fraction, frceen, as a function of magnitude in horizontal slices through the
bulge. White areas indicate regions where the RC&B contributes > 10% of the stars in
the magnitude interval. The darkest blue shows where the RC&B comprises > 50% and
intermediate colours represent > 20%, > 30%, and > 40% fractions. We see the split RC
(Nataf et al. 2010; McWilliam & Zoccali 2010) prominently in the b = —6.37° panel; the
magnitude distribution peaks twice along the [ ~ 0° LOS. The orientation of the bar, with
the near end at positive longitude, is also obvious.

The majority of the data to which the P17 models have been fit is distance resolved
RC data. Thus, the regions in magnitude space that have a larger contribution from
RC&B stars are better constrained than regions with smaller contributions. Thus there
is a question as to exactly which data we consider in our analysis. Using too strong a
freen criteria will remove a large amount of usable data while we find the > 10% case
includes a disproportionate number of voxels with larger systematic errors compared to
stricter selections (see § 3.3). We therefore take the frcep > 30% criteria as our fiducial
assumption and we test the effect of this choice in § 3.5.1. At high latitude, [b| > 7°,
the froer map becomes noisy; this is a direct result of noise in the VVV obs-LFs which,
when compared to the RGBC exponential fit, shifts the inferred frcgp above and below
the thresholds.

3.3 Error Analysis

An essential part of a quantitative model-to-data comparison is a thorough analysis of
the possible sources of error in both models and data. In this section we discuss the
statistical and systematic uncertainties we consider and describe the methods used for
estimating these errors. Readers who are primarily interested in the results can go directly
to Figs. 3.5 and 3.7, which show the various error distributions for the gVIRAC data, and
the M2M models, respectively.

3.3.1 Sources of Uncertainty in gVIRAC
VIRAC Broadening: Proper Motion Errors

There is an uncertainty in the observed dispersions intrinsic to the VIRAC data itself.
Each gVIRAC proper motion measurement has a corresponding Gaussian-distributed un-
certainty. These individual proper motion uncertainties are not equal within a given (I,
b, K4) voxel but have a peak and then a long tail towards larger errors. The peak error
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varies from ~ 0.7 masyr~! at high latitude and bright magnitudes but can become as large
as 1.2 to 1.4 masyr~! at lower latitudes and fainter magnitudes.

These errors broaden the true proper motion distribution, Nie (<), such that the
observed dispersion oups in a (I, b, Kyg) voxel becomes larger than the true dispersion, o;ye.
To take this into account, we use the following simplified approach. First we approximate
the error distribution in the i*" voxel by a single value, the median proper motion error,
€;, and broaden the model dispersion by adding a Gaussian random deviation to each
particle’s proper motion, p; — p; + N (0, €). This correctly convolves the non-Gaussian
proper motion distribution with the median error however we include an additional error
on the observed o+ defined by

50 £ Oobs — Otrue = Oobs — G(Z)bs - E2a (34)
to accommodate the uncertainty in approximating the error distribution by the median
value. The mean <y« > are unaffected by this convolution.

Correction to Gaia Absolute Reference Frame

Spatial Variation over a Tile

VIRAC relative proper motions are shifted onto the Gaia reference frame using a single
correction vector per tile. Were both VIRAC and Gaia on perfect, internally consistent,
reference frames the computed vector would be constant over a tile. This is not the case
as shown in Fig. 3.2 where we divide the map onto a 30x30 grid. The top row shows the
spatial variation of the correction vector within a single tile. There is significant, up to
~ 1 masyr—!, variation which naturally introduces an error into the mean proper motions
but the spread in correction vector also adds a broadening effect to the observed proper
motion dispersions as some stars are shifted too much, others not enough.

The second row of Fig. 3.2 shows median-smoothed offset maps in which clear, large
scale, correlated variations are apparent. The bottom row shows the residual between
the original and smoothed maps which is the approximately stochastic fluctuation in the
offset. The presence of spatial correlations is most likely caused by differences in the
VIRAC reference frame on different detector chips (L.C. Smith, private communication).
These correlations mean we must split the uncertainty into two effects; the stochastic part,
with dispersion og.¢, and the spatially correlated part, with dispersion oc;.

The error on the dispersion is then easily calculated; we define a broadening width,
fi = /02 + 02, (i € {l, b}) which then allows us to estimate the error on the dispersion
as described in § 3.3.1. While f; can be as large as ~ 0.4 masyr—!, the convolution with a
velocity distribution with intrinsic dispersion of 3.0 masyr~! results in an increase in the
dispersion of only v/3%2 + 0.42 — 3 ~ 0.027 mas yr~! which is relatively small, see § 3.3.1.

The error on the mean proper motion, d,,> is more complex. We use the standard

5

error on the mean® in each case; for the stochastic fluctuation v /N = 30 as the points

5 The standard error on the mean, SE;z, is statistically well defined for a set of n independent measure-
ments, given by SE; = /var(x)/n. This simple relation fails when the points are no longer independent.
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are independent while for the correlated fluctuations we visually determine the number of
effective data points to be N* = 16. We therefore have,

2
03, stat 2 03, corr
5 > 7 — <—7 ) — . 35
e \/ 30 +(\/16) (35)

Variation with Magnitude

In addition, we have found a magnitude-dependent effect in the reference frame correc-
tion. When correcting to the Gaia reference frame we consider stars in the magnitude range
12.5 < Ky [mag] < 15.0. Fig. 3.3 shows the correction vectors as a function of magni-
tude. At high latitude, |b] £ —5°, the correction is approximately magnitude independent.
However some tiles closer to the plane exhibit significant variation in the correction vec-
tor as a function of magnitude, implying a systematic, magnitude dependent effect in the
gVIRAC data. The uncertainty distribution for each coordinate axis is shown in the top
panel; the uncertainty for each tile is the standard deviation of the magnitude dependent
correction vectors, weighted by number of stars in the magnitude interval. We take this
as an estimate of the uncertainty in the overall correction vector. The median error is
O, ~ 0.03 masyr~" (the majority of fields do not particularly suffer from this effect) but
in a few extreme cases the error can be as large as 0.15 to 0.20 masyr—!. These errors
can be directly applied to the mean proper motion and we apply the § 3.3.1 approach to
determine the dispersion error.

Differential broadening in RC&B Extraction

From the absolute proper motions, RC&B distance-resolved kinematics are determined as
in C19, (their Section 5.2), see also § 3.2.1. As measurement uncertainties generally increase
with apparent magnitude the RGBC velocity distribution is broadened to a greater extent
at faint magnitudes than at brighter magnitudes. This differential broadening introduces
a systematic error into the RC&B kinematic measurements.

To understand this effect, and to estimate the errors introduced by it, we simulate
it using the M2M model. Our approach is as follows: (i) sample particles from the
model for nine representative LOS; using the different stellar type synth-LFs (see Ta-
ble 3.1) we can construct the overall RGB and RC&B proper motion distributions at
each magnitude; (ii) broaden these distributions by taking the median proper motion un-
certainty of the corresponding gVIRAC data, € (l, b, Ky), and adding a random shift,
Ap; ~ N (0,e(l, b, Ky)), to each proper motion; (iii) compare the mean and disper-
sion of the error-convolved RC&B distributions to the values obtained by applying the
RGBC-subtraction method (C19) to the simulated RGB proper motion distributions. The
difference in the mean (dispersion) is shown in the top (bottom) panel of Fig. 3.4. There
is an average positive shift in <y« > while the dispersions exhibit no obvious structure.
We therefore use the magnitude integrated RMS, see Fig. 3.4, as a constant error factor
for all 196 LOS. This approach smooths out the fluctuations in the simulated error which
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b307 (2.5°,—2.0°)
Ap, [masyr~!] Aps [masyr~!]

Figure 3.2: Spatial variation of the correction to the Gaia absolute reference frame, for
RA (left) and DEC (right), in an example field (b307) on a 30 x 30 sub-tile grid. Top:
Mean offset maps between VIRAC and Gaia proper motions (Ap;). Middle: Median-
smoothed offset maps (K/,ul) Bottom: Residual maps showing the stochastic variation of
the offset from the median-smoothed maps (Ap; — Ev,uz) From the smoothed map one
can see significant spatial correlations which reduces the number of effective independent
regions in the maps.
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Figure 3.3: Magnitude dependence of the VIRAC to Gaia reference frame correction vector.
Bottom: Overall VIRAC to Gaia correction vectors are shown as grey lines. The red dots,
placed at the tile centre for convenience, represent the distribution of alternative endpoints
of the vector when it is calculated as a function of magnitude. A minority of tiles have
correction vectors that are highly dependent on the magnitude interval used to compute
it. Spatially these correspond exactly to clear irregularities in the kinematic maps, for an
example see (C19, Fig. 10 top left panel). Top: Uncertainty distributions for py« (red),
and i (blue), due to the magnitude dependence of the correction vector.
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Figure 3.4: Errors caused by the RGBC subtraction procedure for obtaining distance-
resolved kinematics, using simulations of 9 example fields. Top: The difference in mean
proper motion between the error convolved RC&B kinematics and those derived following
the approach used on the gVIRAC data. Bottom: The same as the top panel but for the
proper motion dispersion. Blue lines show the profiles of the individual tiles used in the
simulation. The shaded pink region outlines 1o around the running mean. The solid black
line shows the running RMS and the dotted red line shows the magnitude-averaged RMS.
We take the RMS values as quoted in the plot as the uncertainty values due to the RGBC
subtraction for all tiles (vertical lines in Fig. 3.5).
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are likely caused by the limited number of particles in the M2M model. The uncertainty
on the mean (dispersion) is d.,,~ = 0.037 masyr~' (d,, = 0.065 masyr—1).

Statistical Errors on RC&B Kinematic Measurements

By kernel-smoothing the RGBC velocity distribution (at faint magnitudes), and subtract-
ing it from the smoothed RGB, C19 obtained the kernel-smoothed RC&B velocity distri-
bution. The RC&B mean and velocity dispersion were then computed by numerical Monte
Carlo re-sampling of the smoothed RC&B velocity distribution, see (C19, Section 5.2) for
further details. To avoid constructing a re-sampled velocity distribution that is too well
characterised or vice versa, the number of RC&B stars that are re-sampled is set equal to
the number of excess stars above the exponential fit to the RGBC. Repeated re-samplings
allows us to define the mean, dispersion, and suitable errors. This approach builds in a
dependence on the froep as, for a given number of stars, a voxel with a larger froep will
have a better defined RC&B velocity distribution and thus smaller errors on the mean and
dispersion.

gVIRAC Combined Error Distributions

Histograms of the different error contributions for < gy > (left column) and o, (right
column) are shown in the top row of Fig. 3.5. The bottom row shows the total error
(via summation in quadrature) for different frcep masks. The median uncertainties for
the froes = 30% case are 0> ~ 0.070 mas yr—! and 5%* ~ 0.105masyr—!. The total

< g+ > error is an approximately balanced combination é)f the four sources with each
contributing roughly equally around the ~ 0.03masyr~! level. The o, uncertainty is
dominated by: (i) the broadening by individual proper motion uncertainties, and (ii) the
RGBC subtraction uncertainty, which both contribute at 2 0.07 masyr—!.

Our distance resolved kinematics consider RC&B stars; voxels in which we have a large
froes have, in general, better determined kinematic measurements. The <y« > error is
generally 0.05 < 0o,,.> masyr~'] < 0.10 however for smaller froep there is a substantial
tail to high error. The dispersion error is similar; generally 0.09 3 5%; masyr™] <
0.17 but with a large tail to high error. In both cases using a stricter frcgp criteria
shifts the median error of the distribution to smaller values; unsurprising given the frcgn
criteria defines where the RC&B kinematics are best known. Specifically, the statistical
measurement uncertainties depend on frcoep as voxels with a relatively smaller frcgs, for
a given total number of stars, have fewer RC&B stars with which to measure the mean
and dispersion. As discussed in § 3.2.4 we see that using small frcep fractions permits a
disproportionate number of high error voxels relative to the stricter cases. This is especially
true for the dispersions.
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Figure 3.5: Distributions of uncertainties for the gVIRAC data across all voxels (I, b, Ky);:
<> (left) and o, (right). Top: Uncertainties from individual sources for the freen =
30% case. In the case of RC&B extraction we plot a vertical line at the single value we
adopt and use for all tiles. VIRAC broadening does not affect the mean proper motion
and so does not contribute in the left column. Bottom: Total uncertainty, derived by
addition in quadrature, for each of the five froer masks considered in this work. Stricter
cuts restrict the inclusion of high error voxels to a greater extent when compared to lower
error voxels.
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Figure 3.6: Comparison between the three synth-LFs considered in this analysis. In the
legend S17 refers to the synth-LF of S17 while the other labels are as defined in the text.
Each synth-LF is shifted such that < M, rc >= —1.694 mag (vertical dashed blue line).
We use the W13 synth-LF when computing fiducial model predictions.

3.3.2 Sources of Error in the Models

Luminosity Function & Bar Angle

We make two assumptions when predicting kinematics from the M2M models; the choice
of synth-LF and the bar angle, ap,,,. We take the (W13 synth-LF, ay,,, = 28°) combination
as our fiducial assumption as the P17 models are fit to a density distribution produced by
de-convolving the VVV obs-LF's with the W13 synth-LF. By re-convolving using the same
synth-LF, we will recover the true VVV obs-LF.

Fig. 3.6 shows three recent examples of synth-LF's generated for the MW bulge region
using slightly different assumptions on the metallicity distribution and the choice of stellar
isochrones. There are clear differences: 1. the width of the RC; 2. the magnitude of the
RGBB relative to the RC; 3. the strength of the AGBB; 4. the shape of the RC; and 5. the
shape of the RGBC. The choice of synth-LF impacts the predicted kinematics, for example
a wider RC component allows a particle to contribute to the kinematics at a larger range
of apparent magnitudes than a thinner component. As we use the RC&B, not just the RC,
the RGBB and AGBB must also be considered.
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The choice of ay,,, affects both the observed kinematics and the observable LOS density
distribution. Observing a bar at a more end-on angle projects less of the bar streaming
velocity into proper motion (the radial velocity increases). An edge-on bar, ap, = 90°,
exhibits the narrowest LOS density distribution because the LOS is approximately perpen-
dicular to the bar major axis. Changing the synth-LF, with no corresponding change to
Qpar, changes the width of the obs-LF. However, using a synth-LF with a narrower RC can
approximately compensate for the differences induced by using a smaller ay,, value (more
end-on).

We therefore consider three basic combinations of synth-LF and ay,,; 1. the W13 synth-
LF with ap, = 28°, 2. the Simion et al. (2017, hereafter S17) synth-LF with oy, = 22° as
was found to be best by Sanders et al. (2019a), and 3. the C19 synth-LF with, given the
synth-LF is intermediate between those of S17 and W13, the intermediate ayp,, = 25°.

To derive the uncertainty introduced by the of synth-LF and ay,., we consider all three
synth-LFs and additionally vary the ay,, value by +2° around the optimum. This results
in nine predictions of the mean proper motion and dispersion for each voxel.

The error due to the bar angle is determined by first taking the standard deviation over
bar angles in each voxel, resulting in three d,,,  values corresponding to each of the three
synth-LFs. Taking the mean of these three values gives the error introduced by the choice
of ayp,, marginalised over synth-LF.

The error introduced by the choice of synth-LF is determined in similar fashion. We
first take the mean over bar angles in each voxel, obtaining predictions for each synth-LF
marginalised over ay,,,, and then take the standard deviation of the three values to obtain
dsynth—rF for each voxel.

M2M Modelling Errors

The M2M method used by P17 works by gradually adjusting particle weights such that
the x? between data observables and model predictions is minimised. There is an intrinsic
error in the model predictions due to the non-perfect convergence of the particle weights
to final values; the particle weights oscillate slightly around their long term values. This
oscillation translates to a snapshot to snapshot fluctuation in model predictions. Once the
model has stabilised and the particle weights are fluctuating around their long term values
there remains a uncertainty due to how long one continues to apply the model fitting.
Numerical effects, and gradual changes to the dynamical structure of the model, can both
affect the predicted kinematics. We account for these effects by comparing the predictions
of a single model, Q, = 37.5 kms 'kpc™', and Vo = 247.5 kms™!, at 21 snapshots
separated by 500 fitting iterations. The separation between each snapshot corresponds
to ~ 0.8574yn (dynamical times®) and the total period corresponds to ~ 1774y,. The
voxel-wise error is the standard deviation of all predictions for each voxel. This approach
simultaneously captures the stochastic fluctuation of the model predictions due to the non-

®Dynamical time is determined using 7ayn = 27R/Viire & 65 Myr with R = 2 kpc and Veypo(R =
2 kpe) = 190 kms~! (P17, fig.23).
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Figure 3.7: Same as Fig. 3.5 but for the model errors.

perfect convergence of the particle weights and the systematic shift of the model predictions
due to long term changes to the model structure.

The final stage in a M2M fit evolves the model for a short time without fitting; the
particles phase-mix to a final steady state, often a slightly worse fit than when fitting,
during which the model predictions change. To account for the change in the model
predictions we compare eight snapshots taken during the phase-mixing step, each separated
by 1000 iterations. The corresponding voxel-wise uncertainty in the model predictions is
the standard deviation of the model predictions.

Combined Model Error Distributions

The model-based error distributions are shown in Fig. 3.7. For both <y« > and o, the
dominant source of error is the choice of synth-LF followed by the choice of ay,,. This
is expected as the synth-LF', despite all being realistic possibilities, are distinct while the
choice of ay,, produces a more gradual change in predicted kinematics. The choice of
synth-LF and oy, produces errors generally larger than the modelling errors as, with 10°
stellar particles, the models are well defined and relatively stable. The frcen = 30%
median errors are d,,~ ~ 0.06 masyr—!, and 5%* ~ 0.05 masyr—!. The phase-mixing
and fitting-length errors generally contribute in the region 0.00 < § [masyr~!] < 0.02, the
Qe error only slightly larger than that, albeit with a larger high-error tail. Despite using
appropriate ay,, values for each synth-LF, the choice of synth-LF dominates the error.

The total error distributions for different froep are shown in the bottom row of Fig. 3.7.
The long tails observed for the less strict, up to froen > 30%, criteria are caused by the
error in the choice of synth-LF. For both <y« > and 0, the median overall error is smaller
than the corresponding data-associated errors which is encouraging.
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3.4 Model-Data Comparison

We compare the M2M models with the data using the mean proper motion <y« > and dis-
persion o« of the RC&B population across the VIRAC tiles, in voxels (I,b, Kq): (§ 3.2.1).
The model dispersions are convolved with the respective median VIRAC proper motion
errors (§ 3.3.1). All error contributions from § 3.3, both data based and model based, are
combined into a single uncertainty for each voxel, adding them in quadrature. We adopt an
outlier-tolerant likelihood approach which allows for possible additional systematic errors
by treating the voxel uncertainties as lower bounds on their true values (Sivia & Skilling
2006).

3.4.1 An Outlier-Tolerant Approach

Here we present in more detail the statistical framework used for the quantitative compar-
ison of the P17 models with the gVIRAC data. As illustrated in C19, and shown more
quantitatively in § 3.4.2, the models fit the gVIRAC data well despite not being fit to
the data. However there do remain some regions with high residuals (see Fig. 3.10 and
§ 3.4.2). These remaining large residuals result in large x? values which, if unaccounted for,
could bias the final result. To overcome this we apply an outlier-tolerant likelihood-based
approach described as a conservative formulation by Sivia & Skilling (2006) and applied,
e.g., by Reid et al. (2014) to model masers in Galactic spiral arms. The uncertainties in
each voxel are treated as a lower bound on the true uncertainty. The likelihood function
(which must be maximised) for the i*" voxel is given by (Sivia & Skilling 2006),

£ (d:]0,5;) = — [1_6_)&/1, (3.6)
\/%51‘ Xz2
where,
q =@ (3.7)

d;, 8;, m;(0) are the ith values of the data d, error §, and model m. Here §; = \/(5@-2 + 5m7i2
is the combined data and model error”, and m; (@) is the prediction of the model given model
parameters, 8 = (Qp, Vy0).

The overall log-likelihood is then given by,

N —efx?/Q
log, [ 2 ({a}6. {6}>]=Zloge(1 2 ﬁlw_é) 33)

P (mjd) = A,

From Bayes theorem,

(3.9)

"Note that we use J, rather than o, to represent errors in mean and dispersion to avoid confusion as o
denotes the intrinsic dispersion of a proper motion distribution.
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Figure 3.8: The posterior probability curves for the best model under fiducial assumptions.
The < = > data (left) provides the majority of the constraining power and has a clearly
defined maximum. The o,: data (right) is less constraining and the posterior for the best
model is significantly more negative than for the < p;« > data. There is also no clearly
defined maximum with the dispersion preferring larger values of V. See § 3.4.2 for
discussion.

the posterior probability is
log, [P (0]{d,d})] ox log, [£ ({d}]60,{d})] + log, [x (8)], (3.10)

where we drop the normalising P(d) evidence term and (@) denotes any prior on 2, and
Vs.0. Our fiducial assumption is to adopt uninformative priors, m(6) ~ Ugq, (30.0,45.0) -
Uy, .(240.0,260.0), however we also investigate the effect of 7(Vye) ~ N(250.63,0.42),
the constraint on Vj, o from Grav2020 and RB20, and of m(£2,|Veir), the probability of the
different model rotation curves using the data from Eilers et al. (2019) and Reid et al.
(2019).

To locate the maximum-posterior point in parameter space and determine confidence
intervals we require higher resolution than provided by the grid of models. To remedy this
we interpolate between the models onto a high-resolution grid. Interpolation is plausible
in this case as, due to the models’ construction, the log, (.£) varies smoothly over (£,
Vs.0) parameter space. We obtain constraints on (4, (V, ) by marginalising over V; o
(), normalising the posterior probability curve so that the total area integrates to unity,
and then locating the narrowest region in parameter space in which the area integrates to

erf(1/+/2) ~ 0.683.

3.4.2 Fiducial Case

Here we present the results for the fiducial comparison of the P17 models with the gVIRAC
data. The underlying assumptions, varied and tested in § 3.5 below, are: 1. only voxels
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are included in which fregp > 30%; 2. the W13 synth-LF is used in the models, see
§ 3.3.2, together with 3. the corresponding bar angle ay,, = 28° (P17). Fig. 3.8 shows the
posterior curves for the best model obtained with these assumptions. It is clear that the
majority of the gVIRAC constraining power comes from <y~ >, with o, having no clear
maximum, preferring slightly smaller 2}, values, at lower maximum posterior probability.
The underlying cause is that the model o, are systematically slightly too high outside
the bulge. While the effect is not large, with typical o, errors < 5% it can have some
impact. Therefore in the fiducial case we (iv) consider only < py« >, and then treat the
difference caused by including, or not, the o,x data as an additional uncertainty. The shift
in the measured values induced by including the o+ data is A, = —0.49 km s~ lkpe!
and AVy o = —0.10 kms~ kpe™t.

Fig. 3.9 shows the log. [P (%, Vs0)] map computed using the outlier-tolerant ap-
proach. This map is not normalised however the additional panels show the marginalised,
normalised posterior distributions for Vj ¢ (top) and €2, (right). The region around the
maximum-posterior is highlighted by the shaded region while the rest of the log, [P (0)]
surface is shown by the contours. The extent of the marginalised panels is shown by the
dashed lines on the map. The normalisation sets the integral under each curve to unity;
this is a safe assumption because the posterior probability becomes rapidly negligible away
from the maximum, as can be seen in the marginalised panels. The results we obtain
are Oy, = 33.29 + 0.15 kms ' kpc™!, and V5 = 251.31 £ 0.20 kms™!, see the top row of
Table 3.3.

We show the residuals between the gVIRAC data and the best fitting model in the top
panel of Fig. 3.10. Over a large range of [ and b the model fits very well; converting the
residual to kms™! (taking the central apparent magnitude of each bin and converting to
distance assuming RC absolute magnitude) we find the residuals have mean and disper-
sion, pua = 1.2 & oa = 8.9 kms™! (the distribution has stronger wings than Gaussian),
indicating excellent general agreement between the model and the VIRAC data.

The bottom panel of Fig. 3.10 shows a map of the log, (.¢). The model deviates from
the gVIRAC data 1. at faint magnitudes, +[, near the Galactic plane; and 2. towards the
bright magnitudes at —[, seemingly for all latitudes. These remaining differences reflect
the inherent systematic differences between the models and the gVIRAC data. As stated
the models have not been fit to gVIRAC so some deviation is expected. In § 3.5 we shall
analyse the effect of the various assumptions we have made for the fiducial case.
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Figure 3.9: Map of log. [P (, Vy,0)] for the grid of models. We marginalise over each
dimension in turn to locate the 1o confidence interval. These intervals are shown in the
panels at the top and to the right where we show a zoom-in of the relevant axis (denoted
on the 2d map by the dotted lines). We locate the shortest interval containing a total
probability of ~ 0.68 and this is shown by the vertical dotted lines in the zoom panels.
The region around the maximum-posterior is shaded according to the colourbar while the
remainder of the surface is shown by the contours.
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Figure 3.10: Top: < py« > residuals (VIRAC-model) for the fiducial model. In general we
see excellent agreement between the model and the data; the residuals, when converted
to velocity assuming RC star absolute magnitudes, have mean and dispersion pua = 1.2
& opn = 8.9 kms™'. Bottom: voxelwise map of the log, (%) in the fiducial case. To
aid conversion to standard y?; for a reasonable error value, o; = 0.1, and a well fit 2
value, = 1.2, we find log, (-£) =~ 0.35. Over many voxels the likelihood is very good,
however there are still regions with remaining systematic differences between model and
gVIRAC data. These could be, for example, due to the effects of possible overlap with
spiral structure and systematics in the RC&B synth-LF, as discussed in § 3.5.
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3.4.3 Effect of Priors

One might wonder whether, given the precise measurements of Ry (Grav2020) and the
proper motion of Sgr A* (RB20), these values could be used to reduce the problem to a
one-dimensional fit to {},. To test the effect of including this constraint on Vj o we repeat
the fiducial analysis including the prior 7 (V) ~ N (250.63, 0.42). We then find Q) =
33.25 4+ 0.15 kms ' kpe™ and Vo = 251.18 + 0.18 kms™!, both statistically consistent
with the case when no prior is applied.

We alternatively include a prior on the value of 2}, derived from the rotation curve of
the models obtained by P17. The premise is that, while the models are optimised to fit
the bulge data, their rotation curves cannot vary too far from the constraints placed by,
for example, Eilers et al. (2019) & Reid et al. (2019). We only consider V. data in the
range b < R, [kpc|] < 6 as further inwards the assumption of circular motion fails due to
the presence of the bar and in the range range 6 < R,, [kpc| < 8 the models were already
fit to the data of Sofue et al. (2009). Assuming Gaussian error bars the prior is given by,

1 m,i ) ?
log, (7 (| Veire)) = -5 Z [(%) + 27r5d7i2] : (3.11)

)

where vy, ; (vq ;) Tepresents the model (data) V. at the i™ Ry value, and d4 ; represents
the corresponding error on the data. The measured values of both parameters are given in
Table 3.3 and show minor (negligible compared to systematic error) deviations compared
to the fiducial case.

We conclude that the gVIRAC data are sufficiently constraining in their own right
to provide complementary constraints of the two parameters, independent of previous
measurements and deviations of the models from V,;,, measurements just beyond the bar
region.

3.5 Testing For Systematic Effects

In § 3.3 we present a comprehensive analysis of the error sources in our measurement. In
this section we consider global systematic effects that cannot be accounted for on a voxel
by voxel basis.

3.5.1 Vary frces Requirement

We expect that the adopted Red Clump & Bump fraction (fregs, see § 3.2.4) should
impact the final results we obtain. To quantify this we vary the cutoff, keeping all other
assumptions the same, and repeat the outlier-tolerant analysis as described in § 3.4.1.
We consider freen = 10%, 20%, 40%, and 50% as discussed in § 3.2.4, see Fig. 3.1.
We find that considering 20% or 10% cutoffs leads to progressively larger ), estimates.
Considering the 40% case leads to a slight decrease, = —0.1 kms~'kpc™! from fiducial,
while for the 50% case the value increases up to €, = 34.41 + 0.33 kms 'kpc™!; an
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Figure 3.11: Plot showing the effect of changing the synth-LF and bar angle, ay,:, used
when predicting the gVIRAC data from the P17 M2M models. Different frcgp criteria
are compared as denoted by different marker shapes and the different (synth-LF, cpar)
assumptions are plotted in different colours. The blue lines indicate the result for our
fiducial assumptions.

increase of ~ 1.1 kms 'kpc™! from fiducial. For the azimuthal solar velocity we see
a minimum value ~ 0.3 kms~! smaller than fiducial for the 40% case but this rises to
~ 0.9 kms~! larger for the 50% case. This sudden rise could be caused by either the
effective removal of some systematic effect or the relative lack of data reducing the accuracy
of the measurement. As the cutoff fraction increases, the error on the fitted parameters
also increases.

We include a contribution to the overall uncertainty equal to the maximum absolute
deviation, averaging deviations over (synth-LF, ay,,,) combinations, from the fiducial value
for either the 20% mask or the 40% mask. A comparison between the 40%, 30%, and 20%
results, for different (synth-LF, ayp,.) combinations, is shown in Fig. 3.11. We do not use
the more extreme possibilities as the error should represent a reasonable change as opposed
to an extreme one. This results in an error component of £0.29 kms~kpc~! for ), and
+0.39 kms™! for V.
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3.5.2 Vary synth-LF and oy,

Our fiducial assumption is that the (W13 synth-LF, a = 28°) is a suitable representation
of the absolute magnitude distribution in the bulge/bar region; the models are fit to 3D
RC density measurements obtained by deconvolving the VVV LOS obs-LFs with the W13
synth-LF, see § 3.2.3. We do indeed find that this combination provides the optimal match
to the gVIRAC data of the three that we consider. However, different studies have predicted
different synth-LFs (e.g. S17; C19), and measurements of the bar angle are correlated to
the choice of synth-LF as described in § 3.3.2. We therefore treat the choice of synth-LF
and ap,e as a coupled system. We consider three cases to compare to the fiducial case,
(W13, apar = 28°). The first two cases are discussed in § 3.3.2: (C19, 25°) and (S17, 22°).
The final combination we consider, (C19, 28°), tests how the result changes if we do not
account for the coupling effect.

The results, for various frcep masks, are shown in Fig. 3.11. The largest difference
occurs for (S17, 22°) for which we see average differences of A, = 1.49 kms~!kpc™*
and AV,o = 1.60 kms™ compared to the fiducial case. We take these values as the
contribution to the overall error as the most conservative estimate. The difference between
(C19, 25°) and fiducial is smaller that the difference for the non-coupled, (C19, 28°), case
demonstrating the coupling effect between the two parameters.

3.5.3 Spiral Structure

There is mounting evidence that the inner MW spiral arms extend inside corotation, per-
haps connecting to the ends of the bar, and may even extend within the bar radius (e.g.
Reid et al. 2019; Shen & Zheng 2020). Fig. 3.12 shows a collection of results from various
studies aiming to constrain global spiral structure. The shaded ellipse shows the location
of the long bar (W15). The black grid shows the gVIRAC viewing area (the horizontal
rungs correspond to magnitude intervals for a My, rc = —1.694 mag star, see caption).
The grey dots show the location of spiral arms in the gas dynamics simulations of Li et al.
(2016), the dot-dash red curves show the contours of deconvolved bulge density determined
by Paterson et al. (2020), and the curved arcs are the spiral arm fits computed by Reid
et al. (2019) (the faint coloured lines guide the eye to the tangent points of the spirals).

The gas dynamics studies of Li et al. (2016, 2022a) found an elliptical structure in the
gas which possibly corresponds to the quasi-circular 3-kpc arm found by Reid et al. (2019).
As can be seen in Fig. 3.12 the 3-kpc ring can feasibly contaminate the gVIRAC data on
the near side and the far side could be contaminated by the 3-kpc, Sagittarius-Carina, and
Perseus arm at all longitudes. In addition we see the Paterson et al. (2020) contours show
a twisting at the ends which could be related to the 3-kpc arms.

Thus Fig. 3.12 suggests the possibility that the spiral arms overlap with some of the re-
gion observed by gVIRAC. Most foreground stars, i.e. in the Sagittarius-Carina or Scutum-
Centauros arms, should have been removed by our colour selection, see § 3.2.1, however it
is possible some contamination resides within the gVIRAC RC&B sample from the 3-kpc
arm. At fainter magnitudes if the spiral arms have developed any RGB stars then these
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Figure 3.12: Face-on map of the MW bar/bulge and spiral arms illustrating results from
several studies. The red (black) dot shows the location of the sun (Sgr A*). The grey ellipse
shows the location and orientation of the Galactic bar as described by Wegg et al. (2015)
(half-length=4.6 kpc, axis ratio ¢ = 0.4). The black grid shows the view of the gVIRAC
survey in the bulge region; the horizontal lines mark the distance at which a Mg, rc =
—1.694 mag RC star would be observed for apparent magnitudes 12.0, 12.5, 13.0, 13.5, and
14.0 mag (C19). Data: 1. Gas dynamical model Li et al. (2016), 2. Deconvolved bulge
density Paterson et al. (2020), and 3. Spiral arm fits Reid et al. (2019), as indicated on the
figure.
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Table 3.4: Breakdown of the contribution to the overall error on pattern speed and az-
imuthal solar velocity from the various tests we have performed. We then give the final
values we are reporting with errors (rounded-up) determined in quadrature.

Method QO [kmstkpe™]  Vie [kms™!]
Fiducial Error +0.15 +0.20
Effect of o, data +0.49 +0.10
Vary fRC&B Mask +0.29 +0.39
Vary LF & i +1.49 +1.60
Spiral Structure +0.83 +1.02

33.29 £1.81 251.31 £1.95

will affect the measured kinematics, especially where the bar is relatively less dominant.
As the models are not capable of capturing the effect of (likely time-evolving) spiral arms,
we implement two checks, in the form of additional voxelwise masks, to access the impact
spiral structure could have on the final result.

The first is defined by the grey shaded ellipse from Wegg et al. (2015); any voxel falling
outside this boundary is discarded. This amounts to a cut in magnitude, and thus distance
given the standard candle nature of RC stars, and should remove all regions in which
spiral arms contribute and the kinematics are not necessarily bar dominated. The second,
stricter, mask is essentially the same in approach but we use the outermost Paterson et al.
(2020) contour which does not show any bending at the end. We refer to these masks as
Mask-W15, and Mask-P20 respectively. Applying these voxelwise masks to the gVIRAC
data, and then applying the outlier-tolerant method, we find €, = 33.27 £ 0.15(34.12 +
0.27) kms™'kpe™ and Vo = 251.29 + 0.20 (252.33 + 0.32) kms™! for Mask-W15 (Mask-
P20) (results quoted in Table 3.3). Mask-P20, implemented to entirely eliminate the
effects of spiral structure, results in the maximum difference, relative to the fiducial value,
of 0.83 kms™tkpc! for ,, and 1.02 kms™! for V. This deviation, while small (see
Table 3.4), is significant compared to the fiducial statistical error, demonstrating that
perturbing effects from spiral arms could significantly affect the inferred pattern speed.
We thus include a contribution to the overall error, see Table 3.4, however the measured

), remains a robust bulge/inner bar property given the size of the effect, < 1 kms™ kpc™.

3.5.4 Final Measured Values & Composite Errors

In Table 3.4 we provide a summary of the contributions to the total error from each source
of systematic uncertainty. Adding all the different error contributions in quadrature we
arrive at our final values: O, = 33.29+1.81 kms ' kpc™, and Vo = 251.31+£1.95 kms™!
where the error in both parameters is dominated by the (synth-LF, ay,,) choice.
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Figure 3.13: Results of the many-minima analysis; we locate the maximum-likelihood point
for 5000 25% random samplings (red dots) of the frees = 30% kinematic data comprising
1708 < py» > measurements. The blue ellipses show the 1,2, and 3 ¢ contours and the black
errorbar shows the fiducial result using the full sample.

3.5.5 Partial Data; Many-Minima Approach

The outlier-tolerant approach, as described in § 3.4.1, determines the best fitting region
of parameter space from the data, models, and errors. Some of the voxels are affected by
unknown systematic effects, which result in larger model-to-data errors than accounted for
in the error analysis, see Fig. 3.10. This could shift the best-fit parameter region away
from the true values as the larger errors have disproportionate weights in the likelihood
evaluation. The outlier-tolerant approach, see § 3.4.1, is only able to approximately account
for such systematics.

We thus use a many-minima method as an additional test for unknown systematic
effects on our results. The premise is simple; we randomly sample voxels, without replace-
ment, from the kinematic data until we have 25% of the overall sample. We take 25% so
that a given realisation could be realistically expected to only contain points for which the
error is well defined by the analysis in § 3.3 while not being so low that the uncertainty on
the fitted parameters is overly increased due to loss of constraining power. For reference
the overall sample in the frogs = 30% case contains 1708 <y« > measurements. We then
construct the posterior surface and locate the best fitting point. Repeating this process
many times provides a 2-dimensional distribution of best-fit points whose distribution in
parameter space allows us to access the effect of spurious voxels.

The results of the many-minima analysis are shown in Fig. 3.13. The black errorbar
shows the location of the fiducial result. The red dots show the best-fit locations for 5000
realisations of the 25% random sampling and the blue ellipses show the 1, 2, and 3 o
regions determined by ellipse fitting to the distribution. Because the distribution of the
minima scatters evenly around the best-fit value for all data, we conclude that the best-fit
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result is not significantly biased by the poorly fit voxels. As expected, the many-minima
1o uncertainty region is larger than that of the fiducial outlier-tolerant result, given that
only a quarter of the data is used. There is a correlation between Vy o and (2, seen in the
many-minima trials but the moderate correlation coefficient ,0%;@ = 0.41 suggests that the
constraints on each parameter are approximately independent.

3.5.6 Considering only +/ data

Using a modified form of the Tremaine & Weinberg (1984b) (TW) method to analyse the
VIRACv1 proper motions, Sanders et al. (2019b) determined €, = 41 + 3 kms ! kpc™!.
This measurement however was restricted to +/ data only, as they required it to be con-
sistent with the solar reflex velocity obtained from the proper motion of Sgr A* (Reid
& Brunthaler 2004) with Ry = 8.12 kpc. Relaxing the longitude constraint they obtain
O, = 31£1 kms ' kpc?! suggesting that the TW method is highly sensitive to systematic
effects.

Motivated by this disparity we also evaluate the maximum-likelihood region using only
the (41, £b) data. For this to be bounded within the model grid, we need, in this case, to
additionally exclude the two most in-plane latitude slices in Fig. 3.10, avoiding the regions
of systematically more negative log, (.’). Using only the +[ data results in a small shift in
both fitted parameters (AV, o ~ +1.5 kms™!, AQ, &~ +1.1 kms ' kpc!); see Table 3.3.
We conclude that our approach is clearly not subject to such large systematic errors as the
TW method.

A similar analysis on the (—[, +b) side, considering all available data, finds similarly
small deviations from the overall result, (AVy o ~ —1.3 kms™!, AQy, ~ +1.2 kms ™! kpc™!);
see Table 3.3. Comparing these results, one may wonder why we find Qy, ~ 34.5 kms~! kpc~!
for each side separately while when using both sides we obtain €, ~ 33.3 kms~!kpc1.
Consider two patches of stars at distances AX = £3 kpc from the centre along the bar’s
major axis and how their kinematics change for small variations, A, and AV, . For
a nearly end-on bar, and to first order, the wvi-velocities change by Av; ~ A AX —
AVyo. On the near side of the bar (I > 0° & AX = +3 kpc), if we consider A€, =
+0.5 kms~'kpct and AV, o = +1.5 kms™!, comparable to those seen between the overall
result and the £ results, we see Av; =~ (+0.5)(+3) — (+1.5) =~ 0; increasing (decreasing) €,
cancels the variation in v; due to a suitable increase (decrease) in Vj o,. Conversely for I < 0°
& AX = —3 kpc, if we consider AQ;, = +0.5 kms ' kpe™ and AV = —1.5 kms™!, we
see Avy; ~ (40.5)(=3) — (—1.5) ~ 0; increasing (decreasing) 2}, cancels the effect of a
suitable decrease (increase) in Vj .. This simple argument reproduces the sense of how the
+/ results deviate from the full model, and indicates that pattern speed determinations
based on only one side of the bar are more vulnerable to such degeneracies than models of
the data over the full longitude range.
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Figure 3.14: Illustration of the approach taken to estimate the corotation and OLR radii.
The data points correspond to the Eilers et al. (2019) rotation curve however we also
consider the rotation curve data from Reid et al. (2019). The solid blue line shows the
spline fit to the Q4(R) = Vee/R while the dashed (dash-dot) blue lines show the Q4(R)
curve plus the k/2 (k/4) curves which are used to determine the m=2 (m=4) OLR distance.
The €2, measurement made in this paper is outlined by the horizontal red shaded region.
The blue vertical shaded region indicates the Rcg measurement, the cyan shaded region
indicates the Rorr measurement, and the shaded grey region shows the location of the
higher order Ropr,,—4 measurement. The vertical red dotted line denotes the Grav2020
measurement of Rg.

3.6 Resonant Radii in the Disk

The bar corotation radius, Rcr, and outer Lindblad resonance (OLR) radius, Ropg, are
key quantities in understanding the MW. They drive resonances in the disk that produce
stellar density features in the SNd as discussed in the introduction.

Resonances occur where there are integer values of [ and m that provide solutions to

m (Qb - W¢) = le, (312)

where )y, is the bar pattern speed, w, is the azimuthal orbital frequency, and wg is the
radial orbital frequency (Binney & Tremaine 2008, p. 188-191). For a nearly circular
orbit we can equate w, to the circular orbital frequency, Q, (R), and wg to the epicyclic
frequency, x (R). Corotation occurs at [ = 0 and m = 1 where the star orbits with the bar.
The Lindblad resonances occur where [ = +1 and m = 2 with [ = 41 defining the OLR.
We now use our measurement of ), to compute estimates of Rcr and Rorg. We
consider two rotation curves (Eilers et al. 2019; Reid et al. 2019) which correspond to
slightly different circular velocities, (229.040.2, 236 +7) kms™!, and peculiar velocities at
the position of the sun. We use these curves, rather than the models’ own rotation curves,
as the model rotation curves are only constrained by the dynamics in the bulge region and
the Sofue et al. (2009) data for Rgc = 6-8 kpc, while at intermediate radii and beyond Ry
they include a parametric model for the dark matter halo. Therefore while it is possible to
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Table 3.5: Radii of corotation, OLR (m=2), and the higher order, m=4, OLR for the Eilers
et al. (2019) and Reid et al. (2019) rotation curves. All units are in kpc.

Eilers et al. (2019) Reid et al. (2019)

Corotation 6.87 £ 0.40 7.114+£0.38
OLR m=2 11.28 & 0.57 11.88 £0.53
OLR m=4 9.17 £+ 0.49 9.37+0.57

measure corotation from the models (as was done in P17), they do not reliably constrain
the OLR.

We fit a smoothed spline to the Q4 = Vi/R data such that the derivative is also
smooth. All resonant radii, and corresponding errors, are determined using an iterative
numerical bi-section approach. The corotation radius is determined by locating the distance
at which Q4(R) = Qy, and the OLR radius is obtained by solving Q, = Q4 (R) + x (R) /2
(see Fig. 3.14). The measured values, for both rotation curves, are given in Table 3.5.
Corotation is found at ~ 6.5 < Rcgr [kpc| < 7.5, and the OLR at ~ 10.7 < Rorr [kpc| <
12.4, depending on the assumed rotation curve. We also find the m = 4, higher-order OLR
distance to be at 8.7 < RorLr, m=4 [kpc] < 10.0, close to the solar radius.

3.7 Discussion

We have measured the Milky Way bar’s pattern speed to be €, = 33.2941.81 kms~ ! kpc™!
by comparing VIRAC <y« > and o,: proper motion data to a grid of M2M models from
P17. Fig. 3.15 shows a schematic of the measurement area superimposed on the bulge
density contours from the Q, = 37.5 kms 'kpc™' M2M model. The outlined regions
show the coverage of the five frcgp masks considered in this work; the magnitude limits
have been converted to distance following my,, — Mi,, = 5log;, (D/10 pc) and assuming
Mg,, = Mk, rc = —1.694 mag (§ 3.2.3). The regions demonstrate that freen = 50%
effectively samples the b/p bulge region while conversely the froep = 10% mask extends
along the long-bar and includes regions of the outer bulge and inner disk. As such we
primarily measure the pattern speed of the inner bar and bulge region. The remarkable
agreement between the different froep results, see Table 3.3, indicates our results are
consistent with uniform solid body rotation; we find no evidence for a systematic variation
with scale, or that the b/p bulge and the long-bar rotate with different pattern speeds.
In Fig. 3.16 we show previous literature estimates of €, (top) and Vo (bottom). For
comparison the estimates made in this paper are shown by the vertical black line and the
error bar by the shaded grey region. Our €2, measurement is slightly smaller than a number
of recent measurements; €, = 36.0+1.0 Gyr ' = 35.241.0 kms~" kpc~' (orbit trapping by
bar resonances, Binney 2020) and €, = 35.5+0.8 kms™' kpc™! (mean metallicity gradient
of stars trapped by the resonance of a decelerating bar, Chiba & Schénrich 2021), despite
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Figure 3.15: Schematic showing the region in which we measure €),,; different frcgp masks
are outlined by the coloured regions and superimposed on top of the bulge density contours
computed from P17. Distances are computed by converting magnitudes assuming our
fiducial RC magnitude, Mg, , rc = —1.694 mag. The masks demonstrate that we are
measuring the pattern speed of the b/p bulge with some contribution from the outer
bulge/long-bar region for freep < 30%.
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Figure 3.16: The results of this work are shown as the vertical line and the shaded region
gives the error bar. Top: Compilation of pattern speed measurements from the literature.
* Kawata et al. (2021) found that two values of €2, could reproduce the local solar velocity
substructures equally well. Bottom: Compilation of previous Vj o measurements from the
literature.
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being based on completely independent data (bulge vs local disk kinematics). We are
also in excellent agreement with one of the two values favoured by Kawata et al. (2021),
Oy, = 34 kms ' kpc™!, who considered multiple higher-order bar resonances to match local
velocity substructure. These complementary analyses thus result in a highly consistent
measurement for €y, considering data from the bulge/bar region out to the bar resonances
in the SNd.

Furthermore our Vj » measurement is within ~ 1o, at the high end, of a large body of
previous work that generally agrees on Vj ¢ ~ 250 kms™'. Note the excellent consistency
with the value of Vo derived when combining the Grav2020 and RB20 measurements;
there is no suggestion that Sgr A* is not at rest at the centre of the larger bulge structure.

Hilmi et al. (2020) recently demonstrated that galactic bar parameters, such as €, and
bar length, can fluctuate due to interactions with spiral arms (see also, e.g., Quillen et al.
2011; Martinez-Valpuesta & Gerhard 2011). In their models they found that the bar length
could fluctuate by up to 100% and €y, vary by up to ~20% on a time scale of 60 to 200
Myr. They then argue that, were 2, for the MW bar region fluctuating by as much as
20%, the recent Bovy et al. (2019); Sanders et al. (2019b) ‘instantaneous’ measurements
would still be consistent with their advocated, ‘time-averaged’ Qi ~ 50 kms™tkpc™ (e.g.
Minchev et al. 2007; Antoja et al. 2014), see Fig. 3.16. However our measurement, and
those of Binney (2020); Chiba & Schénrich (2021), would remain inconsistent with this
larger value.

The periodic connection and disconnection of the bar and spiral arms observed by
Hilmi et al. (2020) also perturbs the corotation resonance. First, the pattern speed €,
of the bar itself varies, accelerating (decelerating) before connecting (disconnecting) to a
spiral arm. Second, because the bar and spiral-arm potentials superpose, the potential’s
average pattern speed (), in the resonance region varies when significant spiral arm mass
enters into or rearranges near the bar’s corotation radius, on dynamical time-scales. In a
fixed reference frame rotating with, e.g., the average bar pattern speed this corresponds to
time-dependent forces. These effects would shift the corotation resonance and continuously
move stars in and out of the resonance. Because the libration periods of the Lagrange orbits
are of order Gyr, phase-dependent perturbations should be visible for a long time. However,
in the MW a high degree of phase mixing for these orbits is indicated by the analysis of
Binney (2020, Figs. 4 & 5 therein), arguing against strong bar fluctuations in the MW,

The hypothesis that measurements in the SNd constitute a time-averaged measurement
of Quy, or Q,, is itself questionable. Assuming Q, = 35 kms~ ' kpc™!, the time for one full
bar rotation is Ty &~ 175 Myr, whereas for Ry = 8.2 kpc and Vi.(Ro) = 230 kms™!, the
period of a circular orbit at the sun’s distance is 7,(Ry) =~ 220 Myr. This is only a ~ 25%
difference and suggests that SNd kinematics would also be sensitive to fluctuations in €2,,.

A further consideration is the timescale over which bar fluctuations and deceleration
occur. Li et al. (2022a), using modified versions of the M2M bar potentials from P17, and
including spiral arms, studied hydrodynamical simulations of the gas dynamics in the inner
Galaxy. They found their gas reaches quasi steady state on a timescale of ~ 300 Myr, longer
than the bar fluctuation timescale of 60 — 200 Myr found by Hilmi et al. (2020). Matching
their gas flow models to various features in the Galactic (I, vios) diagram, Li et al. (2022a)
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determine a best pattern speed, 37.5 < Q) (kms~'kpc™!) < 40.0. They argue that their
measurement is essentially time averaged because the gas cannot immediately respond
to changes to the underlying potential. The situation is further complicated when one
considers the effects of a decelerating bar. The bar’s pattern speeds generally slows down
over time due to transfer of angular momentum to the dark matter halo (e.g. Weinberg
1985; Debattista & Sellwood 2000; Valenzuela & Klypin 2003; Martinez-Valpuesta et al.
2006; Sellwood 2008). Chiba et al. (2021) show that a decelerating bar can explain the
structure of the Hercules stream in local velocity and angular momentum space, and is also
able to generate similar structures and patterns as seen in local SNd data which are often
attributed to resonances of a constant ), bar or transient spiral structure. The inferred
bar deceleration rate, 4, = —4.5 + 1.4 kms ' kpc™' Gyr~' (Chiba et al. 2021), leads to a
change in Q, by 1.35 kms ' kpc~! in 300 Myr. When compared to the final result of Li
et al. (2022a), the bar slowdown, combined with the gas’ inability to immediately adapt to
the slowing potential, could extend their plausible range of €, down to ~ 36 kms~! kpc™!,
in approximate agreement with the present work. However this is not clear since the results
of Li et al. (2022a) are unchanged if they rerun their hydrodynamical simulations with a
decelerating bar.

Using our measurement of the bar’s pattern speed together with the Galactic rotation
curves of Eilers et al. (2019) and Reid et al. (2019), we infer values Rcg = 6.5 — 7.5 kpc for
the co-rotation radius, and Rorr = 10.7—12.4 kpc for the outer Lindblad resonance radius.
These are slightly larger than values quoted recently based on somewhat higher values of €,
estimated, e.g., from M2M dynamical modelling (Portail et al. 2017a, Rcg = 6.1+0.5 kpc),
or from the application of the continuity equation to VIRAC and Gaia proper motion data
Sanders et al. (2019b, Rcr = 5.7 £ 0.4 kpc). The m = 4, higher-order OLR found with
our value of €y, is at 8.7 < RoLr, m=4 [kpc| < 10.0, making it likely that it too contributes
to the complex velocity structure found in the SNd (see also Hunt & Bovy 2018; Kawata
et al. 2021).

As for Qy-independent evidence, Khoperskov et al. (2020) found six arc-like density
structures in angular momentum space in spatially homogenized Gaia star counts. Of
these, they associated one at ~ 6.2 kpc to orbits near the co-rotation resonance and one at
~ 9 kpc to orbits around the OLR. These radii are smaller than the values we determine
and it appears plausible that the 9 kpc feature is actually associated to the m = 4 higher
order OLR resonance rather than the m = 2 OLR. Binney (2020) and Chiba & Schénrich
(2021) infer their preferred values for the pattern speed from matching the bar’s co-rotation
resonance to the Hercules stream (Pérez-Villegas et al. 2017). The OLR is then associated
to one of the streams at higher vy, plausibly the Sirius stream.

3.8 Conclusion

We have compared distance-resolved VIRAC-Gaia (gVIRAC) proper motion data in the
Galactic b/p bulge and bar to a grid of M2M models with well defined pattern speeds
from P17, to investigate the bar’s pattern speed and the solar azimuthal motion. We have
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undertaken a comprehensive assessment of the statistical and systematic errors present in
our measurements, including spatial variations and magnitude dependence of the correction
to the Gaia absolute reference frame, the extraction of the RC&B from the RGB luminosity
function, the magnitude-dependent broadening of the RC&B kinematics due to the VIRAC
proper motion errors, and uncertainties due to the M2M modelling. We use a robust
outlier-tolerant statistical approach to quantitatively compare the gVIRAC data to the
grid of models and test the systematic effects of varying the assumption of LF, bar angle
par, RC&B threshold, and the possible overlap from spiral arms. We include contributions
to the final error from these sources.

We find that the best P17 model matches the gVIRAC <y > data to an RMS precision
of < 9 kms~! for the fiducial case in which red clump giant stars have a statistical weight
of more than 30% in a given voxel. This is despite the fact that the P17 models have not
been fit to the gVIRAC data but are based on star-count and LOS velocity data and are
used solely to predict the gVIRAC kinematics.

Using the marginalized posterior probability curves, and adding errors from systematic
effects in quadrature, we obtain Q, = 33.29 &+ 1.81 kms™'kpc™! and Vo = 251.31 +
1.95 kms™! which are in excellent agreement with the best recent determinations from
solar neighbourhood data. Combining our (), measurement with recent rotation curve
determinations we find corotation to be at ~ 7.0 + 0.5 kpc, the OLR to be at ~ 11.55 +
0.85 kpc and the m = 4 OLR to be at ~ 9.35 £ 0.65 kpc.

Linking our result with recent measurements of the pattern speed from the Hercules
stream (corotation resonance) in the SNd, a self-consistent scenario emerges in which the
bar is large and slow (albeit dynamically still relatively fast), with €, ~ 35 kms™! kpc™!,
based on data both in the bar/bulge and in the SNd.

In future work we shall fit a new generation of M2M models to the gVIRAC data with
which to quantitatively explore the dynamics and mass distribution, both baryonic and
dark, in the inner Galaxy.

Acknowledgements

We gratefully acknowledge the anonymous referee for their helpful comments, Leigh C.
Smith for continued advice and support in using the VIRACv1 data, and Shola M. Wylie
for useful discussions, which have all led to improvements in the paper. Based on data
products from VVV Survey observations made with the VISTA telescope at the ESO
Paranal Observatory under programme ID 179.B-2002. 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.


https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://www.cosmos.esa.int/web/gaia/dpac/consortium

Chapter 4

A Novel Approach to Reconstructing
the Dark Matter Density Profile in
the Milky Way Bulge

This chapter presents the work of an ongoing project that is being prepared for publication.
Collaborators: Ortwin Gerhard, Shola Wylie, and Leigh Smith

Abstract

We present a new method to infer the dark matter density profile in the bulge region of the
Milky Way, where baryonic matter is the dominant mass fraction. The algorithm is based
on a simple mass-dispersion relation, motivated for spherical systems by the Virial Theo-
rem and the Jeans Equations, using the ratio of observed to model dispersions at a given
spherical radius to predict the total mass interior to that radius. We present a detailed dis-
cussion of how to incorporate this technique into dynamical modelling frameworks focusing
on the made-to-measure technique. We test the efficacy of our method by application to
mock data generated assuming a range of dark matter density profiles in the inner region.
The mock profiles span the full range from cored to cusped, and we show empirically that
the algorithm does an excellent job of recovering the shape and normalisation in each
case. The method achieves a typical accuracy of |ppm, true — PDM, recovered|/PDM, true < 10%
at r = 1 kpc with accuracy improving with increasing radius to < 3% at r = 10 kpc. We
further test the efficacy of the made-to-measure approach at recovering hyperparameters,
such as the pattern speed, while simultaneously optimising the dark matter halo and find
the method performs very well for both pattern speed and the mass-to-clump ratio.

4.1 Introduction

Under the ACDM hypothesis the dominant fraction of all matter in the Universe is dark
matter (DM). DM was first hypothesised in the 1930s (Zwicky 1933) and gained further
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traction following the observation of the rotation curve of M31 (Rubin & Ford 1970).
Perhaps one of the most visually compelling observations is the mismatch between the mass
contours of the Bullet cluster and the location of the X-ray emitting gas; the dominant
mass in the cluster is unseen and collisionless (Clowe et al. 2004).

Within ACDM, DM is an essential component as it facilitates the growth of structure
(White & Rees 1978). While baryonic matter is still hot and pressure supported, DM is
able to undergo gravitational collapse forming the DM halos into which baryons will later
collapse. The growth of DM halos from seed fluctuations has been modelled extensively over
the years using dark matter only (DMO) simulations such as the Millennium simulation
(Springel et al. 2005). A fundamental prediction of these DMO simulations is that the
DM approximately follows a Universal density profile, sometimes modelled as an NFW
(Navarro et al. 1996b, 1997) or an Einasto profile (Einasto 1965; Navarro et al. 2010).
However these DMO simulations ignore the effect of baryons which, in the centre of MW-
like disk galaxies, can dominate the mass distribution. When baryons are included in full
hydrodynamical simulations we see much more complex structures emerging compared to
DMO simulations due to gas cooling, stellar feedback, chemical evolution, and supernova
and AGN effects (see Somerville & Davé 2015, for a review).

Blumenthal et al. (1986) demonstrated that during the dissipative collapse of baryons
into DM gravitational potentials the halo itself is strongly perturbed resulting in a smaller
and denser halo in the innermost regions. The adiabatic contraction approximation as-
sumes that the actions of the stars and dark matter are conserved as the halo is perturbed
(e.g. Barnes & White 1984; Blumenthal et al. 1986; Ryden & Gunn 1987; Barnes 1987,
Gnedin et al. 2004). The perturbation can then be modelled analytically when the DM
action distribution is known in the absence of baryons (Young 1980; Sellwood & McGaugh
2005; Li et al. 2022b) but most studies approximate this process (see e.g. Abadi et al. 2010;
Gnedin et al. 2010). Due to the difficulty of calculating orbital actions many studies have
confirmed the contraction of dark matter halos using simulations; EAGLE (Schaller et al.
2015), NIHAO (Dutton et al. 2016), [llustrisTNG (Lovell et al. 2018), and Auriga (Cautun
et al. 2020; Callingham et al. 2020).

Baryons can also reduce the DM density in the innermost regions. Mechanisms include
supernova feedback (Pedrosa et al. 2009; Pontzen & Governato 2012), and stellar feedback
(Schaller et al. 2015; Chan et al. 2015) although this is debated (Marinacci et al. 2014).
Duffy et al. (2010), using a suite of high-resolution cosmological hydrodynamical simula-
tions, found that: i) the behaviour of the DM due to baryons is not well described by the
adiabatic contraction model; and ii) AGN! and efficient feedback from massive stars causes
rapid changes to the baryon mass distribution which perturbs the dark matter in the inner
regions (see also Waterval et al. 2022).

Our Galaxy, the Milky Way, is the best test case of these processes for large spiral
galaxies as we can study the structure and dynamics of the inner region in much greater
detail than any external galaxy. The only other barred galaxy for which the inner profile
has been considered in detail is NGC 4123. Weiner et al. (2001) used a combined barred

LAGN: Active Galactic Nuclei
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disk 4+ dark matter halo model to fit both the light distribution, the rotation curve, and
the two dimensional velocity field of the gas. Since the quadrupole of a near spherical
dark matter distribution is very different to that of a strongly barred stellar system, the
gas data allows one to break the mass degeneracy when only fitting a rotation curve. A
number of studies have fitted empirical relationships to the slope of the inner dark matter
density from cosmological hydrodynamical simulations (Di Cintio et al. 2014b; Tollet et al.
2016; Lazar et al. 2020). Of these Di Cintio et al. (2014b) considered the afvy model and
showed the dependence of the three slope parameters with stellar-to-halo mass ratio using
the MaGICC simulations. Tollet et al. (2016) and Lazar et al. (2020), using NIHAO and
FIRE-2 simulations respectively, both considered the logarithmic gradient (which is here
defined to be v = —dlog, ppa/dlog, r) at 1 — 2% of the Virial radius as a function of
stellar-to-halo mass ratio. For MW like galaxies all three found the inner slope to be cuspy
(v > 1) however only FIRE-2 still produced small DM cores of ~ 0.5 — 2 kpc in size.

Due to the complexity of modelling the effects of the baryonic processes at play in
the bulge region, the majority of work has focused on mass-modelling using constraints
beyond the bulge region, e.g. rotation curve data (e.g. Eilers et al. 2019; Reid et al. 2019),
assuming an NFW profile that extends into the bulge region (McMillan 2017). Using
multiple simulation suites, Cautun et al. (2020) determined an empirical relation between
the halo mass distribution before and after contraction. They used this relation to fit mass
models, similar to those of McMillan (2017), to the Eilers et al. (2019) rotation curve,
the Callingham et al. (2019) total MW mass measurement, and the solar neighbourhood
vertical force measurement of Kuijken & Gilmore (1991). They found a slight preference for
the contracted halo model with a pre-contraction halo concentration of 9.4732 although the
difference is not significant enough to rule out the pure NF'W model. Considering Cautun
et al. (2020, Fig. 10) it is clear that strong constraints on contracted halo models require
constraints in the R < 5 kpc bulge region. The best Galactic bulge constraints come from
the dynamical modelling by Portail et al. (2017a) which attempted to optimise the DM
halo by fitting it to rotation curve data between 6 < Rlkpc| < 8 and by fixing the total
mass within 2 kpc in order to best match the BRAVA? dispersions. They found that all
models required a central core (see Portail et al. 2017a, Fig. 22) to simultaneously account
for the rotation curve data and the DM mass within 2 kpc. This is an important piece
of observational evidence in the cusp-core debate however the assumption of an Einasto
profile is likely quite restrictive in terms of plausible DM density profiles. New kinematic
datasets in the bulge region, such as VIRAC (Smith et al. 2018; Clarke et al. 2019) proper
motions, are now available which provide great potential for returning to this problem to
obtain updated constraints.

The goal of this work is to develop a method by which we can determine the radial
mass profile of the MW such that we can place the MW within the context of cosmological
formation. The structure of this paper is as follows. In § 4.2 we motivate the method,
building upon the work of Portail et al. (2017a), by which we optimise the dark matter
density profile. § 4.3 describes the M2M method in detail and provides a brief discussion on

2BRAVA: The Bulge Radial Velocity Assay (Rich et al. 2007; Howard et al. 2008)
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the various caveats of the method such as optimal tuning of the fits. We describe how we
generate mock data in § 4.4 and in § 4.5 we describe the mock fits in which we successfully
recover the input dark matter density profile. § 4.6 discusses the application of the M2M
method to mock data in order to quantify the effectiveness at recovering global parameters
such as the pattern speed, €, and mass-to-clump ratio, My /nrc. We summarise and
present our conclusions in § 4.7.

In the following chapter, Chapter 5, we apply the algorithm we present here to real
observational data and generate a new generation of M2M models.

4.2 Dark Matter in the Milky Way Bulge

The gravitating matter in the MW is dominated by two component: 1. Baryonic matter,
primarily in the form of stars, which makes up the visible bulge, bar, disk, and stellar
halo; and 2. the DM halo which cannot be observed directly but contributes to the total
dynamical mass. These two components exist within their combined gravitational field.
The presence of a significant DM gravitational potential means that the observed baryonic
density and kinematics are inconsistent when considering an incorrect DM component.
However, with sufficient high-quality density and kinematic information, it is theoretically
possible to infer a DM density structure (with associated gravitational potential) which,
when added to the baryonic component, ensures self-consistency between the density and
kinematic data.

The observable data to which the models are fitted comes in two flavours. The density
data, e.g. star counts, and kinematic data such as proper motions and radial velocities.
The idea is that the gravitational field of a axisymmetric DM distribution is fundamentally
different to that of a barred disk. The DM density profile affects the observed velocity
dispersion profile while the in-plane DM halo shape, p, affects the streaming velocity field.
However, since the baryonic mass and bar structure dominates the streaming field, we
neglect this second effect. If the DM is wrong then, given a prescribed total stellar mass
from the density data, the kinematics will not be able to fit exactly and we will obtain
a compromise between apparently conflicting density and kinematic data. In reality, it is
the DM that is incorrect and by adjusting the DM appropriately we can locate a density
profile that allows an optimal fit to both data types. The problem is thus how to vary
the DM such that we gradually converge on the true density profile. In this section we
shall describe our algorithm and its implementation within the NMAGIC framework. In
§ 4.2.1 we provide a brief physical example for the basis of the DM fitting algorithm and
in § 4.2.3 we provide details of the implementation.

4.2.1 Clues From the Virial Theorem

The virial theorem,

W +U=0 (4.1)
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relates the total kinetic energy of a system in gravitational equilibrium, K, to the total
gravitational energy, U, in the system. A very naive example would be a spherical system
of radius R, with uniform density, consisting of NV stars each with mass m and typical
velocity defined by,

(4.2)

where v; are the individual velocities that depend on position. The kinetic energy is then
given by,

1 1 —
K= 2 §mvl-2 = Nﬁmlﬂ, (4.3)
and the gravitational potential energy by,
3GM?
U=--° 4.4
i (14)
which is a standard result®. Substituting, and using Nm = M, we have,
— GM?
Muv? x 7 (4.5)

which leads us to M o Rv2. Assuming negligible rotation, neglecting surface terms, assum-
ign an isolated system, and remembering that the stars’ velocities are three dimensional,
we can relate the velocity dispersion to the typical velocity, o, o ©, and therefore obtain
M < Ro?.

Obviously the example outlined above is a very naive approximation to the complexity
of a barred Galaxy like the MW however it provides a useful basis for our algorithm; the
model dispersions, for a given baryonic density, can be adapted by changing the mass of
DM to better match the observed dispersions. A more sophisticated derivation based on
the Jeans equations, arriving at the same result, is presented in § 4.2.2.

4.2.2 Motivation From the Jeans Equations

For a spherical system the Jeans equations can be simplified into,

d 2 dd
(pUTT) +2£p0-37. — _p_)
dr r dr

where p is the density of the tracer, 3 is the anisotropy parameter, o2, is the radial velocity
dispersion, and & is the underlying gravitational potential. The anisotropy is defined as,

(4.6)

2
Oy
b=1-— —5 (4.7)

3 The general formula for the potential energy of any spherical system is — OR GMT(Q)p(r) dnrdr

where M (< r) is the mass within a radius of r. This is trivially solved in the case of a uniform sphere
where the density is constant, p (r) = po.
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where 0gg = 044 is the tangential velocity dispersion. Eqn. (4.6) can be re-written as,

GM (r) dlog,p dlog, o>
2 _ — _ 52 e e”rr 2 4.
Vi o { el Doy g5, (48)

r

following the derivation shown in Binney & Tremaine (1987). For a spherical system
the anisotropy can only be a function of the radial distance, §(r). We can write the
total velocity dispersion, o,, of the baryonic tracers as a function of the radial and two
orthogonal tangential velocity dispersions,

2 2 2 2
O'v —UTT—FU%—FU(M)

— o2 1202 (1— B) = (3—28) 2, (4.9)

where we have replaced the tangential terms using the anisotropy parameter. The total
velocity dispersion at any point is thus easily related to the radial dispersion via the
anisotropy parameter. We can therefore write,

dlog,p dlog, o?
2 . . e e“rr . o 41
M(r)yoco;-r {dloger + dlog 1 +26¢-(3-20), (4.10)

which reproduces the M oc o2 relation we derived in § 4.2.1.

In terms of dynamical modelling, Eqn. (4.10) is more intuitive in its application than
the argument from the Virial theorem, despite both being derived for spherical systems
rather than the MW’s far more complex barred disk. At a given timestep the N-body
model provides a rough estimate of the logarithmic gradients in density and radial velocity
dispersion, and also the anisotropy, for both the baryons and DM. One then considers the
deviation between the model dispersion and the observed dispersions and adjusts the mass
profile accordingly. The model then updates, providing new best estimates of the gradients
and anisotropy, and the process of matching the dispersions is repeated until a convergence
is achieved. We now outline the algorithm we will use in § 4.2.3.

4.2.3 Algorithm to Adjust the DM

As was done in Portail et al. (2017a, see their heuristic F in Sect. 7.2, hereafter P17)
our approach to constraining the DM is based upon the M o o? relationship. P17 used
a weighted average of the ratio of the individual BRAVA LOS velocity dispersion mea-
surements to the model predictions, 03,,, /02 4., to define a factor which they denoted F.
They used this factor to adjust the DM mass within 2 kpc of the Galactic centre following
AM (r < 2 kpe) = 10'°M, x (F? — 1) where the coefficient sets the rate at which the inner
DM is updated. They then used the total mass within 2 kpc, together with total rotation
curve data, to find the best fitting Einasto (1965) profile.

We build on this approach, leveraging the extraordinary proper motions from VIRACv2,
the radial velocities from A2A, and the full 3D information obtained by combining Gaia

proper motions with APOGEE radial velocities. These datasets provide a significantly
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larger amount of data compared to BRAVA. Where P17 used a single factor computed
by averaging over the dispersion radio of all BRAVA observables, there is now sufficient
data to constrain the DM mass as a function of radius using each data-to-model dispersion
ratio, from each survey, as an individual constraint.

In the following (see Table 4.1) we shall index a dataset by k£ and a specific observ-
able (e.g. an individual density or mean velocity measurement) within & as j (we treat
j’: (71, J2, J3) as a vector in two or three dimensions as the majority of datasets we con-
sider are binned in three dimensions). For the MW we have both density and kinematic
measurements with distance resolution. Consider any given velocity dispersion measure-
ment, JU]’% duy: 18 corresponding error, (501)?: dupe a0d the predicted dispersion from the model

being fit, crv]’i fod In the made-to-measure modelling we shall discuss in § 4.3, the particles

that contribute to this observable will have a mean distance, 7“;3, from the Galactic cen-

tre, and a distance dispersion, O’T;f». These values are calculated during the modelling by

computing,
N N
> 0% () Wi-my X0 ()W
r]_f — =t & T”—».Cz = = ) (411)
J N J N
> 8% (=) W, > 8k (=) W,
i=1 =1

where 5;3 (2;) is a Kronecker delta function on the phase-space coordinates, z;, of the 7!
particle; = 1 if the particle contributes to the ;ﬁ observable, = 0 otherwise. Here W; is
the weighting of the i*" particle determined by multiplying the particle weight and the ]’3
observable selection function weighting (see § 4.3.3). The distance dispersion is then given

[—5 =2
by UTJIS = r;i/’z — 7“;3 . The mean distance of model particles (and by extension real MW

stars if the model matches the data well) that contribute to that ;3 observable is the radius
at which that observable constrains the DM. The distance dispersion will be used to weight
an observable according to the spread in the Galactocentric distance of the particles that
contribute.

We now denote a moment at which we update the model’s DM halo by 7 and the
subsequent halo update by 7 + 1 (in the real modelling we update the halo every 5000
fitting iterations). Prior to the halo update the model provides the mass distribution of
both the baryonic component and the DM. If the DM halo density, and thus the potential, is
wrong then the predicted dispersions from the model will be systematically smaller or larger
than their observed counterparts. From the virial theorem and/or Jeans equations, and
using the additional assumption that external mass does not contribute (Gauss’ theorem
for spherical systems which is independent of anisotropy), we estimate the target mass
within r < réi as,

M (7 < 8) X
J total J loot J total
7, mod

k 2
O-vj dat kT
et | (4.12)
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We also obtain an error on this value due to 50%’3 4 Which is given by,

_ 2.0,k ok
LCT-‘FI r< ’]"k _ U],dat Uj,dat (4 13)
J total J k 2 ’ '
Y5, mod

This is not the end however as so far we have only determined a new total mass;
Miotal = Myaryonic + Maark. Given we are directly fitting the baryonic density within the
bulge/bar region (see P17, Sects. 5.2 and 5.3) we assume that the mass difference is due
entirely to the DM halo. The new DM mass is then given by,

+1 . +1 . .
L3 (r < r’i) = M’ (7" < T’i) — MY (r < r’i) : (4.14)
J DM J J total J J baryonic J

the baryonic mass remaining unchanged as does the error on the new interior mass.
Considering all observables in this way we obtain a set of,

{7, o ME(r<7), oMpl(r<7)}t, (4.15)

which are then used to constrain the cumulative mass profile. We do not consider each
individual point independently but instead bin the constraints in radius within different
datasets and kinematic moments. Binning is performed by taking the weighted average
of sets of individual constraints ordered by radius. Each individual constraint is inverse
variance weighted by its inherent internal mass error in the bin (derived from the error
on that specific dispersion measurement) and the distance dispersion of particles that
contribute to the observable. An observable with a narrow distance range provides a
better estimate of the localised mass ratio compared to an observable with a large particle
distance dispersion. Denoting a bin by b, we consider the weighted-mean distance, Dy, and
internal-mass constraints, M, within each bin and take the weighted-standard deviation
of internal-masses, denoted dM,, as the error on the cumulative mass. We then have a
sequence of cumulative mass constraints to which we fit an analytic profile. We use an
analytic profile to force the solution to be smooth.
We then fit the cumulative DM mass profile,

Dy
My (< Dy) = / pou (1) 4mridr, (4.16)
0

of an analytical density profile ppy (r) using an MCMC approach, see Appendix B.1 for
details, in which the likelihood for a single point is given by,

1 1 (M, — Ms (< Dy)\?
ﬁ(MbMMb,pDM(T)):meXP[—§< : 5]\2( b>> : (4.17)
b

Additionally, similar to the approach of P17, we use observational rotation curve data from
Eilers et al. (2019) to constrain the DM halo beyond the bulge region. For the j** rotation
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curve measurement (here j = j as there is only the radial dimension to index over), V.. . 7

at distance Dy, and its corresponding error, 5VCirQ 7 the likelihood function is given by,

£ (vCirCJ' | 6Veie, 7> POM (r)) —

1
——— €X
v 27T6‘/t:irc, ; P 2 5‘/circ,

2
V. -—V. ( ( D~.>>
1 cire, circ,mod | PDM
: . . (4.18)
J

where Viire mod (pDM (D;)) represents the circular velocity of the model at distance D;.

given the DM density profile, ppy (7).

These two components, the constraints on the cumulative DM mass profile from the
dispersion data, and the constraints on the overall rotation curve, provide powerful con-
straining power at a wide range of Galactocentric distances. All that remains is to specify
the analytical density profile which will be fit to these data.

4.2.4 The afy Profile

It is known from cosmological simulations that DM halos can contract due to the galaxy in
its centre (see Cautun et al. 2020, and references therein). This process is well described, for
MW mass haloes and above, by the adiabatic contraction model (Blumenthal et al. 1986;
Gnedin et al. 2004) and may result in DM halos that are more cuspy in the innermost
region (the inner density profile steepens towards the centre, Yinner > Youter)-

In this work, we use the axisymmetric a3y profile’, (Hernquist 1990; Zhao 1996; Di
Cintio et al. 2014b; Dekel et al. 2017), as the cuspy profile has great flexibility to reproduce

more complex shapes,

p(r) = Po (4.20)

(R%)7 {1 + (RL> ;r(ﬁ_v),

where r = \/ 22 + 42 + (7/4)° is the elliptical radius for flattening ¢, and which has five free
parameters. They are:

® o - mass normalisation
e R, - break radius for the transition between the inner and outer power-law

e « - characterises the sharpness of the transition

4 This more complex prescription simplifies to the standard NFW profile (Navarro et al. 1997),
£o

S (4.19)
& (1+ R—)Q

PNFW (1) =

when one sets y =1, a =1, and g = 3.
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e 3 - characterises the outer slope at r > R,
e < - characterises the inner slope at r < R,

This profile is split into two regimes, inner and outer, with a transition zone between them.
The two regimes, while continuous, are otherwise independent making this profile suitable
for dealing with an inner halo such as predicted by cosmological simulations (Di Cintio
et al. 2014b; Tollet et al. 2016; Lazar et al. 2020). This more complex profile enables us to
utilise the full constraining power available in the A2A, APOGEE+ Gaia, and VIRACv2
datasets to constrain the DM density in the bulge in terms of a flexible parametric profile.

4.2.5 Updating the DM

Having fit the a8 profile we instantaneously change the particle weights of the DM parti-
cles to match this profile and adapt their velocities to avoid destabilising the model by the
sudden change. We then re-compute the potential so the baryonic component is evolving
in the target DM potential and then proceed to fit the DM particles such that they match
the derived analytic function. In this way we force the baryons to evolve in the target
potential while also adjusting the DM towards the target density profile with the goal of
the end model being self-consistent.

4.3 M2M Modelling of the Galaxy

In § 4.2 we outlined a new algorithm for iteratively adapting the model dark matter halo
to enable the optimal fit to the observables. In this section we describe the way in which
we adapt an n-body model to best-fit the datasets (both density and kinematics) that we
are using.

In what follows, as in § 4.2, we shall refer to individual particles by the subscript a.
We refer to summation over all particles with the index ¢. Superscript k refers to a given
dataset (e.g. VIRACv2 < py» > or APOGEE < vy,5 >) and subscript ]_"refers to a given
observable within a dataset (e.g. a specific VIRACv2 (I, b, K) measurement). These are

Table 4.1: Table of the mathematical indexes used in the derivation of the M2M formalism
and the dark matter density reconstruction algorithm.

Index Meaning

Q Refers to a specific particle

i Index for summation over all particles

k Refers to a data set

j= (71, j2, J3) Refers to a specific observable within a dataset
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given in Table 4.1 for easy reference.

4.3.1 The M2M Method

The M2M modelling process works by gradually adapting an N-body model to fit a given
set of constraints. One provides an initial model already reasonably close to the system of
interest and the algorithm slowly adapts the weighting of particles to match the constraints.
In this way particle weights (or orbit weights considering a Schwarzschild perspective) are
weakened /strengthened as required in order to reduce the deviation between the time-
averaged prediction of the model and the observations being fitted. Slow adaptation,
combined with regular updates to the underlying gravitational potential, ensures that the
models generated in this way are self-consistent within their DM halos.

The M2M method was originally discussed by Syer & Tremaine (1996) who presented
it as a method to tailor n-body models to have certain density and kinematic properties to
then be used as input for n-body simulations. The method was then adapted by de Lorenzi
et al. (2007) to target observational data and they presented NMAGIC; a fast, parallel
implementation. NMAGIC was subsequently successfully used to create dynamical models
of multiple elliptical galaxies (de Lorenzi et al. 2008, 2009; Das et al. 2011; Morganti et al.
2013), the nuclear star cluster in NGC 4244 (De Lorenzi et al. 2013), the MW (P17)and
M31 Blafnia Diaz et al. (2018). NMAGIC is by no means the only implementation of this
method. Alternative M2M implementations have been used to study elliptical galaxies
(Long & Mao 2012; Zhu et al. 2014) and for the MW (Long et al. 2013; Hunt & Kawata
2014).

The theory of the M2M method is described below. An individual particle, denoted by
a, in the model is fully described by the phase space vector z, (t). These particles, and
their phase space vectors, represent a finite sample of the system’s distribution function.
An observable, f, of the particle model, derived from the ™ data set, can be expressed as
the combination of all particles’ contributions,

HOESIICRICIGIE (4.21)

where the kernel K]f may or may not depend on the weights (see § 4.4 for examples of

kernels).
The weight of particle « is updated using the following gradient descent prescription,
dw,, OF
— = ey, —— 4.22
dt «“ Owe, ( )

where € is a numerical factor driving the speed of weight evolution. Here F is a profit
function consisting of a x? term (to penalise poorly fitting models) and an entropy term
(for regularisation). We present the specific approach adopted in NMAGIC in § 4.3.2
where we derive the weight change derivative.
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Figure 4.1: Flowchart showing the anatomy of a M2M run. The left column shows the
main backbone of the process which consists of three stages: i) the initial smoothing phase
in which the time-smoothed model predictions are generated; ii) the M2M phase in which
particle weights are adjusted to best match observable data; and iii) the phase-mixing
step where fitting is turned off and we allow the model to relax into its phase-mixed
configuration. The branches jutting to the right then show the process of each of these
three steps and in particular show an overview of how the target dark matter profile is
computed and implemented.
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The M2M method, other than the updated gravitational potential slightly deforming
orbits, has no way to tailor or generate an orbit to best match the data. This makes it a
very fast, efficient, and effective modelling approach providing the initial model represents
a sufficient sub-sample of the system phase-space. An additional issue comes from the
distribution of particle weights. If entropy is not used then the weight distribution can
span several orders of magnitude which reduces the effective particle number and the model
resolution. If entropy is used then this limits how far the model can adapt to best fit the
data. Both the inability to generate new orbits and the issue of a large weight distribution
can be alleviated by using a re-sampling algorithm (Dehnen 2009) whereby low-weight
orbits are discarded and replaced by jittered versions of high-weight orbits. We describe
this algorithm in § 4.3.4.

4.3.2 Fitting a Real Galaxy

In this section we present the specifics of the NMAGIC M2M implementation and derive
the final weight rate-of-change equation.

The residual for observable j from data set k, between the model and the data, is
expressed as,

yi () = Y¥

R (4.23)
J

where (5Y}k is the error on the target data value, 3/;}:7 for the observable.

Following de Lorenzi et al. (2007); Portail et al. (2017a) we adopt the profit function,
1 2
Fo IS () s 2
kg

where A\* is an adjustable parameter used to re-normalise the contribution to the weight
change from each set of observables. The pseudo-entropy S term, (Morganti & Gerhard
2012), is given by,

Zwl [log( ) 1] (4.25)

where @ represents the mean stellar and dark matter weight for the stellar and dark matter
particles respectively. This entropy is designed to force the particle weight distribution
to remain narrow around @ which improves the convergence of individual particles and
maintains the effective particle number in the N-body model. Eqns. (4.21) to (4.25) can
easily be combined to derive (see Appendix B.3) the general equation describing the weight
evolution,

dwa
dt

—€Wgq [,u log <
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where we consider a general kernel K%, We shall discuss these in more detail in § 4.3.3.

The € pre-factor controls the rate at izvhich the model is updated. This must be chosen
carefully as too small and the model will not evolve, too large and the weight changes can
become chaotic. We take € = 5 x 107!? and the weighting of the entropy to be ;= 10%. As
will be discussed in § 4.3.5 we normalise the pre-e weight changes of different datasets to
x = 10% which sets the final post-e weight change to @wa/at ~ 5 x 107¢ ignoring the entropy
term. This corresponds to ~ 10~1z.

4.3.3 General Forms of M2M Kernels

In this section we describe the general forms of kernels for the three types of data we are
considering; the number count, the mean velocity, and the mean-squared velocity. The
three kernels are, in principle, very simple. The number count is defined as,

ICJ’? (2q) = 5;3 (2a) A]L? (2a) (4.27)

where (5%,? (2q) is the Kronecker delta,

1 ifz, € 7
ey =4 NS (4.28)
J 0 otherwise

and A;ij’ (z) encodes the selection function probability for the fth observable of survey k
applied to particle . The kernels of the first and second kinematic moments are given by,

& 5]& (2a) A]’j (2a)
K3 (2q) = Va, (4.29)
> <wz’5§ (2:) A (Zz‘))

i

and,
5;3 (2a) AJI‘? (2a)

5 (i () A% (21)

7

lC;? (2q) = 0., (4.30)

respectively where v, represents a generic observable velocity such as proper motion or
LOS velocity.

In this work, because we only deal with mock data, the prescriptions for A;ij’ are unim-
portant because mock data is generated from the models assuming the same selection
function as the models that are then fit to the mock data. Details of the selection func-
tions, and the methods used to predict each observational survey will be discussed in detail
in Chapter 5 (§ 5.2).

Inspecting Eqn. (4.26) one sees that the final term contains a derivative of the kernel
with respect to the weight of particle a. For the number count, where the kernel does
not depend on the particle weight, Syer & Tremaine (1996); de Lorenzi et al. (2007) have
shown that the model exhibits exponential convergence on a timescale of O (1/¢). P17,
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Sect. 6.1, who introduced weight dependent velocity kernels, found that the models still
converge providing there is an additional independent observable constraining the total
weight of particles; i.e. a density observable. In the case of fitting a density, where the
derivative of the kernel with respect to w, is 0, Eqn. (4.26) simplifies easily and the sum
over the derivative vanishes. The case with a non-zero derivative is more complex and the
full derivation of the general weight change equation is given in Appendix B.4.

These kernels, and in particular the selection function parameters, control how a collec-
tion of N-body particles is transformed into model predictions for the various observables
that we are considering. In § 4.4 we shall briefly describe the datasets we are using for our
mock tests and how we generate mock data from the models.

4.3.4 Re-Sampling the Model

As mentioned above, M2M has two specific limitations: its basic form cannot generate new
orbits as required; and the weight change naturally reduces the effective particle number
of the N-body model.

These issues are dealt with by implementing the re-sampling algorithm described by
Dehnen (2009). In this algorithm child particles are sampled from the parent distribution
with a probability proportional to the parent particle’s weight. Each baryonic (DM) child
particle is assigned a weight equal to the mean weight of the baryonic (DM) parent particles.
This efficiently removes low-weight particles which do not contribute to the fit. Some parent
particles are re-sampled only once and the child is an exact clone of the parent. Naturally
other parent particles are re-sampled more than once. When this occurs the first child is a
perfect clone of the parent and the subsequent children are slight variations on the parent.
Variations are generated by integrating the parent particle’s trajectory for one orbital time,

estimated as,
Torty ~ 27T, /fi, (4.31)

where r is the particles Galactocentric radius and f, is the radial acceleration of the particle.
Selecting points along this trajectory a slight jitter is applied to the child’s velocity vector
to ensure all child particles are unique. Re-sampling therefore allows a gradual reallocation
of particles to high density regions of phase-space. Note that, while re-sampling is able
to expand into regions of phase-space centred on high-weight orbits, it cannot generate an
entirely new class of orbits.

4.3.5 Tuning the Model

Our philosophy for a M2M fit is that, given equal error-weighted residuals between model
and observation for two different datasets, e.g. X}/IRACVQ = X?POGEE (see Eqn. (4.23)), the

change in a particle’s weight due to the identical x values should be equal.
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This is not obviously the case. Considering Eqn. (4.26), in the case of a weight inde-
pendent kernel, we have the term,

k

X=
5}/J;k K (2a) (4.32)
J

which says the weight change, ignoring the entropy term, should be proportional to the
weighted residual of the model to the data, inversely proportional to the error in the data
measurement, and proportional to the kernel acting on particle ,. The error term has an
absolute scale which in turn sets an absolute scale for the particle’s weight change from
the J’E observable. Density datasets with smaller errors will therefore be fit more strongly
than their counterparts with larger errors. Note that this effect does not affect the velocity
observables as the weight change equation for the weight dependent velocity kernels (see
Eqn. (B.16)) include a term comparing the velocity of the , particle, V' (z,) to the mean
velocity predicted by the model for that observable, < ij“ >. This velocity residual has
the same scale as the error which removes the absolute scaling effect.

We prevent this behaviour through the use of an internally determined normalisation
factor, n*, which is applied to dataset ¥. The average weight scale factor one would find
considering a single particle, denoted ¥, is computed during the run, accounting for the

fact that some datasets change a particle’s weight via multiple observables, by calculating,
2

N Kk (z;)
e £ (2)
Qk? _ ] J =1
) > 0% (za) |
J

(4.33)

which returns the mean weight change scale of the particle, due to the k" dataset, in-
dependent of the X;f,i values. Having calculated the mean weight change scale for each

particle individually we calculate n* = #/<qk>, the normalisation factor to ensure the me-
dian weight change scale of the ¥ dataset is equal to x (discussed at end of § 4.3.2). This
is done approximately, using a median-of-medians approach, which allows us to leverage
the parallel machines and avoid the costly process of sorting O(10°) weight change scales.
By calculating the median weight change independent of the X]’?., values we normalise the

weight changes assuming all datasets fit equally well with x?/n = 1 and thus those datasets
for which x?/n > 1 will, on average, cause larger weight changes. This approach naturally
favours those datasets with a larger observed volume as a particle is more likely to be
“observed” by that dataset and therefore will have its weight updated more often.
Having normalised the weight changes an additional tuning factor, denoted &*, must
be applied to optimise the fit to the different datasets. As discussed in Chapter 5 (Section.
2.2) the RC histograms data from Wegg et al. (2015) contains non-equilibrium features.
Weighting this equally destabilises the model as it is not able to find an equilibrium solu-
tion but rather increased the weights of particles as they enter the non-equilibrium region
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Table 4.2: Hand tuning factors used to optimise the modelling. These values control the
relative weigh of each dataset in the fit and we use them to downweight the kinematics
compared to the density data so that the model fits the baryonic densiy first and then uses
the discrepancy in the kinematic data to optimise the DM halo.

Dataset 1%

DiskDensity 1.0
HaloDensity 1.0
RCGDensity 1.0
RCHistograms =
VIRACv2 .
A2A L
APOGEE L

and reduce their weights again when they leave. We therefore reduce ¢RCHistograms ¢4 pre.
vent this overfitting effect but take care to ensure that the dataset is matched as closely
as possible without destabilising the model in the phase-mixing phase. A second consid-
eration is the weighting of the kinematic data. The dark matter is optimised based on
the discrepancy between the model and observed dispersions. If one fits the kinematics
too strongly the model will optimise the kinematics at the expense of the baryonic density
and will therefore also predict an incorrect dark matter density. By downweighting the
kinematics we ensure the density data is matched as closely as possible and this allows the
dark matter distribution to be adjusted to correct the deviations between model and data
dispersions.

We have run several extensive tuning runs to optimise these values and the values we
use are quoted in Table 4.2. Note that, following the completion of the thesis, we shall
conduct further tests to increase the weighting of A2A and APOGEE to avoid their input
being negligible compared to that of VIRACv2 however the results described in the rest
of this paper use an equal weighting for all kinematic datasets. The A\* value seen in
Eqn. (4.26) is then the product of these two factors, \¥ = n* - £~

4.4 Mock Observable Data

In this section we generate mock data for use in testing the dark matter halo reconstruction
described in § 4.2 and the general convergence of the M2M models. There are two steps
in generating mock data. Firstly the dark matter halo must be analytically defined and
enforced. Secondly we must allow the baryonic component to adjust to this analytical
prescription such that the baryonic density and kinematics are self-consistent with the DM
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Figure 4.2: Top: Mock dark matter density profiles for which we generate mock data. We
have used six v parameters (inner slope parameter) which are used to designate the models
as Mx as given in the legend. In this way we consider the full range of inner halo profiles
from cored to cusped (including one physically unrealistic model with an initially rising
inner ppy profile). In addition we consider variations on the sharpness of the transition
to test how well the algorithm can reproduce a variety of forms. See Table 4.3 for the
parameter values corresponding to each of these profiles. The best-fit NF'W halo profile of
McMillan (2017) is shown by the black line as a reference point. Bottom: The fractional
difference in cumulative DM mass between the six test models and the best-fit model from
McMillan (2017). We attempt to keep the total mass within the solar radius, r < Ry,
approximately equal to avoid mock tests that are unrepresentative of the MW.



4.4 Mock Observable Data 151

Table 4.3: Parameters of the mock dark matter halos. Values are selected primarily to
model a variety of inner slopes but also to vary the transition between the inner and outer
regimes.

Po Rs « B 8

M_g5 0370 1.00 0.20 1.80 -0.50
Miooo 0300 1.00 0.20 1.65 +0.00
Mioso 0.130 2.00 0.60 1.80 +0.50
Mijoo 0.075 3.00 1.00 1.80 +1.00
Myis 0.060 3.00 1.60 1.80 +1.50
Misoo 0.006 2.50 0.50 1.80 +2.00

density in the combined total gravitational potential.

4.4.1 Fixing the Dark Matter Halo

We wish to test the power of our method to reconstruct an underlying dark matter density
profile given certain baryonic density and kinematic constraints. We therefore generate
mock observable data for six distinct a8y dark matter density profiles which are shown in
Fig. 4.2. The parameters selected are given in Table 4.3 and have been chosen to represent
a variety of inner slopes and the transitions between inner and outer slope. This includes
one model with an inner density profile that initially rises with increasing radius. We
include this model, despite such a structure being physically unrealistic (it would require
near-circular orbits), to test how our approach responds to such a situation. We label these
models “Mx” where X is set to the v value (slope in the inner region) and the models have
~v = -0.50, 0.00, 0.50, 1.00, 1.50, and 2.00 to capture the full range of possibilities from
cored to cusped density profiles. These analytical profiles are fixed in the modelling code
resulting in a static dark matter halo potential.

Our primary objective for this method, and the focus of Chapter 5, is to model the
inner dark matter of the MW bulge. It is therefore important to ensure that the dark
matter halos we generate contain roughly the correct total mass within the bulge region to
ensure the total dynamical mass remains reasonable for the MW. The difference between
the models is therefore the radial distribution of this mass. As a benchmark we take the
best fitting halo of McMillan (2017). While not constructed accounting for the possible
core/cusp behaviour considered in this study, this model was fit to MW rotation curve
data amongst other constraints so provides a reasonable estimate of the total dark matter
mass in the bulge. This is shown as the black lines in Fig. 4.2, the bottom panel of which
shows the fractional difference in the cumulative DM mass of our trial models compared to
the McMillan (2017) NFW profile. We have structured the mock halos to roughly match
the total mass within the solar radius, r < Ry, to ensure that the ratio of baryonic to dark
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matter mass is approximately conserved.

4.4.2 Generating Mock Density and kinematic Constraints

The models are then run, predicting the kinematic data (VIRACv2, APOGEE, A2A, and
the rotation curve) but only fitting the density data (P17, Sects. 5.2 and 5.3). We set the
bar pattern speed Q;, = 35 kms~ ! kpc™!, the mass-to-clump ratio Mo/nge = 1000, and the
mass of the nuclear stellar disk Mygp = 10° M, for the mock data generation. Fitting the
density only ensures the mock models have optimal baryonic density while allowing the
kinematics to adjust as necessary to match the total dynamical mass distribution. Thus,
the predictions generated in this way have self-consistent kinematics given the baryonic and
dark matter density structures. The next step is to transform these self-consistent baryonic
predictions into a cohesive set of mock observables so that we can turn the problem around
and reconstruct the dark matter density using only the baryonic observables as are available
in reality.

These predictions are transformed into mock data by convolving the time-smoothed
model value with the corresponding observational error, (5Y;’“, see Eqn. (4.23). The error

on the ;ﬁ mock datapoint is kept the same as in the observational data to conserve the
constraining power thereby providing realistic examples of the observational constraints
we have available to fit. However, the mock data will not be affected by any unknown sys-
tematic effects that affect the observational data such as possible issues with the selection
function which are impossible to test or correct for as they are, by definition, unknown.

The mock data generated in this way allows us to perform a key test, described in § 4.5,
in which, given all the global parameters such as pattern speed and mass-2-clump ratio are
known, we check whether the model can accurately reconstruct the different DM density
profiles well enough that they can be unambiguously distinguished.

4.5 Dark Matter Reconstruction Mock Tests

In this section we apply the dark matter density reconstruction algorithm to each of the
six mock data sets constructed in § 4.4. The algorithm takes each velocity dispersion
observable, at a characteristic distance inferred from the model, and computes the data-
to-model ratio which is used to infer an estimate of the DM mass interior to that radius.
These constraints are then binned in radius to produce a radial sequence of constraints
on the cumulative DM mass. An analytic afv is then fit to these constraints as well as
rotation curve data in the disk outside the bulge/bar region.

Fig. 4.3 shows the results of the MCMC fit to the iterative cumulative DM constraints
inferred from the model for the example case of M, oy. The constraints from the observable
kinematics are plotted with the blue crosses and the red errorbars. The true cumulative
mass profile is shown by the cyan line. The best-fit line (defined as the median profile
considering all profiles in the MCMC chain) is plotted as the black dot-dash line and the
error on the fit (again from the MCMC chains) are shown by the grey shaded regions. The
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different data-sets being considered provide complementary constraints at different radii;
VIRACv2 in the inner (r < 5 kpc) region, A2A in the 2 < rkpc] < 6 region, and APOGEE
at a wide range of radii, 1 < rlkpc| < 10. The reconstructed mass profile agrees very nicely
with the constructed cumulative mass constraints at all radii and, more importantly, is in
excellent agreement with the true mass profile with which the mock data was constructed.
The reconstruction is accurate to within 10% at r > 2 kpc.

The reconstructed density profile, again for M, o, is shown in Fig. 4.4. The top panel
shows the radial density profile of the dark matter and baryonic components. The dotted
line shows the baryonic component which becomes the dominant mass component within
3 kpc from the GC. The cyan line shows the true dark matter profile with which the
mock data was constructed. The dot-dash line shows the median profile obtained from the
MCMC chains and the shaded regions show the 1, 2, and 30 regions about the median. The
error becomes much larger within r < 0.6 kpc as that is the innermost radius at which we
have constraining data so within that radius the profile is unconstrained. Nevertheless the
reconstruction is remarkably accurate in the inner region with only moderate systematics
which are to be expected due to the approximate nature of our reconstruction algorithm.
We see an error on the recovered density of ~ 50% at 0.1 kpc but this drops to ~ 10% at
r =1 kpc and to < 3% at r = 10 kpc.

The bottom panel shows dlog,,(ppm)/dlogo(r) = —7. The lines are coloured as in
the top panel. This shows that the reconstruction has preferred a more rapid transition
between inner and outer slope however the reconstruction is always within 3o of the truth
indicating there are no unknown large systematic errors. Despite the statistical mismatch
between truth and reconstruction this method still provides an excellent estimation of the
shape of the inner dark matter density.

In Fig. 4.5 we show the density profile reconstruction for each of the six models. In each
plot the true DM density profile is shown by the cyan curve. As before, the dot-dash line
shows the best-fit obtained from the MCMC chains and the grey shaded regions show the
1, 2, and 30 error regions around the profile. The vertical blue dotted lines highlight the
spherical radius of the innermost cumulative DM mass constraint; within this vertical blue
line the profile is unconstrained which is why the error rapidly becomes much larger in all
cases. The reconstruction of the DM density is remarkably accurate with the true profile
often within the 1o region of the reconstruction (especially true for M, 5 and M500)
but never varying > 30. There is a slight tendency for the reconstruction to underestimate
the dark matter density for the cored profiles v < 0.50. From the progression it is clear
that the algorithm, assuming all other global parameters are correct, is able to distinguish
between cored and cusped DM density profiles.

We plot the evolution of the reduced Y2, for each dataset individually, in Appendix B.2
demonstrating that the models converge excellently in the absence of any conflicting ob-
servational data or unknown systematic effects. However, until this point we have only
considered how well the algorithm works with parameters such as the pattern speed, mass-
to-clump ratio, and halo flattening are kept fixed to their correct value.
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Figure 4.3: Fit shown for the M,; 0 model. The final fit to the inferred cumulative
DM mass constraints at the end of the modelling run. Each panel shows a different data-
set/dimension. The binned data for each data-set/dimension are shown by the blue crosses
and the red errorbars. The true cumulative mass profile is shown by the cyan line and the
MCMC fit is shown by the dot-dash line (median fit) and the grey shaded regions (1, 2,
and 3o error bars, corresponding to the standard ~ 68, 95, and 99% regions). Note that
the error region is formally very small and can only be seen at R < 1 kpc. The fitting
algorithm has provided an excellent reconstruction of the input dark matter density which
is very promising for application to real data. The total cumulative mass within 8 kpc is

reconstructed to < 10% error.
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Figure 4.4: Reconstruction of the dark matter density profile for the M, o model as an
example. In both panels the true DM density profile is represented by the cyan line while
the MCMC reconstruction is shown by the shaded regions with the regions highlighting
the 1, 2, and 30 uncertainty regions. The best-fit density profile is shown by the dotted
line. Top: The radial density profile reconstruction. The Baryonic component is shown
by the dotted line which shows the baryons become the dominant mass component at
r < 3 kpe. The reconstruction is remarkably accurate with the larger errors at small  due
to the absence of data within r < 0.6 kpc. Bottom: We show the log-log gradient as a
function of radius. The reconstruction struggles to find the correct profile preferring a more
sharp transition between inner and outer slope however the median curve is a reasonable
approximation to the true profile.
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Figure 4.5: Plot showing the reconstruction of the six density profiles used to construct the
mock data. The model illustrated in each panel is labelled in the top right and in all plots
the truth is shown by the cyan line and the best-fit profile by the dot-dash line. The vertical
blue line denotes the radius within which there are no constraints on the cumulative mass.
The algorithm is successful at reconstructing the general shape and the normalisation of
the ppy profiles from the cored profiles through to those models with the steeper than
NFW cusps. Notably, the error in ppy; decreases as the halo becomes cuspier which is due
to the DM becoming a more significant mass component relative to the baryons. These
results empirically validate the M (r) oc 02 approximation as an approach for constraining
the ppy profile even for complex geometries.
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4.6 Hyperparameter Identification Mock Tests

We now extend our analysis of the mock data to consider the effect of various hyperparam-
eters. The hyperparameters in question are the bar pattern speed, €2}, the mass-to-clump
ratio, Mo/nze (the total stellar mass present per individual RC star observed), the flat-
tening of the DM halo, ¢, and the planar-mass extrapolation factor, f. As discussed in
Portail et al. (2017a, Section 5.3) the RCGDensity map computed by Wegg & Gerhard
(2013) covers a volume of (£2.2, £1.4, +£1.2) kpc but is incomplete within |z| < 150 pc
due to extinction and crowding. Portail et al. (2015a) used a sech? extrapolation applied
to each vertical slice to fill in this missing volume Portail et al. (see also 2015a). They
then accounted for any additional mass in the plane by varying the mass of the nuclear
stellar disk (NSD; see e.g. Sormani et al. 2022a). Given that the NSD mass is now very
well constrained to ~ 1 x 10° M, we instead consider a planar-mass extrapolation factor,
f, with which we modify this extrapolation using,

p(2) = p(2) - (1 +fx e¢> , (4.34)

which adds an additional exponential factor to the extrapolation. The scale radius is set
to 40 pc to ensure that any modification does not alter the map at |z| > 150 pc and
f > 0.0 results in a larger in-plane mass and f < 0.0 results in a lower in-plane mass.
These hyperparameters cannot be optimised over the course of the run as by definition
they must remain constant and therefore must instead be analysed by running multiple
models in a grid search system. The hyperparameter tests are performed fitting the mock
data generated from the M9 model as that is closest to the McMillan (2017) halo.

4.6.1 The Pattern Speed, (),

We first show how well €2, can be recovered and what uncertainties are thereby introduced
in the DM density results. We fit the mock data generated with € = 37.5 kms~! kpc™!
with a grid of models, , = 30.0 — 45.0 kms~ ! kpc™!, AQ, = 2.5 kms~ ' kpe™t.

The results are shown in Fig. 4.6 where the structure is identical for Figs. 4.7 to 4.9.
In the top row we show individual reduced y? curves as a function of , for each of the
five datasets we fit. Due to the finite particle resolution of the N-body models there is
some fluctuation in the individual x? values meaning that taking a single snapshot may
introduce spurious stochastic effects into the model comparison. We overcome this by
taking a short interval at the end of the fitting stage and considering appropriately spaced
x? values within this interval. The black lines mark the median of the X*/n values at each
value of . We additionally subtract the minimum-of-medians value from each set of
curves so they can be more easily compared; the subtracted minimum-of-medians value is
quoted in the legend.

In the second panel we combine all datasets together to compute an overall log-likelihood
which is shown by the faint grey lines with each line representing one of the snapshots
considered. Locating the maximum-likelihood point of the individual snapshots’ overall
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likelihood profile, we build up the T-averaged ()}, posterior probability distribution which
is shown by the red curve and the secondary y-axis. Note that in this process we implicitly
assume a flat prior over the {2}, range we consider.

In the bottom panel we show the best-fit DM density profiles for each of the models. The
profiles are coloured from lightest, corresponding to €, = 30.0 kms~!kpc™!, to darkest,
corresponding to €, = 45.0 kms~! kpc~!. The true value is shown by the cyan curve and
the model deemed to be the best by the log-likelihood (although as we consider a flat prior
this is equivalent to a posterior probability) comparison is highlighted as the black line.

Now looking at the features of Fig. 4.6. All the datasets favour models in the range
35.0 — 37.5 kms tkpc™! with clear minima in the x?/n curves at these points. The
RCHistograms x?/n curves exhibit a large spike at Q;, = 35.0 which is possibly caused by
model resolution given the small errors in this dataset. The posterior probability distri-
bution is very narrow because, despite the the small changes in x?/n between models, the
number of data points considered makes these seemingly small differences highly statisti-
cally significant. The optimum value is found to be in the range 35.0 to 37.5 kms~ ! kpc™!,
~ 36.8 kms~!kpc™!, which indicates an error on €, of < 3%. This is very promising as
the difference between input and recovered value is smaller than the separation of the grid
nodes and can be treated as a small systematic error. The DM profiles show incredible
agreement for R > 1 kpc with the only major difference between the models being the
slope of the inner power law. At R = 0.5 kpc the low-€y, model finds ppy ~ 0.04M, pc™
while the high-Q, model finds ppy ~ 0.05M pc™2 which corresponds to a difference in
total enclosed mass of O (a few 10®M,). This mass difference is small compared to the
mass of the NSD (Sormani et al. 2022a, ~ 1.1 x 10°M,,) indicating the DM recovery is
robust against the nuclear stellar disk mass.

4.6.2 The Mass-to-Clump Ratio, Mo/ng

We now consider the mass-to-clump ratio, Meo/ngze, and its effect on the recovered dark
matter halo. The mass-to-clump ratio gives how many RC stars one expects for a stellar
population of mass M. Fig. 4.7 shows the results for a mock grid in which we vary the
mass-to-clump ratio. The true value is Mo/nge = 1000 and models are considered in the
range 850 — 1150 with AMo/nge = 50.

As with €, the M2M method is able to correctly recover the input value although the
modelling is less sensitive to this parameter. This is evident in the shallower profiles seen
in the y?/n which are also more noisy®. The posterior probability is broader with multiple
peaks, again a reflection of the models sensitivity to this parameter, and favours a value of
Mo [nge ~ 1020 which corresponds to a < 3% error on this parameter. The determination
given here is a large improvement on the Mo /npe = 1000 4= 100 constraint reported in P17.
However, where the baryonic fits are relatively insensitive, the ppy; profiles are strongly
affected by this parameter with ppy (r = 1 kpe) = 0.2Mg pc™3 for Mo/nge = 1000 and

5Following completion of the thesis we shall increase the particle number to see whether the model
resolution is a limiting factor.
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Figure 4.6: Effectiveness of the M2M method at recovering the pattern speed, €2, and
implications on the reconstructed DM density profile. Top: The reduced x? curves for
each dataset. We show the x? at intervals during the phase-mixing stage of the run with
the black curves showing the time-averaged median curves. As can be seen the minima
of the curves are all close to €y, = 37.5 kms~! kpc™! which corresponds to the true value.
Middle: The grey lines show the corresponding overall log-likelihood curves considering all
the different datasets. The red curve shows a histogram of the maximum likelihood points
for each of the snapshots considered and this shows a small < 1 kms~'kpc™! deviation
from the true value. Bottom: The recovered dark matter density profiles. The true profile
is shown in cyan and the curves go from lighter red at low €2, to dark red at higher €.
The black curve (partially hidden behind a neighbouring profile in this plot) shows the
profile of the model determined to be the best overall match to the observable data.
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Figure 4.7: Effectiveness of the M2M method at recovering the mass-to-clump ratio, Mo/nge,
(which is effectively the stellar mass-to-light ratio) and implications on the reconstructed
DM density profile. Plot layout the same as for Fig. 4.6. Computed for the array of
models with varying mass-to-clump, Mg /ngc, ratio. Mock data constructed for a model
with Mg /nrc = 1000. The recovered value is slightly too large considering all models
however the fiducial model is still recovered as the best model.

pom (r =1 kpe) = 0.1M pe? for Mo/nge = 1150; a 50% difference. This result highlights
that, while the total dynamical mass is important, the kinematics vary with the ratio of the
mass of the highly non-axisymmetric bar to the mass of the axisymmetric dark matter halo
due to the very different gravitational potential quadrupole of these separate contributions.
As expected the high-Mo/ny models favour more cored profiles, as mass that was allocated
to DM is transferred to the baryonic, and vice-versa for the low-Mo /ng model which favours
a more cuspy profile. Comparing to Portail et al. (2017a, see Figs. 13 & 14), where the
difference in x?/n was larger between models, these results suggest that the additional
flexibility offered by our DM fitting algorithm allows the baryonic component far greater
freedom to match the input observables.
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4.6.3 The Planar-Mass Factor, f

Fig. 4.6 shows the recovery of the planar-mass extrapolation and, contrary to the results
for €, and Mo/nge, the M2M method appears incapable of recovering these parameters.
The true value is f = 0.0 however the x?/n profiles are flat and appear quite noisy, leading
to a posterior probability profile where there are two separate peaks, both of which are
significantly inconsistent with the true value.

However, considering the ppy profiles, one sees that there is only very minor difference
between the profiles; less than a factor of 2 at R = 0.1 kpc and the profiles all converge
beyond R >~ 3 kpc. This suggests that the DM structure is insensitive to this parameter,
that we can continue using the sech? extrapolation as in Portail et al. (2015a, 2017a),
causing only a minor systematic error contribution to the ppy profile when applied to real
data.

4.6.4 The Halo Flattening, ¢

The halo flattening, ¢, appears to behave similarly to the planar-mass extrapolation factor,
see Fig. 4.9. The well behaved x?/n curves are flat for RCGDensity and VIRACv2 and
rise at ¢ = 0.9 — 1.0 for A2A and APOGEE. The M2M incorrectly recovers the input
flattening, ¢ = 0.8, preferring instead a smaller, ¢ ~ 0.64, value. The difference between
the recovered profiles is similar to a simple scaling effect as the g value simply modulates
the total mass content in a spherical volume

The ppy profiles show only very minor deviation between the different models although
this difference appears at all radii rather than just the innermost regions. As with the
planar-mass extrapolation this causes a minor systematic effect.
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Figure 4.8: Effectiveness of the M2M method at recovering the planar-mass scaling factor
and implications on the reconstructed DM density profile. Plot layout the same as for
Fig. 4.6. Computed for an array of models in which we vary the in-plane RCGDensity
interpolation. The M2M method struggles to differentiate between different planar-mass
interpolations as shown by the lack of clear minima in the x? profiles. Additionally, it is
not able to correctly recover the input function, f = 0.0, instead returning quantitatively
incorrect results. However the dark matter profiles do not seem sensitive to the precise
functional form assumed.
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Figure 4.9: Effectiveness of the M2M method at recovering the halo flattening, ¢, and
implications on the reconstructed DM density profile. Plot layout the same as for Fig. 4.6.
Computed for an array of models in which the flattening of the dark matter halo is varied.
As in Fig. 4.8 there are no clear minima in the y? profiles and the models predict a
quantitatively wrong value for the halo flattening. This is likely due to the large freedom
allowed by the a3~ profile when building a density profile. As before the dark matter
density predicted by the models seems insensitive to the value of halo flattening.
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4.7 Conclusion

We present a new method to infer the DM density profile in the barred bulge region of
the MW which can also easily be applied to external galaxies. The method, motivated by
simple arguments from the Virial Theorem and the Jean’s equations, is based on the simple
M (< r) < o2 relation that allows us to relate the interior mass to the velocity dispersion
at distance r.

We outline an implementation of this method and discuss the analytical DM density
profile we use in the iterative fitting. The method can be naturally incorporated into
made-to-measure modelling which we describe in detail. We present a series of test runs
of the DM reconstruction algorithm: i) fitting mock data generated with DM halo density
profiles ranging from cored to strongly cusped; and ii) testing the M2M method’s ability to
recover hyperparameters such as the bar pattern speed, €);,, and the mass-to-clump ratio,
Mo [nge while simultaneously optimising the ppy profile.

Our main conclusions are the following:

(i) The method is highly effective at recovering the ppy profile, for a variety of profile
shapes from strong cores to cusps and ultra-cusps (y > 1), in regions where DM is
highly sub-dominant to the baryonic matter. The accuracy of the method has been
demonstrated empirically with MW-like mock data, achieving a typical accuracy of
< 10% difference between the true DM density profile and the reconstruction at 1 kpc
with accuracy improving with increasing radius to < 3% difference at 10 kpc. These
values assume the €y, and Mo/ngo values are fixed to their correct values.

(ii)) The M2M method is effective at recovering the pattern speed, €2y, and the mass-to-
clump ratio, Mo/ngq, both to within ~ 3%, while simultaneously optimising the ppu
profile.

(iii) The M2M modelling, and the ppy; profile, are insensitive to significant changes in the
in-plane mass distribution leading to small systematic effects.

The algorithm, presented and tested here, will be used in Chapter 5 to constrain the
DM density in the bulge region of the MW. While we have presented and tested this
method in the context of the Milky Way’s bar+bulge+disk geometry, the approach likely
generalises to a wide variety of geometries and modelling techniques.
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Chapter 5

Dynamical Structure and Dark
Matter Distribution in the Milky
Way Bulge and Bar

This chapter presents the work of an ongoing project that will be prepared for publication

in due course.
Collaborators: Ortwin Gerhard, Shola Wylie, and Leigh Smith

Abstract

We construct a fiducial dynamical model of the Milky Way bar, bulge, and inner disk using
the made-to-measure method. These models are constrained to match density data from
VVV, UKIDSS, and 2MASS and kinematic data from VIRACv2, A2A, and APOGEE
DR17 + Gaia DR2. We apply a novel algorithm to accurately recover the dark matter
density profile in the inner Milky Way by iteratively tuning the model to best match the
kinematic dispersion data. We measure an inner dark matter density slope of v ~ 1.1
for the fiducial model. This is consistent with the cuspy v > 1 profiles expected from
cosmological simulations such as NIHAO and FIRE-2. We see more positive < gy« >
proper motions for APOGEE DR17 + Gaia DR2 stars compared to VIRACv2 stars on the
near side of the bar, possibly due to a bias of the APOGEE Dr17 sample towards in-plane
stars in the inner ring around the bar. We find evidence for a spiral-like overdensity sitting
in front of the barred/bulge and our fitted model shows a rich streaming structure, both
along the bar’s major axis in the direction of pattern rotation, and in the vertical direction
notably along the arms of the X-shaped boxy/peanut bulge. Finally we observe the model
for a few use cases in the recent literature thereby demonstrating the incredible resource
that these models represent for future studies of the structure and dynamics in the Milky
Way.
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5.1 Introduction

It is well established that the centre of the Milky Way (MW) is dominated by a central
barred bulge (Binney et al. 1991; Blitz & Spergel 1991; Nakada et al. 1991; Weiland et al.
1994; Zhao et al. 1994; Stanek et al. 1997). The inner region has an X-shaped boxy/peanut
(b/p) shape (McWilliam & Zoccali 2010; Nataf et al. 2010; Saito et al. 2011; Wegg & Ger-
hard 2013; Ness et al. 2015) which is similar to those seen in N-body simulations of the ver-
tically instability of stellar bars (Combes et al. 1990; Raha et al. 1991; Martinez-Valpuesta
et al. 2006) and in external galaxies (Liitticke et al. 2000; Bureau et al. 2006; Laurikainen
& Salo 2016). The outer region takes the form of a long planar bar (Hammersley et al.
1994) which Wegg et al. (2015) showed, using VVV! UKIDSS, GLIMPSE, and 2MASS
data, slowly transitions into the triaxial bulge with both components at the same angle
and consistent with a long stellar bar which has thickened in the inner region.

As the only Galaxy we can observe on a star by star basis a thorough understanding
of the MW as it is now is crucial for understanding the formation of the MW and, by
extension, the formation of similar barred galaxies. For example, it was only very recently
that a middle-age elongated inner ring was discovered looping around the long-bar (Wylie
et al. 2022). The pattern speed, €, of the Galactic bar is still under debate with consensus
between studies in the inner bulge (Sanders et al. 2019b; Bovy et al. 2019; Clarke & Gerhard
2022), those studying resonance features in the solar neighbourhood disk (Binney 2020;
Kawata et al. 2021; Chiba & Schonrich 2021), and gas dynamics (Sormani et al. 2015b;
Li et al. 2022a) only recently emerging. Other observations still to be fully understood
include: i) the kinematics in the X-shaped bulge (Gardner et al. 2014; Williams et al.
2021); ii) streaming motions along the bar (Vésquez et al. 2013; Clarke et al. 2019; Sanders
et al. 2019a); iii) the quadrupole pattern in proper motion correlations (Clarke et al. 2019);
and iv) kinematics of different stellar populations in the long bar (Bovy et al. 2019; Wegg
et al. 2019b; Wylie et al. 2021).

Baryons are not the only mass component in the inner MW. Mass models of the MW
find a significant contribution by dark matter (DM) at radii extending into the inner Galaxy
and bulge (McMillan 2017; Cautun et al. 2020). Previous dynamical modelling by Portail
et al. (2017a) fitted an Einasto profile (Einasto 1965) to the 6 < Rgclkpc] < 8.2 rotation
curve data of Sofue et al. (2009) and the total DM mass within 2 kpe, Mpy (r < 2 kpc),
which was optimised during the fitting by estimating the required mass in order to best
match the BRAVA dispersions. They found a cored density profile in the inner region. This
result is different from what one might expect from cosmological simulations. Simulations
following only DM have found a so called “universal profile” which DM halo follow on the
scales of dwarf galaxies through to galaxy clusters (Navarro et al. 1996b; Springel et al.
2005). When baryons are included two competing effects are observed. The condensation
of baryons into the centre of the DM halo can cause the halo to contract (Blumenthal
et al. 1986; Schaller et al. 2015; Dutton et al. 2016; Callingham et al. 2020), becoming
denser in the inner regions with v > 1 (using p o< r~7 notation) where a standard cusped

1Vista Variables in the Via Lactea (Minniti et al. 2010)
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density profile has an v ~ 1 profile. Alternatively baryonic processes have been shown to
gravitationally transfer energy to the inner dark matter halo, creating more cored profiles
in the inner regions, driven by mechanisms such as supernova feedback (Pedrosa et al.
2009; Pontzen & Governato 2012), stellar feedback (Schaller et al. 2015; Chan et al. 2015),
or AGN feedback (Duffy et al. 2010; Waterval et al. 2022).

The competing influence has been studied using cosmological hydrodynamical simu-
lations with empirical relationships between the ratio of stellar-to-halo mass against the
inner slope v determined from the MaGICC (Di Cintio et al. 2014b), NIHAO (Tollet et al.
2016), and FIRE-2 (Lazar et al. 2020) simulations. All three of these studies find, for a
MW type galaxy, an expected v > 1 density profile. This is in agreement with the mass
modelling of Cautun et al. (2020) whose fits slightly preferred a contracted halo but con-
tradicts the results of Portail et al. (2017a). It is therefore still an open question as to the
precise DM structure in the inner MW.

This work builds upon the previous dynamical modelling efforts of Portail et al. (2017a,
hereafter P17) who fit dynamical models to density data in the bulge (Wegg & Gerhard
2013) and bar region (Wegg et al. 2015) and kinematic LOS velocity data from the BRAVA
and ARGOS surveys using the made-to-measure (M2M) method. In this work we incor-
porate the VIRACv2 proper motions which provides proper motions through a large 3D
volume through the Galactic bulge region. In addition we update the ARGOS survey to
the recalibrated A2A survey and include LOS velocity data from APOGEE and proper
motions from APOGEE + Gaia DR2 data. A further update is a substantial improvement
on the algorithm used to reconstruct the DM density profile in the inner MW which was
developed and tested in the companion paper Chapter 4. The goal of this work is to use
the existing P17 models as initial conditions for the construction of a new generation of
equilibrium dynamical models of the bar/bulge region.

The paper is organised as follows: In § 5.2 we describe the five datasets to which we fit
our dynamical models and discuss the methods we use to accurately predict these datasets
from the models. We discuss the input models in § 5.3, discuss the two hyperparameters
we shall consider (adopting a grid search approach) in the final version of this chapter, and
summarise the global parameters we will keep constant for all models we consider. The
M2M method, and the algorithm for reconstructing the DM density profile, is summarised
in § 5.4 together with a discussion of the numerical framework in which we perform our
dynamical modelling. We compare the fit to the observational data by our fiducial model
in § 5.5 and discuss the results on the DM density profile in § 5.6. In § 5.7 we discuss the
baryonic structure and kinematics of the fitted model and present our conclusions in § 5.8.

This work will be developed further, considering a grid of models in the parameters
discussed in § 5.3. In the present version we present the analysis for a single fiducial model
we know, from preliminary tests, will be amongst those that fit the data best. The more
formal discussion of the relative merit of different models will be done in the future. In
this chapter, the quality of this model’s match to the data is demonstrated.
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5.2 The Data

5.2.1 3D Density of the Bulge

As in P17, their Section 5.3 we constrain the stellar density in the bulge region, (z, y, z) €
(£2.2, £1.4, +1.2) kpc, using the 3D density of RCG stars measured by Wegg & Gerhard
(2013). The map is incomplete at |z| < 150 pc due to large extinction and crowding effects.
As was done successfully in Portail et al. (2015a, 2017a) a vertical sech® profile is used to
interpolate the RCG density into the Galactic plane. We have tested the sensitivity to the
assumed extrapolation in Chapter 4 (§ 4.6.3) where we adjust the fiducial extrapolation
using,

p(z)—>p(z)-<1—|—f><e%;‘c>, (5.1)

where f is varied to add more or less mass to the plane. In Chapter 4 (Fig. 4.8), using

mock tests, find that the modelling is unable to accurately recover the precise in-plane mass

distribution but that the model, and the recovered DM density distribution, is insensitive

to this assumption. These data are integrated onto a smooth grid of (30 x 28 x 32) cells.
The selection function parameter for these data is given by,

AP () = o — (5.2)

= /nR,C’

which converts the stellar mass in a cell obtained from the model into the number of RC
stars we would expect.

A slight caveat to these data, which was not commented on by Portail et al. (2015a,
2017a), is that the assumptions made by Wegg & Gerhard (2013), that the bulge is es-
sentially an overdensity sitting atop a smooth disk background, create edge effects at the
boundary of the grid. Wegg & Gerhard (2013) fits the background exponential and de-
convolves the over-density with a RC and RGBB synth-LF. This computes the density
distribution of the overdensity only meaning it goes to zero near the grid boundary. Fur-
thermore, the density values are actually underestimates of the total (bulge overdensity +
smooth disk) density distribution as there are RC stars at all distance modulii from the
smooth disk that are removed during the RGBC exponential fitting. This effect is small
enough that we do not attempt to add the smooth disk contribution back in during the
fitting, such an approach would essentially un-constrain the baryonic mass distribution in
the bulge, which is necessary to derive the DM distribution. However, because the data
contains spurious boundary effects, it does result in a slight over-fitting effect which then
causes the model to degrade slightly during the phase-mixing stage.

This caveat highlights the necessity of a fresh analysis of the VVV bulge data, possibly
using a hybrid approach of Wegg & Gerhard (2013) and Sanders et al. (2019a), to constrain
not only the bulge overdensity but the entire bulge RCG density distribution. Such a
reanalysis is far beyond the scope of this modelling paper and will require a dedicated
analysis.
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5.2.2 Magnitude Distribution of the Bulge and Bar

Extending density constraints to the long bar region we use constraints derived from the
combined VVV? UKIDSS?, and 2MASS? surveys by Wegg et al. (2015). These constraints
are presented as histograms in distance modulus, ug., assuming all stars are RC giants,

KK, = K, — AKS - MKS,RCa (5-3)

where A, is the extinction in the K band for that star.
These data are described in detail in Portail et al. (2017a, Section 5.2) however we
summarise the main analysis points below:

(i) The data span the range |I| < 40°, |b] < 9° with each histogram exhibiting an
exponential distribution of RGBC stars on top of which sits an overdensity due to
the bulge or bar (depending on the (I, b) coordinates of the LOS).

(ii) The main constraining power of this data is contained in the overdensity caused by
the bulge/bar density distribution. To this end any LOS in which the RC overdensity
is not detected at > 30, or in which the RGBC exponential is too shallow (indicating
incompleteness), are discarded by fitting an exponential + Gaussian to each LOS.

The selection function parameter, see Chapter 4 (see Eqn. (4.27)), is given by,

. 1
A;”'mt (2a) = 77— X / Proes (1 — Ha) dpt, (5.4)
N(Jﬁ)

M®/ nRC

where Mo/npq is the mass-to-clump ratio and Pregp is the synth-LF of a RC&B population
expressed in distance modulus (see Wegg et al. 2015, Eqn. 17). The integral covers the
distance modulus extent of the th bin.

The Different Stellar Populations of the Thin and Superthin Bars

As in P17 we consider different stellar populations for the thin and superthin bars. For
all fields ®rcep is constructed from the PARSEC isochrones assuming a 10 Gyr old pop-
ulation, a Kroupa IMF, and the Baade’s window metallicity distribution as measured by
Zoccali et al. (2000a). For [b| > 1.35° the Mo/nge is an optimisable parameter that will
be varied between different models. For |b| < 1.35° we are considering the superthin com-
ponent. A detailed model of this component is beyond the scope of this work however
we require a reasonable representation in order to correctly model the overall baryonic
mass distribution. As suggested by the small scaleheight, ~ 45 pc, the superthin bar is
likely formed of younger stars and we set (Mo/nnc )y orinin = 600 (P17) which is not varied
between different models. For |b| < 1.35° fields we model the two bars as a superposition
with relative density weighting computed using the parametric models provided by W15.

2Vista Variables in the Via Lactea (Minniti et al. 2010; Saito et al. 2012)
SUKIRT Infrared Deep Sky Survey (Lawrence et al. 2007; Lucas et al. 2008)
42 Micron All Sky Survey (Skrutskie et al. 2006)
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Accounting for the RGBC Stars

Eqn. (5.4) returns the number of RC&B stars of the bulge and inner disk along any given
LOS. However the data contains the total histogram, including the RGBC stars, meaning
we must add in a contribution from the RGBC to match the data. As in Portail et al.
(2017a) this is done by fitting an exponential function, f (ux,) = Aexp{B - k. }, to the
difference between the model observable, y;-liSt, and the full data histogram, Y}hiSt. We then

include this exponential background, y"s* — y;liSt + f; (pk,), when computing the data-

model x value. We update the RGBC ]ﬁtting procedure relative to Portail et al. (2017a);
we use a simple linear regression algorithm that optimises a single RGBC exponential
slope for each latitude slice but allows for individual normalisation. This prevents the
RGBC fitting from overfitting the discrepancy between the RC&Bs distribution and the
observed total pg, histogram which significantly reduces the constraining power of these
data. Note that, as we allow the normalisation of the RGBC fit to vary, these data do not
constrain the total mass of the MW bar. The total mass is however constrained by the
RCG density measurements which significantly overlaps with these data and as all stars in
the bar region must pass through the RCG density fitting volume this prevents the mass

distribution becoming unphysical.

Contamination from Spiral Structure

As mentioned in Chapter 4 (§ 4.3.5), we find that the tuning parameters (the Ax pa-
rameters that control the normalisation for how strongly the M2M algorithm fits a given
dataset X)) adopted by Portail et al. (2017a) were sub-optimal in that they did not fit the
RCHistograms data as much as they should have. Considering an appropriate value we
find a significant destabilisation effect, see § 5.7.1, which manifests as large non-equilibrium
structures appearing in front of the bar/bulge. Given the findings of Paterson et al. (2020)
we suggest these structures are spiral arm overdensities trailing the bar. Naturally, as a
equilibrium modelling technique, the M2M method is not suitable for including spiral arms;
particles are up-weighted when they enter the arm volume and then down-weighted when
they leave which causes a constant churning effect in the particle weights. Our solution
is to significantly reduce Archistograms t0 decrease the rate at which the particle weights
are adjusted. The result of this is an equilibrium approximation to the bar/bulge + spiral
arm density distribution however it means the models can only reproduce the trends in this
data and not the precise form. For this reason the formal x?/n is very large for this dataset
and there is also an overfitting aspect which is seen when the model degrades during the
phase-mixing stage.

5.2.3 Proper Motions from VIRACv2

VIRACv2 is a proper motion survey based on PSF-photometry from the VVV and VVVX
surveys and was kindly provided by Dr. Leigh Smith (to be published in Smith et al. in
preparation). The description in this section was written by Jonathan Clarke.
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The VVV (Minniti et al. 2010) survey is a near-infrared (IR) photometric survey that
has observed the MW bulge region, —10° < [ < 10°, —10° < b < 5°, and the disk at
[ < 0°. The VVV survey was observed using the VISTA Infrared Camera (VIRCAM)
(Sutherland et al. 2015) which has a viewing angle of 0.6deg” per pointing with each
pointing referred to as a pawprint. Each VVV tile consists of six pawprints with a total
coverage of roughly 1.4° by 1.1° and substantial overlap between pawprints. The bulge
observations are comprised of 196 tiles. VIRACv2® is an improvement on VIRACv1 using
point-spread-function photometry from the VVV and VVVx surveys. This data is anchored
to the Gaia DR2 absolute reference frame using a matching algorithm that accounts for
reference frame distortion as described in Sanders et al. (2019a) and Smith et al. in
Preparation. The errors in this survey represent a significantly improvement on VIRACv1
that was used in Clarke et al. (2019); Clarke & Gerhard (2022) with proper motion errors
as small as ~ 0.2 masyr~! in the best regions.

Processing and Cleaning the VIRACv2 Data

Coordinate Transformation

The VIRACv2 proper motions are given in RA and DEC coordinates and we transform to
Galactic coordinates using the ASTROPY package’s ASTROPY.COORDINATES.SKYCOORD
functionality. The uncertainties in proper motion, including the covariance between the
two proper motions, are transformed using the GALPY® module (Bovy 2015).

Extinction Correction

The Galactic bulge region, especially near the Galactic plane, is heavily obscured by dust
which significantly reduces the apparent magnitudes of the stars located there. By ob-
serving in the IR, VVV can penetrate the obscuring dust and observe stars at far fainter
magnitudes than optical counterparts such as Gaia can achieve. Maps of the colour excess,

E(J_KS)Z<J_KS)_(J_KS)O (55)
= Ay — Ag,, '
the difference between a star’s intrinsic colour (denoted by o for both colour and magni-
tudes) and the observed colour, derived by Surot et al. (2020) are shown in Fig. 5.1. This
map has variable resolution to balance the benefits of high resolution near the plane, where
the extinction can vary rapidly, against the lower number statistics at higher latitudes. The
K, band extinction, A, = K; — Ky, is easily related to the colour-excess applying the
transformation A; = 3.02Ak, (Nishiyama et al. 2009) and we use this to extinction correct
all observed apparent magnitudes.
This correction assumes the dust is all located in a foreground screen. This is a good
assumption at high latitude where the low scaleheight of the dust means only foreground

®The VVV Infrared Astrometric Catalogue (Smith et al. 2018) (Smith et al. 2022 In Preparation)
Sgalpy.util.coords.cov_pmrapmdec_to_pmllpmbb


https://docs.galpy.org/en/v1.7.1/reference/coordscovpmrapmdectopmllpmbb.html

172 5. Dynamics and Dark Matter in the Milky Way Bulge

ot

0.200

0.175

0.125

0.100

OB(J-K.)

0.075

0.050

0.025

0.000

0.0
! [deg]

Figure 5.1: (J-K) colour-excess (top) and corresponding error (bottom) maps of the
Galactic bulge region from Surot et al. (2020). Horizontal white lines demarcate £1°
from the Galactic plane within which we cannot accurately model the RGBC component
and extract RC kinematics as extinction and crowding reduce the completeness of the

VIRACv2.
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dust intersects the LOS. However at lower latitudes the dust is distributed in a complex
distribution along the LOS and the assumption of a foreground screen is no longer valid.
This effect is clearly visible in the lower panel of Fig. 5.1 which shows the uncertainty in
the colour-excess; the most extreme differential extinction is clearly located within |b] < 1°
aside from a few small isolated patches. In this work we only consider data at |b] > 1° to
avoid the convolution with the uncertainty in the extinction correction which would require
explicit modelling.

Red Giant Branch Colour Selection

The VVV survey samples all stellar populations along a LOS that fall into the magnitude
limits of the survey. As such the stars along a LOS can be split into two rough categories;
the foreground (FG) main sequence stars that reside in the disk near the sun and the red
giant branch (RGB) stars that reside in the bulge region.

As we wish to study the bulge we remove the foreground to prevent their kinematics
contaminating the bulge kinematics. This is done by considering the (J-Kj) colour dis-
tribution of stars in a pixel. We do not use extinction corrected colours at this stage as
extinction will naturally increase the separation between the redder RGB stars and the
bluer foreground.

We perform the colour selection in J — K space. The process that is used is outlined
in Fig. 5.2 for four example fields. In the top row we show the colour-magnitude diagrams
for these fields. The two horizontal lines show the region in Ky, space we are considering;
11.0 < K4 [mag] < 14.5. Two sequences are visible in all fields; at smaller (J — K) we
have the Foreground component that we aim to remove and at larger (J — Kj) one sees the
redder RGB stars. These histograms are generalised histograms in which we have used the
errors on the magnitude and the colour to treat each individual star as a two-dimensional
gaussian in colour-magnitude space.

From the error on colour excess, dg(j—k,), We can quantify the error on K, band
magnitude obtained by applying the extinction correction; 64, = dp(s—k,)/2.02. Adding
this in quadrature with the measurement uncertainty of the K band magnitude gives the
overall uncertainty on the Ky, magnitude. The error on the colour is calculated as,

O(J-K.) = \/5125(J—K5) + 5?] + 5%@ (5.6)

The middle row shows the generalised histograms (black solid lines) constructed by
marginalising over the magnitude dimension in the 11.0 < K, [mag] < 14.5 range. It
is to this distribution that we aim to fit a Gaussian Mixture Model (GMM) in order to
assign a RGB weighting. We then re-sample the generalised histograms so that we have
discrete points which can be used to fit a GMM. These re-samplings are shown by the cyan
histograms. We then fit GMMs considering increasing number of component Gaussians
until the Bayesian Information Criterion (BIC) no longer improves and we take the optimal
fit (in terms of fit quality against complexity) as our Gaussian Mixture.

Considering the generalised histogram we locate an estimate of the valley located be-
tween the Foreground and RGB peaks (shown by the blue line) and use this to estimate
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Figure 5.2: Here we illustrate the colour weighting method used to subtract the foreground
stars from the VIRACv2 sample using four representative fields. Top row: Colour magni-
tude distributions showing the split sequences at Ky < 14.5 mag. The horizonatal lines
show the stars used to compute the 1D gaussian mixture. The RC is clearly visible as a
small overdensity at (J — K;) > 0.5 mag and the Foreground is visible as an additional
ridge stretching to bright Ky in the bluer portion of the diagram at (J — K;) < 0.5 mag.
Middle row: Colour histograms to which we fit 1D gaussian mixture models before as-
signing gaussians to either the FG (blue curve) or RGB (red curve). Bottom row: The
colour-magntiude diagrams as in the top row where we have now plotted the contours for
the FG (blue) and RGB (red) components separately. It is clear that this approach is
highly effective at removing the FG component.
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the transition from Foreground to RGB. All Gaussians redder than this transition point
are assigned to the RGB while all Gaussians bluer are assigned to the Foreground. We
then compute the weight of each star in the VIRACv2 data according to the Foreground
Gaussians, W5, and the RGB Gaussians, Wi5. The probability of a star being a RGB
star is then given by,

Wean
Wee + Wias'
and the results of the weighting process are shown in the bottom row of Fig. 5.2. In red
we show contours where we weight stars according to the likelihood of being a RGB star
and in blue we show the weighting of stars as Foreground stars. As can be seen in the
plots the method correctly locates the RGB space in the diagram for LOS both near and
further away from the Galactic plane.

This method provides superior differentiation compared to taking a single transition
point as the transition varies from low to high latitudes. This version is a simplification on
the two-dimensional GMMs used in C19 as locating the transition point in one-dimension
is a far simpler task and the 2D colour-colour space, especially near the plane, has a large
amount of structure requiring many (often > 10) Gaussians to obtain a reasonable match
whereas in 1D we consider a maximum of 8 and find that to be sufficient regardless of (I, b)
position.

Wien = (5.7)

Red Clump and Bump Kinematic Analysis

In this section we discuss the methods used to extract the kinematics of the red clump and
bump (RC&B) stars to obtain magnitude (and hence pseudo-distance) resolved kinematics
within the bulge region.

We only consider stars with an extinction corrected magnitude in the range 11.0 <
Ky [mag] < 15.0 range to avoid incompleteness issues at fainter magnitudes while also
always considering the entirety of the RC&B.

Fitting for the RGBC exponential
We will use the distance resolved RC&B kinematics when constructing the models. We
therefore fit the RGBC exponential upon which the RC&B appears as an excess. We
construct the obs-LF in each tile by binning stars in the range 11.0 < K mag] < 15.0
and considering bins of width AK,y = 0.05 mag. We consider two components; the RGBC
exponential and an approximation to the bulge excess density above a smooth background.
Note that the obs-LF's, and all subsequent analyses, utilise the Wragp factors derived earlier
to exclude the foreground component.

We fit an exponential of the form,

f(Ky) =exp {A+ B(Kyq—13.0) + C (K — 13.0)*}, (5.8)

with priors B ~ N (0.68, 0.1 x 0.68) (Sanders et al. 2019a) and C' ~ A (0.0, 0.01).
The approximate excess density due to the bulge is estimated by convolving the C19
luminosity function with a gaussian whose width is determined during the fit. We consider
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the three components, red clump (RC), red giant branch bump (RGBB), and asymptotic
giant branch bump (AGBB) however we do neglect the skewness of the RC component for
this approximate fit. We assume the broadening is the same for all three components and
set the intrinsic widths to orc = 0.18, orgeg = 0.10, and oageg = 0.20. We allow the sep-
aration between components to vary slightly subject to the priors, ARSEB ~ A(0.62, 0.01)
and ARSBE ~ A(—1.30, 0.01). The fractional contribution of the components is also al-
lowed to vary slightly, frc ~ N (0.77, 0.01) and fraes ~ N (0.18, 0.01), while insisting
that the three components fractional contributions sum to 1.

Finally there are some fields that have multiple density peaks above a smooth back-
ground along the LOS. Clear examples of this occur at higher latitudes, b ~ 6°, along the
minor axis where a LOS intersects both lobes of the bulge X-shape. The second example
occurs at +/ near the plane where there is a clear contribution from the spiral arm on the
distant side of the bulge. To accommodate this we allow for two excess density structures,
each approximated by a N ® ®cp9, with the second one suppressed when not necessary.
Indeed we find that near the Galactic plane fitting just the RGBC in “reasonable” regions
can extract significantly quantitatively incorrect measurements of the RGBC as the dis-
tant spiral, which exhibits a relatively broad density distribution, causes deviations that
significantly alters the fitted exponential if not accounted for.

The fit is performed using the ZEUS Ensemble Slice MCMC Sampler (Karamanis Minas
& Beutler Florian 2021; Karamanis et al. 2021) which provides not only an estimate of the
number of RGBC stars at each magntiude interval but also the error on the number.

Extracting RC&B kinematics
We use a Monte Carlo sampling approach to extract RC&B kinematics from the VIRACv2
data. We do multiple re-samplings of the data, as was done in C19, albeit with a few
upgrades to increase the accuracy of the derived kinematics.

We now consider a “high-quality” sub-sample of the data defined by the following
criteria:

1. We cut stars with proper motion errors, in either direction, > 0.8 masyr—! to ensure
we are using high quality kinematic data. Within a given magnitude interval, there
is no reason for proper motion error to correlate with proper motion itself and as
such this cut does not bias our results.

2. We sigma-clip to remove outliers using a 3o-from-median clipping criteria, clipping
for a maximum of 4 iterations or until the fractional change in standard deviation is
< 0.03.

We additionally use inverse variance weighting to penalise those stars with larger errors in
their proper motions.

As in C19 we wish to sample the RC&B velocity distribution which can be obtained by
considering the region bounded between the RC&B+RGBC distribution and the RGBC
distribution. The RC&B+RGBC distribution is simply the distribution of all RGB stars in
that magnitude interval. The RGBC can be approximated, as in C19, by the distribution
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at faint magnitudes (where there is no bulge RC&B contamination) scaled appropriately.
By taking multiple re-samplings of the RC&B we can extract a median value and an
appropriate error on the kinematic measurements.

There are, however, a number of caveats with this approach used in C19 (and considered
in the Clarke & Gerhard (2022) error analysis) that can be improved upon:

1. The individual errors on the proper motions produce a velocity distribution that is
itself complex convolution of the true velocity distribution. This effect was dealt
with using a median error approximation in Clarke & Gerhard (2022). This applies
to both the total velocity distribution in the magnitude interval of interest but also
the background RGBC.

2. Differential broadening, the effect whereby the median proper motion error increases
with apparent magntiude, means that the RGBC velocity distribution is broadened to
a greater extent than the brighter RC&B+RGBC velocity distribution. In Clarke &
Gerhard (2022) this effect was approximated using a selection of LOS and simulating
the effect using a representative M2M model.

3. The velocity distributions themselves are subject to Poisson noise which becomes
more significant when considering the velocity distribution in a narrow magnitude
interval. Other than the requirement that the RC&B constitutes > 30% of the total
stars in a magnitude interval this effect has not been considered in our previous work.

In the following paragraphs we outline the methods we adopt to counter the effects listed
above.

Accounting for Heteroskedastic Errors & Differential Broadening
The C19 RC&B kinematic measurements were impacted by the effects of individual mea-
surement errors broadening proper motion distributions at a given magnitude and thus
artificially increasing the measured dispersion (see also Clarke & Gerhard 2022). Addition-
ally, as we subtract the RGBC velocity distribution, measured at faint magnitudes, from
the RGBC+RC&B distributions at brighter magnitudes the larger broadening at fainter
magnitudes induces an additional uncertainty in our RC&B kinematic measurements.
Here we use a novel approach to remove both of these effects at the measurement
phase while simultaneously accounting for the increase in error required by accounting for
these effects. The premise is simple; the issues are caused by the heteroskedastic nature
of the error distribution. At each magnitude the errors form a distribution and at fainter
magnitudes the distribution shifts to larger errors while retaining roughly the same shape
as at brighter magnitudes. To combat this we compute a convolution factor, (;, required
to bring each individual star’s error, ¢;, in the sample up to a uniform overall uncertainty,
©, which we set = 1.0 masyr~!. The convolution factor is given by,

77
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and allows us to approximately remove the error distribution.

When we construct any velocity distribution we use a Gaussian-KDE routine. We
scatter the proper motion measurement about its reported value by drawing from A (0, ¢;)
which artificially increases the error on each star to ©. As stars with a large ¢; will have
small ¢; values we also weight each star by 1/e? to suppress those stars with low precison
proper motions.

When constructing the velocity distributions, using a Gaussian-KDE routine, we set
the bandwidth for both the faint RGBC distribution and the RC&B+RGBC distribution
to the same constant value, fxpg. This ensures the KDE does not include any differential
broadening effects between the two distributions based on the number of stars in each.
Following the measurements of < 2% > and 0, = v/< 22 > — < 2 >2 the broadening due
to the KDE, and the measurement errors, can be easily subtracted;

<2?> = <2’ >— (0" +6ipg) (5.10)
Op — \/0,,32 — (©2 4+ 6%pk) (5.11)

This is an acceptable approximation as, even in the case where the distributions are non-
gaussian, by taking the dispersion and squared-mean moments, we are essentially assuming
a gaussian function. This approach naturally removes the effect of non-uniform errors and
differential broadening and by shifting the stars’ velocities individually for each re-sampling
we include the contribution of non-uniform errors and differential broadening to the total
error.

Re-sampling the RGBC

Here we consider how best to treat the RGBC distribution which is measured at faint
magnitudes and then subtracted at brighter magnitudes. One choice would be to measure
the RGBC distribution at faint magnitudes, with a lot of stars, and then treat this as
a probability distribution at brighter magnitudes, where there are fewer stars (and thus
a noisier RGBC distribution). This then requires a proper statistical treatment as to
whether each sampled star comes from the RGBC or the overall distribution. An alternative
approach is to re-sample the faint RGBC velocity distribution with the correct number of
stars and by doing this multiple times one correctly accounts for the inherent noise in the
RGBC distribution.

This approach is superior in that, were there a non-finite probability for a distribution
(symmetric about 0) to be measured with only positive values occurring, this method ac-
counts for this possibility. In our case the fact that this is incredibly unlikely does not
detract from the fact that it should be allowed to happen if it can. As such by re-sampling
in this way we can correctly incorporate the uncertainty in the less well resolved RGBC ve-
locity distribution at a bright magnitude compared to the better resolved reference velocity
distribution.

Accounting for Poisson Errors & Discrete Sampling of the RGBC
In each magntiude interval the number of stars that are actually observed can be modelled



5.2 The Data 179

as a Poisson process. To accommodate this random aspect we randomly shift the number
of RC&B+RGBC stars according to the number of stars in the magnitude interval; the
poisson error is given by v/N,. The number of RGBC stars is also a Poisson process. We
have an estimate of Nrgpc and Oy and we therefore consider two shifts; firstly we shift
according to Oy from the MCMC fit and secondly we add an additional shift according
to the Poisson error. In this way, considering all re-sampling of the velocity distribution,
we consider the statistical range of possibilities for how the velocity distributions might
look were it to be resolved to infinite precision. We therefore extract a suitable error
incorporating these effects.

Predicting VIRACv2 in the M2M Models

VIRACvV2 is predicted from the models as it was in C19. We use a slight variation on
the C19 synth-LF. The original synth-LF was constructed using the Kroupa IMF (Kroupa
2001) as was measured in the bulge by Wegg et al. (2017), the Zoccali et al. (2008) metal-
licity distribution in Baade’s window, and PARSEC+COLIBRI isochrones (Bressan et al.
2012; Marigo et al. 2017) assuming a stellar age of 10 Gyr (Clarkson et al. 2008; Surot
et al. 2019a,b). We vary the synth-LF by shifting the mean magnitudes of the RC and
RGBB, as well as altering the separation between RC and RGBB, in order to optimise
the fit quality for a fiducial model. This process results in very minor adjustments to the
original synth-LF while noticeably improving the fit quality.
The selection function parameter for these data is,

A (o) — [ Wy (K~ pa) Ko (5.12)
Ko (jKSO)

where the shifted C19 synth-LF is denoted by Vg, and we integrate over the magnitude
range the magnitude range of the ji bin.

5.2.4 Line-Of-Sight Velocities from the A2A Survey

The A2A data, and evaluation of the A2A survey selection function, was provided by
Shola Wylie (see her upcoming Ph.D. thesis). The description in this section was written
by Jonathan Clarke.

We update the ARGOS” data that was used in P17 to the recently recalibrated and
released A2A® data (Wylie et al. 2021) that were provided by Shola Wylie. While the radial
velocity measurements between ARGOS and A2A remain unchanged the stellar parameters
surface temperature and surface gravity are re-calibrated to the APOGEE? survey using
The Cannon (Ness et al. 2015). As discussed in § 5.2.4 this minorly impacts the derived
absolute magnitudes of the stars which in turn affects their derived distance modulus.

" Abundances and Radial Velocity Galactic Origins Survey (Freeman et al. 2013; Ness et al. 2013)
8 Argos 2 Apogee (Wylie et al. 2021)
9 Apache Point Observatory Galactic Evolution Experiment (Majewski et al. 2016)
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In this section we shall briefly summarise the ARGOS/A2A data and the selection
function following Wylie et al. (2021) which we incorporate into the modelling. The spatial
extent of the A2A survey is =~ (|I| < 20°, 5 < |b|[deg] < 10) (Wylie et al. 2021, see their
Fig. 1).

The ARGOS/A2A Selection Function

The ARGOS stars were originally selected from the 2MASS catalogue following the pro-
cedure outlined in Freeman et al. (2013). The A2A catalogue represents a sub-sample of
ARGOS with additional constraints imposed; further restrictions are required in order to
apply the data-driven label transfer method for re-calibration.

Selecting A2A from ARGOS

The Cannon requires a sample of stars, observed by both the survey to be calibrated and
the survey to be calibrated to, in order to train the method. Wylie et al. (2021) found
a sample of ~ 200 stars common to both ARGOS and APOGEE which occupy a certain
region of abundance space. ARGOS stars outside this region will not be well re-calibrated
by the model as the model has not been trained in that region of abundance space. The
re-calibrated stars occupy a region in ARGOS abundance space defined by,

4195 < Tog [K] < 5444
1.393 < logy, (9) [dex] < 3.376

1.4 < [Fe/H] [dex] < 0.18
—0.062 < [a/Fe] [dex] < 0.569,

however these do not conform to a well defined region in A2A abundance space (see e.g.
Wylie et al. 2021, Fig. 7). Wylie et al. (2021) converts these selection criteria into A2A
abundance space by approximating the above limits by the simple colour cut,

0.45 < (J — K), [mag] < 0.86, (5.13)

which allowed them to simply express the selection of A2A from ARGOS. In total, consid-
ering additional photometric and modelling quality flags, A2A is 91% complete compared
to the Eqn. (5.13) limited ARGOS sample (Wylie et al. 2021).

Selecting ARGOS from (High-Quality) 2MASS

ARGOS itself was selected from a high-quality sub-sample of the 2MASS catalogue. The
high-quality 2MASS sub-sample (Freeman et al. 2013) was defined by limits on magnitude,
11.5 < K,mag] < 14.0, colour, (J — K;), > 0.38 mag, and required stars to have good
quality photometry. The ARGOS stars were then sampled by first estimating an I, band
magnitude for each star using (Freeman et al. 2013),

Ip=K,+2095(J — K,)+0421-E(B—V), (5.14)
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and then randomly sampling ~ 1000 stars for each LOS. The stars were sampled such that
~ 1/3 were randomly selected in each of three I-band magnitude bins, I € 13 — 14, 14 —
15, and, 15 — 16 mag. This selection covers a large distance range of D ~ 4.5 to ~ 13 kpc.

Incompleteness of 2MASS relative to VVV

Finally the 2MASS catalogue is incomplete in crowded fields which mainly affects the
three fields at (I, b) = (0°, —5°) and (£5°, —5°) where 2MASS is less than 50% complete
at Ky = 14.0 mag.

Computing the A2A Selection Function

In our modelling we follow the approach of Portail et al. (2017a) in applying the A2A se-
lection function. The I-band sampling, and the additional colour-cut to transform ARGOS
to A2A, are incorporated by re-weighting each A2A star using,

NHQ-2MASS
(1,b, Io)
Wb, Io) = ~A7A2A 0 (5.15)
' N(ALQIJ/}IO)
where N(Il{ %}SWASS is the number of stars, for a given LOS and [; interval, in the high-

quality 2MASS sample. N(Az,?fo) is the corresponding number of A2A stars and w,y, 1,) is
the weighting factor for that (I, b, Iy) bin. This process is illustrated in Wylie et al. (2021,
Fig. 9). Note that this re-weighting is applied to the data before computing the A2A
kinematics.

The process of correcting for incompleteness of 2MASS relative to VVV, and for the
2MASS to high-quality 2MASS (HQ-2MASS) cuts, are incorporated by means of a com-
pleteness factor, C;, (Ky0), which gives the fraction of stars in the completeness corrected
2MASS sample that are also present in the high-quality 2MASS sub-sample. We first com-
pute the incompleteness of 2MASS by comparison of respective K, magnitude distributions
to the deeper VV'V survey which was completeness corrected by Wegg & Gerhard (2013).
This provides each 2MASS star with a completeness factor, ey rgg (K), which re-weights
2MASS such that it is completeness corrected to VVV. We refer to this completeness
corrected 2MASS as CC-2MASS.

We then determine an individual extinction correction, Ay, for each star using the
Rayleigh-Jeans colour excess method (Majewski et al. 2011),

Ag
Ap — — 8
T E(-K,)

where we take the colour of RCGs to be (J — K;)goq = 0.674 (Gonzalez et al. 2012) and
the extinction law constant Axs/eE(/-k,) = 0.528 (Nishiyama et al. 2006). The HQ-2MASS
over CC-2MASS completeness factor, C;, s (Ky0), is then computed by taking the ratio of
extinction corrected HQ-2MASS to extinction corrected CC-2MASS,

NHQ-2MASS

(1,0, Ks0)
Clros (Ks0) = Nccf—m\(/)[Ass (5.17)

(l7 b: KSO)

[(J = K) = (J = Kopeal s (5.16)
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which says how likely a CC-2MASS star of given apparent magnitude is to be observed
by the HQ-2MASS survey. This correction factor is computed for all LOS and we apply
CjLos (Ks0) in the modelling to modulate the weight at which a given particle can contribute
to an apparent magnitude interval, as discussed in § 5.2.4.

The selection process of A2A from HQ-2MASS is inverted and applied to the data as
discussed above and in Portail et al. (2017a); Wylie et al. (2021).

Computing Distance Resolved Kinematics; Leveraging the RC

To extract the full constraining power of these data we compute kinematics as a func-
tion of distance. We compute spectroscopic absolute magnitudes, Mk, for each A2A
star by interpolating their log,, (¢), Tu, and [Fe/H] parameters onto a grid of theoretical
isochrones. For RGB and RC stars, Teg and [Fe/H] have a very minor impact on the in-
terpolated M, value with the majority of the signal coming from log,, (¢). The log;, (g),
Mk, is approximately linear over the range 0.0 < log,, (¢) [dex]| < 4.5 with,

dMk.,

= 2.33, 5.18
dlogy (9) ( )

which for an average log, (¢) error of 0.18 dex gives 5MK30 ~ (.42 mag.
Following P17 we assume that all A2A stars are RC stars and estimate the distance
modulii as,

iy = Kso = Mo, ros (5.19)

where we adopt Mk, re = —1.694 for consistency with Wegg & Gerhard (2013) shifted
from Ry = 8.3 kpc to Ry = 8.2 kpc (Clarke & Gerhard 2022). This assumption will work
for actual RC stars but can be wrong by several magnitudes for much brighter/fainter

stars. To mitigate this effect we weight each star by probability of being a RC star (e.g.
Wylie et al. 2021),

1 1 (Mg, — Mg, re)’
wre (Mp )= ———expld —= <0 , 5.20
RC ( Kso) 5MK30 m P { 2 5MKSO2 ( )

which effectively removes all non-RC stars.

Kinematics are computed by binning in ug,, space using bins of width 0.25 mag and
compute the mean velocity and velocity dispersion in each bin weighting by w s 1,) -
wre (Mk,,). Errors in the kinematics are computed by bootstrap re-sampling. We no
longer consider the number of RC stars as we find that the distribution of My, varies
strongly between comparable fields, suggesting the sampling is not perfectly random. This
caveat does not affect the mean velocities and velocity dispersions.

Predicting A2A from the Model

To predict the A2A data from the model particles we first transform each particle into a
stellar population. We use the PARSEC isochrones for a 10 Gyr old population, a Kroupa
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IMF, and the overall metallicity distribution of the entire A2A sample to derive a synth-LF
suitable for the A2A data, ® (M,,). For internal consistency between datasets we shift
the RC peak such that it sits at My , = —1.694 mag.

Measurement errors in the absolute magnitude distributes the A2A stars along the
LOS with an average magnitude error of 10 = 0.42 mag. The assumption that all stars are
RC stars with a single absolute magnitude adds an additional contribution to this error
due to the intrinsic width of the RC (e.g. Alves 2000, Mk, rc = —1.61 & 0.22) which
gives a total error of m ~ 10422 +0.222 ~ 0.5 mag. We reproduce this effect by
convolving ® with N (0.0, 0.5 mag) which spreads the synth-LF out in absolute magnitude;
® — &® = d ® N (0.0,0.5 mag).

We account for the RC selection by re-weighting each star in the synth-LF according
to its probability of being a RC star, wrc,Lr (Mk,,) = N (—1.694,0.5), which removes the
majority of non-RC stars; ®® — ®f, = &* x N (—1.694,0.5).

The final thing we must do, as was done in Portail et al. (2017a), is to incorporate
the assumption that all stars have the same RC absolute magnitude into the modelling.!°
Consider a single star, denoted ,, drawn from a particle with the particle denoted . The
particle in question lies within the j®® LOS at the moment of observation. This particle
has a true distance modulus, ji,, and the star a true absolute magnitude, Mg, o ». The
apparent magnitude of this star is then given by mg, o« = Mk, a,«+ fta. However, during
the data analysis we calculated the distance modulii of all A2A stars assuming a single
absolute magnitude Mg , rc = —1.694 mag. Under this system a star with Mg, o . #
M, re Will be assigned an incorrect distance modulus, p1y. These values are related as
they must correspond to consistent apparent magnitude values thus,

Hr + MKso,RC = o + MKS,Oz,*- (521)

We now define P; . (11f) as the distribution of “measured” (and therefore biased by the

Mg, re = —1.694 mag assumption) distance modulii along the jiq LOS which is given
by,

Pjros (b) = Pre (s + Miyy, me — Ha) X Cjiog (1 + Miyo, rC) 5 (5.22)

which builds in this counter-intuitive approach.
The selection function parameter for the A2A data is then given by,

AR i (20)) = [  Puos () (5.23)
2w

where we integrate over the j:th distance modulus interval along the ji ¢ TOS.

10The distance modulus biasing effect is that, were a population of RC stars with the same distance
modulus observed they would show a distribution in absolute magnitude. If one now assumes they all have
the same absolute magnitude and keeps the measured apparent magnitudes, one obtains a distribution of
distance modulus.
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5.2.5 Kinematics from the APOGEE+ Gaia Surveys

Please note that the evaluation of the APOGEE survey selection function and the APOGEE
+ Gaia kinematic data was provided by Shola Wylie (see her upcoming Ph.D. thesis). The
description in this section was written by Jonathan Clarke.

The final dataset we consider is APOGEE! DR17 (Majewski et al. 2016) cross matched
to Gaia DR2 (Gaia Collaboration et al. 2018a) as described in Wylie 2022 (PhD thesis).
Distances for these stars are taken from the AstroNN catalogue Leung & Bovy (2019) and
= and py, proper motions from the cross match to Gaia DR2.

In this section we describe the methodology by which we implement the APOGEE
selection function and apply it to the model (§ 5.2.5) followed by the computation of the
APOGEE kinematic constraints which will be fit (§ 5.2.5).

The APOGEE Selection Function

APOGEE observes stars in cohorts which are group of stars always observed together
during the same visits. These cohorts are constructed by randomly sampling from a high-
quality 2MASS (HQ-2MASS) sub-sample which has the colour and magnitude limits of
the cohort. The data use here is the APOGEE main sample which are randomly selected
as opposed to targets selected with a specific science purpose. Additional quality cuts on
APOGEE are applied such as requiring a signal-to-noise ratio > 60, AstroNN distance
errors < 20%, and not having the STAR_BAD flag set. For consistency with A2A we addi-
tionally remove stars with [Fe/H] < —1 where metallicity comes from ASPCAP!? (Garcia
Pérez et al. 2016; Holtzman et al. 2018; Jonsson et al. 2020) HQ-2MASS is selected from
2MASS applying various quality flags to limit the sample to high-quality photometry and
limit the effect of crowding. The colour and magnitude limits then applied to HQ-2MASS
vary between cohorts. However the APOGEE stars are generally selected from one of three
magnitude bins: 7 < Hg[mag] < 11, 7 < Hymag| < 12.2, or 7 < Hy[mag] < 12.8. In the
bulge and APOGEE-1 disk fields the colour selection criteria was (J — K)o > 0.5 mag
while in APOGEE-2 disk fields the colour selection was either 0.5 < (J — Kj)o[mag| < 0.8
or (J — Ks)o > .5 mag.

To simulate the random selection of APOGEE from HQ-2MASS both APOGEE and
colour/magnitude limited HQ-2MASS are binned in H-band magnitude. A star with ap-
parent magnitude, H, in cohort (considering all applicable colour and magnitude cuts)
denoted by ;_, has a probability of being observed given by,

Pj. (H) = ]?ZPZZZ(H) , (5.24)
NI (H)

which is equally applicable to a model once we have turned the model particles into realistic
stellar populations.

" The Apache Point Observatory Galactic Evolution Experiment
12The APOGEE Stellar Parameter and Chemical Abundances Pipeline
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Next a 2D function, C;, (My, i), is constructed which is a function of absolute H-
band magnitude, My, and distance modulus. The value of C;, (M, i) for a given pair of
absolute magnitude and distance modulus is evaluated as follows: The apparent magnitude,
Hy = pu+ My, that a star would have is computed and used to evaluate whether a star with
extincted apparent magnitude H = Hy + Ap,; would be observable given the magnitude
limits of the cohort. As extinction varies over the viewing area of the cohort we divide the
viewing area of the cohort into n, pixels each of which has its own Ay, , extinction value.
The ratio,

obs o nObS
S (H) = n (5.25)

is evaluated where ng,s is the number of pixels in which the extincted magnitude falls
within the magnitude limits of the cohort; H*™ < H < H. The value of C}, (M, p)
is then given by,

C. (M, plAn;,) =P, (H) x [ (H), (5.26)

which tabulates, knowing the on-sky extinction distribution for that cohort’s LOS, the
probability of a star of given absolute magnitude and distance being observed in that
cohort. Note that in Eqn. (5.26) we evaluate the P; (H) term assuming the average
extinction over a cohorts viewing area.

Now one needs to know the intrinsic probability of a given My value which is given
by stellar population models. Here the same isochrones are used as were used in the A2A
analysis (discussed in § 5.2.4) normalised to the A2A total metallicity distribution but
expressed in terms of absolute H-band magnitude, ® (My). As, in the model, the particles
distances, and therefore distance moduli are available and each C;, (My, 1) is margnialised
over the My axis by defining,

Gy (1) = /M & (M) x Gy, (Mly, ulAu,,) dMy, (5.27)

which is the the total weight of a stellar population at distance p being observed by the
APOGEE survey for that cohort.

The selection function parameter for the APOGEE data, on particle «, is then given
by,

ARPOSEE (1, (2)) = [  Cutman (5.28)
123w

where the integral over the juth distance modulus bin along the j. cohort’s LOS.

The APOGEE Kinematic Constraints

The AstroNN distance measurements to these stars allows calculation of the star’s distance
modulus using p = 5log,, (P/10 pc) and as part of the high-quality selection the AstroNN
distance error is required to be < 20%. The data is binned in distance modulus in the range
13.0 < p < 15.5 with bin width Ap = 0.25 which corresponds to a distance interval of
~ 4 < D[kpc| <~ 12.6 which is roughly even in front of and behind the GC. As discussed
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in § 5.2.5 stars are observed in groups known as “cohorts” which represent a random sample
of the stars in a cohort-specific high-quality 2MASS sub-sample. The selection function,
and therefore the kinematics, are computed for each cohort individually as there is no easy
way of combining cohorts that overlap in on-sky viewing area. Having binned each cohort
in distance modulus the errors in the kinematics are calculated using a bootstrap technique
with 1000 random realisations.

5.3 The Input Models

5.3.1 The Portail et al. (2017) Models

Our initial models are those of P17. The models were constructed by fitting the same 3D
bulge density (see § 5.2.1) and bulge/bar magnitude distributions (see § 5.2.2) as we shall.
They additionally fit kinematic data from the BRAVA® and ARGOS surveys and compare
their models to OGLE!* and APOGEE data.

They considered a grid search approach in three dimensions; pattern speed, {2}, mass-
to-clump ratio, Mo/nge, and mass of a central spherical component, M.. We shall consider
a grid in €2}, against Mo/nge and drop the central mass component as discussed in § 5.3.2.

The Pattern Speed, (1,

P17 consider a large grid in Q, spanning 25.0 < Q,[kms™! kpc™!] < 50.0 and inferred €y, =
39.04£3.5 kms~ ' kpc! from the model grid. This result has been supported in recent years
by several other works finding: 1. 4143 kms~! kpc™! through application of the continuity
equation to APOGEE DR16 and Gaia DR2 data (Bovy et al. 2019); 2. 4143 kms™ kpc™!
by application of the continuity equation to a combination of Gaia DR2 and VIRACv1
data (Sanders et al. 2019b); 3. 42.5 +2.5 by modelling the Hercules stream as a product of
bar higher-order resonances (Asano et al. 2020); 4. 40.0841.78 kms~! kpc™! by comparing
models to APOGEE DR17 and Gaia EDR3 data (Leung et al. 2022).

However there has been a lot of additional work which finds significantly lower €2},
values: 1. 35.241.0 kms~! kpc~! by applying Jeans equations to resonantly trapped orbits
(Binney 2020); 2. ~ 34 kms™'kpc™! through comparison of observed bar resonance in
action space with those derived from numerical simulations (although a second model with
Oy = 42 kms~ ' kpc™t was also plausible); 3. 35.5 & 0.8 kms~! kpc™! through analysis of
the fossil metallicity structure left behind due to a slowing bar (Chiba & Schonrich 2021);
4. 38.7541.25 kms~! kpc™! through hydrodynamical simulations of the MW gas disks (Li
et al. 2022a); and 5. 33.3 = 1.8 kms~'kpc™! by comparison of the VIRACv1 data to a
range of dynamical models (Clarke & Gerhard 2022).

In the full paper we will consider a grid of models with 30 < Q[kms™! kpc™']| < 40
with AQ, = 2.5 kms™'kpc™t. These models are not yet finalised and so instead we shall

13 Bulge RAdial Velocity Assay (Rich et al. 2007; Howard et al. 2008)
14 The Optical Gravtiational Lensing Experiment (Udalski et al. 1992; Szymanski et al. 2011)
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show the reuslts of fitting a fiducial model (€, = 35 kms™'kpc™') that we are confident
will be the best, or adjacent to the best, model.

The Mass-to-Clump Ratio, Mo/ng

The mass-to-clump ratio, Mo/nge, describes, for a given stellar population, the total stellar
mass per individual RC star in the population. It is essential to note that, as in Portail
et al. (2015a) and Portail et al. (2017a), the definition of Mo/nzc used in this work includes
the contribution from RGBB stars; the total number of RC+RGBB stars is better defined
than either individually as they both sit atop the exponential RGBC and separating them
is non-trivial.

Mo /ngo can be predicted using stellar population synthesis models using an IMF, a
stellar age distribution, and a metallicity distribution. The IMF in the bulge, in the
range 0.15 < M[Mg] < 1.00, was measured by Calamida et al. (2015) using ultra-deep
photometry from the Hubble Space Telescope (HST). They found similar IMF to that of
Kroupa (2001) with which Portail et al. (2015a) computed Mo/nze = 984 assuming a 10 Gyr
old population.

An alternative method is to combine stellar mass measurements in a given bulge field
with the observed number of RC stars in the same volume (analagous to the approach
of Valenti et al. (2016)). The obvious advantage of this approach is that it is purely
observational and does not require stellar population models or parameterisations of the
IMF, age, or metallicity functions. Zoccali et al. (2000b) uses HST photometry in the
NICMOS field and found a total stellar mass of Myicpmos = 570M, (this value was revised
by Valenti et al. (2016)). This total mass measurement was leveraged by P17 who used the
Wegg & Gerhard (2013) completeness- and extinction corrected VVV catalogue to identify
RC stars as the excess above the RGBC. In this way they obtain Mo/nze = 1015+ ~ 10% M,
in good agreement with the population approach used in Portail et al. (2015a).

As with €, we will consider a grid of models, 850 < Mo /npc[Mg] < 1150 with AMe/nge =
50M;, however, following the results of preliminary tests, we shall consider the fiducial
model with Mo /nge = 1050M.

5.3.2 Model Constants

Geometry
In this study we set the distance of the sun from the Galactic centre to be Ry = 8.2 kpc.
This value was derived during a comprehensive literature review by Bland-Hawthorn &
Gerhard (2016). It is further supported by the recent results from the GRAVITY in-
strument which found Ry = 8.1780 £ 0.0350 kpc (Gravity Collaboration et al. 2019) and
Ry = 8.2467 + 0.0093 kpc (Gravity Collaboration et al. 2020).

The angle of the bar is set as ap, = 28° which is the average between the results of
Wegg & Gerhard (2013) and Wegg et al. (2015).
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The Stellar Disk at R > 5 kpc

The bulge and bar does not exist in isolation but is instead embedded in a disk structure.
We include a disk component in the modelling in order to include a realistic disk contribu-
tion to the gravitational potential in the bar/bulge region and to provide reasonable disk
contamination when observing the inner region.

This component remains unchanged from that implemented in P17. Outside the
bar region, R > 5 kpc, we use an axisymmetric disk structure with radial scale length
hre = 2.4 kpc and vertical scale height h,, = 0.3 kpc (see Juri¢ et al. 2008; Bovy &
Rix 2013; Wegg et al. 2016; Bland-Hawthorn & Gerhard 2016). We additionally con-
sider an Interstellar Medium disk with hg s = 4.8 kpc and h, 1gm = 0.13 kpe (Bovy &
Rix 2013). The disks are normalised such that the local baryonic surface density, within
|z] < 1.1 kpc, is X1 (Ry) = 51 My pc? of which 38M,, pc™? is the stellar disk and the
remaining 13M, pc=2 corresponds to the ISM (Bovy & Rix 2013).

These components are implemented as additional fitting constraints on the particles
using a large 3D density grid as in P17, Section 5.3.

Halo Flattening

There is still large uncertainty on the shape of the DM halo with some recent works finding
more spherical shapes (e.g. Wegg et al. 2019a). We consider a constant flattening of ¢ = 0.8
(Piffl et al. 2014) as in P17. In Chapter 4 we test the effect of varying the flattening on
mock data and find that we were unable to recover the true value. Furthermore we also
found that the recovered DM density profile is only minorly affected by this choice so we
opt to keep this parameter consistent and vary it as a systematic effect.

Solar Velocity Parameters

As in P17 we assume that the local standard of rest (LSR) is on a circular orbit with
Viire (Ro) = 238 kms™! (Bland-Hawthorn & Gerhard 2016). The peculiar motion of the
Sun relative to the LSR we take to be (U, V, W), = (11.1, 12.24, 7.25) kms~" (Schénrich
et al. 2010).

This predicts a total tangential velocity of V, o = 250 kms™ which is consistent with
several recent measurements: 1. 248 & 3 kms™! from axisymmetric modelling of Cepheid
variable stars (Kawata et al. 2019); 2. 247 + 4 kms™! from trigonometric parallax and
proper motion of masers (Reid et al. 2019); 3. 246.1 4+ 5.3 kms™! from orbit modelling of
a Hypervelocity star (Koposov et al. 2020); 4. 250.63 4= 0.42 kms™! from combining the
proper motion of Sgr A* (Reid & Brunthaler 2020) with the distance to the GC (Gravity
Collaboration et al. 2020); and 5. 251.3 + 2.0 kms™! from comparing VIRACv1 proper
motions to a grid of models observed with different V;, o, values (Clarke & Gerhard 2022).

1

Rotation Curve

The dark matter density profile is anchored outside the bulge region by fitting the total
rotation curve of the model. In P17 they used the rotation curve data published by Sofue
et al. (2009) in the range 6 < r[kpc] < Rp. In this work we upgrade the rotation curve to



5.4 Numerical Setup 189

that of Eilers et al. (2019), in the radial range 5 < r[kpc] < 15.0, which is computed using
axisymmetric Jeans modelling. We extend the range as in P17 the relatively short region
in which they fit allowed the rotation curve to pivot around r ~ 7 kpc, especially for the
low-€2;, models, resulting in obviously incorrect rotation curve predictions.

The process in which the rotation curve is used in the Dark Matter Reconstruction is
described in § 5.4.3

The Nuclear Stellar Disk

A key parameter derived by P17 was the mass of an additional in-plane component, M, =
2.0 x 10°M. This is thought to partially represent the Nuclear Stellar disk (NSD) but
was also included to represent any mass missing from the 3D bulge density constraints (see
§ 5.2.1) due to the extrapolation into the Galactic plane. In Chapter 4 we tested the ability
of the modelling to recover the in-plane profile and found our models were insensitive to
the extrapolation; the modelling was unable to locate the correct value and the DM density
profile was only minorly perturbed. The spheroidal central component of P17 should now
be thought of as purely the NSD.

Recent distribution function modelling of the NSD finds a total mass of Mysp =
1.057015 x 10° M, (Sormani et al. 2022a) therefore we adopt a total mass for this compo-
nent of 10° M, which was also dynamically preferred by the VIRACv1 data (see Clarke &
Gerhard 2022).

5.4 Numerical Setup

The NMAGIC code evolves an N-body model while simultaneously adjusting the weights
of each particle in order to best fit a given set of observational constraints. The model
remains self-consistent through regular re-computation of the gravitational potential. In
this section we provide details of the numerical setup for evolving an N-body model, a
brief description of the M2M method including methods used to artificially increase the
number of particles, and a brief description of the algorithm used to optimise the dark
matter halo density profile in the bulge region.

5.4.1 Potential Solver & Particle Integration

The gravitational potential is computed from the mass distribution of the particles using
the hybrid grids approach described in Sellwood (2003, Appendix B). This method utilises
a flat cylindrical grid on which to compute the potential of the Galactic disk and a spherical
grid on which the gravitational potential of the halo is evaluated. The halo potential is
computed using the de Lorenzi et al. (2007) 8 order spherical harmonics potential solver
on a grid extending to r = 40 kpc. The disk potential uses the cylindrical potential solver
implemented in Sellwood & Valluri (1997) on a grid extending to R = 12 kpc and +2 kpc
in the vertical direction. As was done in P17 we replace the spherical softening in the
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Sellwood & Valluri (1997) code by an oblate softening with an axial ratio of 0.2. This is
done to better resolve strong vertical gradients.

The particles are integrated within the rotating gravitational potential using a simple
drift-kick-drift leap-frog algorithm. The algorithm is adaptive to ensure sufficient resolution
in the particle orbits.

5.4.2 The M2M Method

The NMAGIC code uses the made-to-measure method first described by Syer & Tremaine
(1996) as a way to construct initial N-body models. The method was subsequently adapted
by de Lorenzi et al. (2007) to fit observational data and is discussed extensively in Section
3 of Chapter 4.

The main points are as follows:

(i) The particle weights are adjusted following a gradient descent approach using a profit
function and an entropy term.

(ii) The entropy term is designed to prevent a large spread in weights which would reduce
the effective number of particles in the model. We also apply a re-sampling algorithm
(Chapter 4 § 4.3.4) to regularly discard low-weight particles and replace with high
phase-space-density particles.

(iii) The profit function is based upon the x? difference between the model predictions
and the observational constraint.

(iv) The observables are encoded into this framework through the use of kernels which
determine whether or not, and to what extent, a given particle will contribute to a
given observable.

A schematic of a general M2M run is shown in Fig.1 of Chapter 4. We set the number
of initial smoothing steps, Ngnootnh = 10000, the number of M2M steps, Nyion = 60000,
and the number of phase-mixing steps, Nphase—mixing = 10000. We additionally re-compute
the target halo every Ny, = 5000 steps and re-sample the model every Nyesample = 10000
steps.

Time Smoothing Model Predictions

The model can be statistically noisy in regions where the particle density is low (e.g. in the
A2A and APOGEE fields at large [ and b). When fitting the real data we therefore use a
time-smoothing algorithm to artificially increase the number of particles that contributes
to an observable. If the model was in perfect equilibrium, with no secular evolution or
any other processes that alter the underlying distribution function, then it would be valid
to simply take multiple snapshots of the model and average them together. However the
purpose of the M2M approach is to slowly adapt the model to fit the observed constraints.
We therefore use a decaying mean whereby snapshots that are further in the past contribute



5.5 The Fiducial Model; Bulge Density & Kinematics 191

less and less until they are effectively forgotten. This is implemented by replacing the
instantaneous model observable y (t) by its time-smoothed value, 7 () where,

B fooo y(t—7)e *dr
N Jo eerdr

y(t) : (5.29)

where 1/a is the time-scale over which previous snapshots are “forgotten.”

5.4.3 Reconstructing the Inner-Bulge Dark Matter Density Pro-
file

The main goal of this paper is to constrain the dark matter distribution in the MW
bulge region and in particular to constrain any deviations, as predicted by cosmological
simulations (e.g. Di Cintio et al. 2014a; Tollet et al. 2016; Lazar et al. 2020), from the NFW
profile usually fitted in standard mass modelling analyses. The first attempt using M2M
modelling to tackle this question was presented by P17 using BRAVA dispersion data to
constrain the total dark matter mass within 2 kpc of the Galactic centre and the Sofue
et al. (2009) rotation curve to constrain the total mass profile out to 8 kpc. In Chapter 4,
Section 2, we expand on this simple approach. In Section 2.1 (2.2) we justify the mass-
dispersion relationship upon which our algorithm is based considering the Virial theorem
(Jeans Equations) for a spherical system and in Section 2.3 we discuss the application of
this new algorithm in a M2M context.
The key points in the algorithm are summarised below:

(i) The total mass interior to a given dispersion observable is approximately related by
the simple M (< r) o 02

v

(i) One can apply the M (< r) oc o2 relation to say: given the current internal mass and
velocity dispersion, how much additional mass do I need in order to reach a target
velocity dispersion.

(iii) By considering multiple observables one can build a sequence of constraints on the
total mass within a given radius and these can be fit using an MCMC approach.

(iv) Additional constraints such as rotation curve data anchor the dark matter profile
beyond the region in which we have bulge kinematics.

In Section 5 of Chapter 4 we show empirically, using MW-like mock data, that the
method is capable of reconstructing a given dark matter density profile.

5.5 The Fiducial Model; Bulge Density & Kinematics

In this section we compare the fit to a fiducial model selected, following preliminary checks,
to be very close to the best fitting region in parameter space. This model has €, =
35 kms~ ! kpc™! and Mo/nge = 1050M,.
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Figure 5.3: Goodness of fit, x?/n, of the various observables over the course of a M2M
run. The VIRACv2 and RCGDensity fit quite well with 1.0 < x?/n < 2.0 and the fit to
all observables remains stable during the phase-mixing phase. The A2A and APOGEE
datasets have larger x2/n due to a combination of outlier points and slight inconsistency
with VIRACv2 due to the parameters we have chosen and kept constant. RCHistograms
has x?/n ~ 10 as we do not fit this dataset as strongly to avoid introducing non-equilibrium
features such as spiral arms. The HaloDensity curve shows a strong peak between 15000
and 20000 iterations; this is caused by the start of the dark matter halo particle fitting
which initially fits badly but stabilises rapidly.
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The fit progression is shown in Fig. 5.3 where we track the y?/n for each observable as a
function of model iteration. The plot can be split into three sections; x = 0 — 10 represents
a temporal smoothing phase where we smooth the observables of the input model. Fitting
begins at = 10 however the dark matter halo is kept fixed to the input halo to allow the
kinematics and density to optimise in that potential so that accurate updates to the dark
matter density can be constructed. The dark matter halo is then adjusted for the first
time at x = 15 and done every Az = 5 until = 55 at which point the model is allowed
to fit with no further updates until x = 70. Fitting is turned off at x = 70 and the model
is allowed to phase-mix for the final Az = 10. The model is re-sampled every Ax = 10
starting from x = 10 and ending at = 60.

The first thing to note is the relative values of the long-term yx?/n values. Both
VIRACv2 and RCGDensity have 1.0 < x?/n < 2.0 indicating a relatively good fit to
the observable data. The x?/n values for A2A and APOGEE are higher which is caused
by the inconsistencies between the v),; data and the proper motion data presumably in-
duced by our assumed parameters. As VIRACv2 has an orders of magnitude larger volume
in which it updates particle weights it naturally dominates the fit at the slight expense of
these other datasets. Finally RCHistograms, as discussed in § 5.2.2, has non-equilibrium
features which prevent us from fitting this dataset at full strength so the large x?/n ~ 10
for this dataset is not overly concerning.

It is important to note the long-term stability of the fit after fitting has been turned
off. This was not the case in Portail et al. (2017a) where the model began to degrade
immediately after fitting ceased indicating that the process had not quite converged to an
equilibrium solution.

5.5.1 RC Giant Density in the Bulge

In Fig. 5.4 we compare the ngrc, number density structure of the bulge excess density as
measured by Wegg & Gerhard (2013) to the structure of the fiducial model.

In the top left panel we compare the projection in the X Zgar plane in which the
contours of the boxy/peanut bulge are clearly visible at large |Zgag|. The horizontal cyan
lines show the vertical region into which the density was extrapolated and it is in this region
that we see the largest discrepancy between model and data. While the data exhibits
more elliptical /boxy contours the model transitions into a vertically thin component at
XBAR ~ £1.2 kpC

The bottom left panel shows the density projected into the XYjane and we immediately
notice the model prediction is significantly less elongated along the Xgagr direction as the
data is in the central region. Away from the GC the fit agrees relatively well with the data.

The top right panel shows the Y Zgag projection where we see a more flattened structure
in the vertical direction with a disk-like flat density structure appearing in the range
0.5 < |Ysar|[kpe] < 1.0. As in the XYgar plane the greatest discrepancies appear in the
interpolation region near the Galactic plane.

The differences shown by the model relative to the data raise a subtle issue in general
M2M modelling. In the prior work of Portail et al. (2017a) the RCGDensity dominated
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Figure 5.4: Comparison between the RCGDensity data (red lines) from Wegg & Gerhard
(2013) and the fiducial model predictions (blue lines). Top left: Integrated along the Y,
axis. Cyan lines highlight the region where the density data was interpolated into the
Galactic plane. Bottom left: Integrated along the Zy,, axis. Top right: Integrated along
the Xy, axis. The peanut shape is clearly reproduced by the model in the X Z projection.
There is however a clear discrepancy between the in-plane structure where the data shows
boxy /elliptical contours while the model transitions much more rapidly into a vertically
thin bar structure. Further differences are observed in the XY plane where the model
appears less elongated in the most central regions, and in the Y Z plane appears more
elliptical before transitioning into a flattened disk-like structure.
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over the kinematics with ~ 3000 independent density measurements with errors of ~
15% near the centre of the grid but reaching > 50% near the grid edges. Compared to
the ARGOS (700 observables with characteristic errors g 5%) and BRAVA data (164
observables with errors g 20%), the density data is much more constraining due to the
number of observables. With the VIRACv2 data the situation is drastically changed as
VIRACv2 has =~ 50000 independent constraints with a optimal error of ~ 3% where the
number of RC&B stars is large. This means that, even downweighted as discussed in
Chapter 4, the VIRACv2 data is the dominant dataset.

Preliminary checks confirm that the pattern speed and mass-to-clump ratio used in
these models are very close to the optimum and we have further confirmed that there
are no spurious residuals in the VIRACv2 fit which could be driving the density fit away
from the data. These tests indicate it is not an inconsistency with some parameter of
the modelling or an issue in the data but rather an inherent inconsistency between the
RCGDensity and the VIRACv2 data.

This raises the question of how the datasets should be weighted against each other as
it is not immediately clear that the RCGDensity data is fully correct. One issue is that
the model presented in this work is stable in the phase-mixing phase; the observable x?/n
values do not degrade which indicates that this model is in equilibrium. This is not the
case in Portail et al. (2017a) where the model changed during the phase-mixing, most
likely due to overfitting or the fact that the density data which dominated the fit does
not represent a plausible equilibrium configuration. Furthermore, when we increase the
weighting of the Wegg et al. (2015) RCHistograms data (see § 5.7.1), we see the barred
structure become even more prominent. This suggests internal inconsistency between the
RCGDensity data and the RCHistograms data raising doubts about the more complex
convolved data compared to the simpler observed luminosity functions.

The discrepancies we see in the RCGDensity data is therefore likely due to internal
inconsistency with the RCHistograms data and VIRACv2 data, both of which contain a
long-bar component and are likely inconsistent with the extrapolated section of the data.
This will likely require a treatment of the systematic uncertainties in the derived dark
matter density profile due to the choice of weighting factor of one dataset against the
other.

One interesting feature we see in these maps is a more flattened disky structure appear-
ing in the model than is required in the data reminiscent of a disky pseudobulge. Further
modelling and checks will be required before we can say whether this is a real feature or
some artefact of the balance in the datasets.

5.5.2 Magnitude Distributions in the Bulge and Long-Bar

We show the fit to the magnitude distributions in the bulge and bar region in Fig. 5.5. We
show two maps at the top which give a general overview of the quality of the model fit
along each LOS using the \/X*/n (left) and the fractional residual between model and data
(right). We see that the model formally fits quite badly in the v/[? + b < 5° region where
the data overlaps with the RCGDensity data but is markedly better beyond that region.
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Figure 5.5: Plot showing the fit to the RCHistograms data in the fiducial case; we set ArcHistograms =
1.0/25.0 which prevents the inclusion of non-equilibrium features (see § 5.7.1). The profiles shown in the
lower panels are colour-coded by latitude with the LOS considered circled in the top-left plot accordingly.
Top left: map showing \/W as a function of on-sky position. We see the fit becomes rapidly worse in
the region v/I2 + b2 < 5° suggesting inconsistency with the RCGDensity data is hindering both fits. The
white regions are omitted from the fit as Wegg et al. (2015) was not able to detect the RC over density to
above 3o significance. Top right: map showing the fractional residual indicating the model is within 8% of
the data along every line-of-sight. Top row of panels: the number of RC&B stars as a function of distance
modulus which shows a clear peak towards the GC corresponding to the bulge. At larger longitude we see
a smaller peak, corresponding to the long-bar, sitting atop a smoother continuum of RC&B stars. Middle
row of panels: the exponential RGBC continuum that is optimised during the fitting run; the slopes are
kept constant for a given latitude but the normalisation varies. You can see the slope is near-identical
independent of latitude. Bottom row of panels: the combined, RC&B + RGBC, fit to the observed data
(black error bars). In general this fits very well, the large x? in part due to the small measurement errors,

with the main deviations occuring in front of the bulge density peak at ux, <~ 13.5 at b ~ 4°.
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Note that, in terms of the fractional residual, the model fits very well with residual <~ 8%
everywhere.

The top row shows the fitted RC&B magnitude distributions where the curves corre-
spond to the circled fields on the map in the top left. We see a clear peak at the magnitude
of the bulge at |I| < 10° with a large wing to brighter magnitudes. The density peak of the
long bar is also clearly seen out to [ = 28°. The middle row shows the RGBC exponential
that is fitted on the fly and added to the RC&B histogram to obtain the total number
of stars. The slope of the exponential functions are kept fixed for each latitude but seem
highly consistent across all latitudes plotted here indicating no major change in stellar
population with increasing height above the Galactic plane. The actual fit is shown in the
bottom row with the data plotted as the black errorbars. The model provides an excellent
fit to these data and the reason for the large X*/n values is partly the formally very small
statistical errors on the data as well as some minor deviations. The model reproduces the
double peaked magnitude distribution along the minor axis (I = 0°) with the only major
difference being at the bright end of these histograms which is an issue discussed in § 5.7.1.

5.5.3 VIRACv2 Proper Motions

We show the fits to the VIRACv2 < iy« >, <y, >, 0,x, and oy, in Figs. 5.6 to 5.9. In
general the VIRACv2 data fits remarkably well with all the major structures reproduced
by the model.

In the <« > maps we see the transition from more positive to more negative velocity
as a function of magnitude and the undulating pattern with the first peak, Ky ~ 13 mag
caused by the RC stars in the bulge region and the secondary peat at Ky ~ 13.8 mag
due to RGBB stars in the bulge region. The model reproduces the shape of the <y« >=
6 masyr—! isovelocity curves which exhibit curvature towards brighter magnitudes at [ =
+10° as well as the very positive, < = >> —4.5 masyr~!, region at K,y <~ 12.5 mag.

The < up > maps show a clear transition from more negative to more positive proper
motion at [ ~ 4° for b > 0° with the transition changing sign for b < 0°. The model
reproduces the island of more negative proper motion which occurs at 0° < [ < 5° at
b < —2.5° as well as the overall offset towards slightly negative proper motions. This
offset is due to the vertical solar motion, measured by Schénrich et al. (2010) to be W =
7.25 kms~!, which seems well matched by the fit.

Both the o,+ and 0, data exhibit very similar structures so we describe them together.
In both cases the model reproduces the two islands of high dispersion. One centred on the
magntiude of the GC for RC stars and the latter one centred on the GC magnitude for
RGBB stars. The model correctly recovers the shape and structure of the colder region
located at | = —8°, Ky ~ 13.5 mag. The extension of hotter proper motions towards +[ at
K ~ 13 mag with is an effect of the bar/bulge is reproduced as is the complex structure
observed at b < —6°.

These maps show that these models, and this pattern speed O, = 35.0 kms~!kpc™1,
provides an excellent match to this incredibly powerful dataset.
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Figure 5.6: We show the VIRACv2 <y« > data (top half) and the fiducial model recon-
struction (bottom half). In the data the 4 rows closest to the Galactic plane are omitted
due to differential extinction and incompleteness. Only cells in which froen > 30% are
fitted /shown. There is clear agreement between these data and the model. The model cor-
rectly captures the undulating velocity structure caused by the RC and then the RGBB as a
function of magnitude and additionally recovers the curvature of the iso-velocity contours.
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Figure 5.7: Identical structure to Fig. 5.6 now showing < yuj >. The model does a remarkable job of
recovering the complex < > velocity structure such as the transition point at | ~ 4° where, for b > 0°
the proper motion becomes sharply more negative as [ increases and the converse for b < 0°. We recover
the little regions of < pp >~ 0.25 masyr—! located at [ = 7.5°, b < —5°, and K,y ~ 12.8 mag which is

suggestive of streaming motion in the boxy/peanut. Finally the offset below 0 masyr~!

, caused by the
We = 7.25 kms™! vertical motion of the sun (Schonrich et al. 2010), is well matched suggesting no major

deviation from this value.
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Figure 5.8: Identical structure to Fig. 5.6 now showing o,. The fit captures all the major
features including the double peaked dispersion profile along the [ = 0° LOS which is
caused by the RC stars and then the RGBB stars in the bulge density profile. In addition
we see the structure of colder region at —[ and faint magnitudes is reproduced extremely
well by the models.
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Figure 5.9: Identical structure to Fig. 5.6 now showing o,,,. These maps are similar to those
shown for o+ in Fig. 5.8; we see the double peaked structure as well as nicely capturing
the complex structure of the lobes (the red shaded regions) corresponding to the bulge
and the surrounding cooler areas. Interestingly, near the Galactic plane, we see the central
dispersion peak split into two islands either side of the GC which may be a signature of
the vertical orbit structure in the boxy/peanut bulge region.
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Figure 5.10: Here we show the A2A vy, velocity data for two sequences in [ at b = —5°
and = —10°. Note the changing y-axis scales. The vy,s data is relatively noisy due to the
small number of RC stars per distance modulus bin however the model recovers the general
trends quite well. The model is slightly too hot with velocity dispersions tending to be
larger than those observed and the |< v, >| data seems to be systematically too low with
respect to the model at b = —10°.

5.5.4 A2A Radial Velocities

In Fig. 5.10 we plot the fit to the A2A radial velocities. In each panel the data is shown
by the blue errorbars and the model reconstruction by the red lines and each y-axis has a
different scale. The data itself is relatively noisy with kinematics along the LOS changing
by significantly more than the formal statistical errors we derived in § 5.2.4. The noise is
unavoidable and comes from the relatively small number of RC stars available per bin with
which to make the measurements. The model provides a reasonable fit to the data repro-
ducing the general trends although in general seems to be too hot with model dispersions
systematically larger than the data dispersions.

5.5.5 APOGEE Radial Velocities & Proper Motions

In Figs. 5.11 to 5.13 we show the fit to the APOGEE v, velocity data, and the APOGEE
+ Gaia = and pp data respectively. In each plot the structure is the same with the first
two columns corresponding to the mean velocity and the second two columns correspond-
ing to the velocity dispersion. In each pair we first plot the data and then the model
reconstruction. The rows correspond to the different distance bins we consider.

The < s > is matched very well by the model with the model reproducing the [ trend
in the transition from positive to negative velocities and also the flip to strongly positive
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velocities at | < —50° which is caused by the sun’s motion away from these stars. The
o, data is also matched very well with the model reproducing the high dispersion in the
GC and the trend of increasing dispersion in the bulge/bar fields as we move from the sun
closer to the GC.

The < ;i > data is matched less well with the model predicting significantly too
positive proper motion at nearby distances; more negative than the model implies that the
observed star is moving towards 4! with a lower velocity than in the model. The situation
only improves at 14.5 < p where the model matches quite well. The APOGEE sightlines
are often low latitude, therefore observing close to the Galactic plane on the near side, with
most stars observed being in front of the bulge. Given that APOGEE observes very close
to the plane it is likely slightly biased towards younger stars compared to VIRACv2 which
observes equally at all latitudes. This bias could result in a slight preference to observe
stars in the middle-age inner-ring as was discovered by Wylie et al. (2022). A plausible
scenario for the origin of the inner-ring is that it was made later, after the formation of
the bar, by gas falling into a ring like structure as seen in Li et al. (2022a). The ring could
therefore have slightly different kinematics compared to the bar and inner disk. As the
ring has the same pattern rotation as the bar, and is elongated in the direction of the bar
major axis, we expect significant streaming motion along the ring which would reduce the
velocity component projected into the longitudinal direction. In the model however, if we
are seeing inner disk stars on more circular orbits, these velocities would project into the
longitudinal direction to a greater extent. We therefore suggest that the disparity we see
in the <« > model-to-data comparision is due to a slight bias towards younger ring stars
with different kinematics from the general population as observed by VIRACv2 however
this will require further modelling, possibly weighting the APOGEE data more strongly,
and checks to be sure. The trend in o, matches well but the model is slightly too hot
compared to these data which again is due to inconsistency with the VIRACv2 data which
is a much stronger constraint on these proper motions.

The <> and o, data matches the model very well aside from the odd outlier field
and the model reproduces the high dispersion in the GC as seen in the data.
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Figure 5.11: Comparison of the mean (left pair) and dispersion (right pair) of the APOGEE
Vs velocities. Simply comparing the pattern shows the model does an excellent job of
recovering both the mean velocity and the dispersion. We see the transition from positive
to negative velocity shifting towards positive [ with decreasing distance as well as the
inversion back to positive < v, > at [ < —50° which is caused by the sun’s tangential
velocity component away from disk stars. We see the rising velocity dispersion in the GC
at 14.25 < p < 14.75 matched excellently although some adjacent data fields (e.g. in
the vicinity of [ = 0°, b = 0° at 14.50 < p < 14.75) have large differences in dispersion
indicating possible problems in the target selection for those fields.
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Figure 5.12: Comparison of the mean (left pair) and dispersion (right pair) of the
APOGEE+ Gaia < pp= > velocities. The plot is structured identically to Fig. 5.11. The
most notable difference is the model has significantly more positive proper motions at
1 <~ 14.25 with the same fields also exhibiting hotter dispersions in the model. p = 13
corresponds to a distance from the sun of &~ 4 kpc so these stars are in the inner disk
suggesting that in this region the model does not provide as good a fit to the kinematics
however this is near the edge of the bulge/bar region.
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Figure 5.13: Comparison of the mean (left pair) and dispersion (right pair) of the
APOGEE+ Gaia < > velocities. The plot is structured identically to Fig. 5.11. The u,
proper motions appear well matched by the data.
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5.6 Dark Matter in the Inner Milky Way

With vastly improved data we have applied the novel algorithm developed in Chapter 4 to
recover the dark matter density profile in the inner region. The algorithm iteratively
compares the dispersion predicted by the model to that of the VIRACv2, A2A, and
APOGEE+ Gaia data and uses the ratios to construct a sequence of cumulative mass
constraints which are then fit with an analytic afv (e.g. Zhao et al. 1994; Di Cintio et al.
2014b) profile. To anchor the profile at larger radii we fit the Eilers et al. (2019) rotation
curve.

5.6.1 Fit to the Cumulative Mass Constraints

The final iteration of cumulative mass constraints which were fit are shown in Fig. 5.14.
In each panel we show the constraints derived from one of the six dispersion datasets we
consider in this paper. The blue points show the inferred mass using the simple M o o2
based algorithm we presented in Chapter 4 and the red lines show the errorbars on these
values. The VIRACv2 is dominating the fit at » < 4 kpc and both o,+ and o, seem pretty
self-consistent. The final point occurs at » < 5 kpc and the error bar is visible extending
into the plot area from above with no further deviation from the dataset. We see again
that the model is systematically too hot for the A2A o,, = data with the inferred cumulative
masses systematically below the final fit. The APOGEE < v),s > data and the APOGEE
+ Gaia 0, data agrees well in the innermost regions but appears to underestimate the
cumulative mass beyond ~ 4 kpc from the GC. The converse is true of the APOGEE +
Gaia 0,, data which underestimates the cumulative mass within 4 kpc but agrees better

with the fit beyond that.

5.6.2 Fit to the Rotation Curve

We plot the rotation curve for our fiducial model in Fig. 5.15. The total rotation curve
is shown by the solid line while the contributions from the baryonic component and the
dark matter are shown by the dashed and dotted lines respectively. The blue data points
shows the Eilers et al. (2019) data which are used in the optimisation of the dark matter
halo. This rotation curve is markedly different from that of Portail et al. (2017a, see Fig.
23) which experienced a plateau at Vi (~ 1.5 kpc) ~ 190 kms™! before steadily rising to
~ 240 km s~! which is maintained for 6 < R[kpc] < 10. Here we see an undulating pattern
occurring at Ve ~ 210 kms™! before the rotation curve reaches a peak at Vi (= 8 kpc) ~
230 kms™! and then steadily declines. This model fits the Eilers et al. (2019) data very
well apart from the inner most region at 5 < R[kpc| < 7 where it is not high enough. This
was a problem of the original model as well which had to be artificially adjusted for the gas
hydrodynamical simulations of Li et al. (2022a) to obtain the best fit. The density data
we have for the bulge region does not cover this radial range which makes it unsurprising
our model is unable to reproduce this constraint. Future modelling, including an improved
treatment of the Galactic disk, may go some way to remedying this discrepancy.
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Figure 5.14: Here we show the fit to the cumulative dark matter mass profile for each of
the six velocity dispersion datasets considered in this paper. In each plot the blue points
show the cumulative mass at that 3D radius derived from the binned velocity dispersion
ratios and the red lines show the errors in the binned mass values. The best fit mass
profile is shown by the dot-dash line and the 1, 2, and 30 regions are shown by the grey
shaded areas. In the inner region, r < 4 kpc, the fit is dominated by the VIRACv2 data.
Beyond this the fit is constrained by the rotation curve data and also agrees with the
APOGEE+ Gaia py, data. The model appears to overestimate the dispersion in A2A )
and APOGEE+ Gaia vy,s and py+« velocity dispersion.
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Figure 5.15: Here we show the rotation curve of the fiducial model compared to the mea-
surements made by Eilers et al. (2019). The rotation curve is split into baryonic (dashed
line) and BM (dotted). DM becomes the dominant gravitating mass component at around
~ 3 kpc at which point the circular velocity due to dark matter exceeds than that of the

baryonic mass.



210 5. Dynamics and Dark Matter in the Milky Way Bulge

5.6.3 The Dark Matter Density Profile

The fitted dark matter density profile is shown in Fig. 5.16. The top panel shows the
density profile on a log-log scale where the best-fit profile is shown by the dot-dash line
and the error on the fit is shown by the shaded regions with the darkest region showing
the 1o region. We additionally show the baryonic density with the dashed line. The lower
panel shows the logarithmic gradient of the density profile.

We find a cusped density profile with v /~ 1.1 in the inner region and . This is different to
the result of the previous modelling work by Portail et al. (2017a) which found a prominent
core in the inner region. The reason for this can partially be attributed to the reduction we
have made to the mass of the Nuclear Stellar Disk, Mxsp = 1.0 x 109 M, from 2.0 x 109 My,
with the difference now being attributed to the dark matter component. Indeed Portail
et al. (2017a) acknowledge that this may be the case when discussing their errors. A second
possibility for the mis-match is that P17 used the einasto density profile (Einasto 1965),

e R G110 |

to describe the dark matter halo. Here m = /22 + 2 + (z/q)? is the elliptical radius (g is
the halo flattening which they assumed to be ¢ = 0.8), po is the density normalisation, my is
the elliptical scale length, and « defines the profile curvature. The p, parameter was fixed
for a given (myg, a) pair by enforcing the total dark matter mass within 2 kpc determined
using the BRAVA radial velocities. Considering a grid of mg and « parameters they found
a cored profile that became extremely steep at larger radii. However, two free parameters
are insufficient to account for the complexity of a contracted halo; both free parameters
define the density profile gradient at all radii and do not allow one to distinguish between
different radial regimes. As such it seems plausible that the only possible way to match
the constraints on the mass within 2 kpc and the rotation curve data is for the profile to
rapidly become very steep which necessitates a cored profile. It is therefore possible that
the cored profile P17 reported is an artefact of the Einasto (1965) profile’s inflexibility and
not an inherent property of the MW.

Relative to NFW, v = 1.0, this implies a slight adiabatic contraction of the halo in
agreement with the results of Cautun et al. (2020). Considering cosmological simulations
of the effect of baryons on their host halos this result suggests an easing of the tension
in the M2M density profile results with the predictions of cosmological simulations (e.g.
Di Cintio et al. 2014b; Tollet et al. 2016; Lazar et al. 2020). Taking total stellar mass,
MMW = 0.0543 4= 0.0057 x 10*2My, and total virial mass, MMW = 1.30 4 0.30 x 10'2M,
(McMillan 2017) we obtain log, (%;()) = —1.37 which comparing to Di Cintio et al.
(2014b, see Fig. 1 and Eqn. 3) means we expect v ~ 1.13 which is highly consistent with
what we find here.

Tollet et al. (2016), using the NIHAO simulations, proposed the following functional
form for the inner slope in the range 1 — 2% of a Galaxies Virial radius (notation adjusted
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Figure 5.16: Top: shows the dark matter density as a function of radius. The dot-dash
line shows the best fit profile and the errors are shown by the grey shaded regions. The
spherically averaged baryonic density is shown by the dashed line showing the dark matter
becomes the dominant density component at 1 < r[kpc] < 2. Bottom: shows the loga-
rithmic gradient of the dark matter density profile as a function of radius. A transition in
slope occurs at » =~ 1 kpc with the slope inwards being v ~ 1 and at » > 1 kpc the slope
is 7 &~ 2. This profile directly contradicts the results of Portail et al. (2017a) who found a
prominent core from their modelling.
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slightly to remain consistent with that used in this paper),

-8 v
—v =n — logy, [nl (1 + i) + (i) ] , (5.31)
L1 Lo

where x=M+«/Mpy, n = —0.158, n; = 26.49, g = 8.77 x 1073, 11 = 9.44 x 107°, 8 = 0.85,
and v = 1.66 are their fitted parameters (see their Fig. 3). Assuming a Virial radius of
~ 200 kpc (e.g. Dehnen et al. 2006) for the MW we see the slope, dlog;, ppy/dloggr =
—1.7 — —1.8 in this range. The empirical relation from Tollet et al. (2016) predicts
~ = 1.30 which is shallower than we find. If we use the empirical relation derived by
Lazar et al. (2020), using the same functional form as Tollet et al. (2016), but fitted to
FIRE-2 simulations we get v = 1.25 which is still shallower than our derived value. We
do not expect these values to change significantly when adjusting the fit of the baryonic
components however this will require a full treatment, including systematics, to be certain.
These values indicate that, while the MW’s dark matter halo does not differ drastically
from the expectation from cosmological simulations, there remains a slight disagreement
in the slope parameters in the inner region. Finally we see that the baryonic matter only
dominates the spherically averaged mass density within the inner 1 —2 kpc before the dark
matter becomes dominant although again this may be dependent on the fit to the baryons.
We defer a discussion of the local dark matter density, ppm (Rp), until the grid of models
has been constructed and analysed.

5.7 Model Predictions

5.7.1 An Overdensity in Front of the Bulge

In § 5.5.2 we show the model fit to the Wegg et al. (2015) RCHistograms data in the case
where we reduce the fitting power of this dataset to avoid introducing non-equilibrium
features into the model. Here we relax this constraint and fit the RCHistograms data to
its full potential and the results are shown in Fig. 5.17. This figure has the same structure
as Fig. 5.5 however the fit (shown in the bottom row) is markedly improved. This is most
noticable at p < 13.5 where the slight curvature in the data histograms, away from the
straight line expected for an exponential distribution, is better matched. The reason for
this is evident when examining the top row showing the fitted ngrcep profiles. Where before
there were a single peak with broad wings extending to low p we now see two distinct peaks
separated by a significant valley. The separation between the peaks, ~ 1.8 mag, is too large
for this to be an artifact of an incorrect AGBB component in the synth-LF.

A possible explanation for this minor bright peak is a foreground spiral-like overdensity.
Spiral-like structure was detected by Paterson et al. (2020, see Fig. 6) by deconvolution
of VVV data, specifically the MW-BULGE-PSFPHOT catalogue (Surot et al. 2019b).
Further evidence was provided by Reid et al. (2019) who performed spiral arm fits to maser
data with precise parallaxes. They found evidence for a 3-kpc ring which spatially matches
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the location of the Paterson et al. (2020) twist very well as well as the Norma-Outer and
Scutum-Centaurus arms at ~ 3.7 kpc and ~ 2.7 kpc (estimated from Clarke & Gerhard
2022, Fig. 12) respectively from the sun along the [ = 0° line. The gas dynamics studies of
Li et al. (2016, 2022a) found an elliptical structure which likely corresponds to this 3-kpc
arm as well as a spiral structure which spatially coincides with the Scutum-Centaurus arm.
The Scutum-Centaurus arm is also found in Gaia DR2 data by Khoperskov et al. (2020)
at ~ 2.2 kpc from the sun along the [ = 0° LOS.

Looking at the [ = 0° panel we see the primary peak occurs at p ~ 12.8 which implies
a distance of = 3.6 kpc which coincides nicely with the Scutum-Centaurus arm and is
suggestive that that could be what we are seeing here. A slight issue with this idea is that
the primary peak becomes brighter with increasing [ right out to [ = 22° where we have the
final detection. This implies that, unlike the spiral maps of Reid et al. (2019); Khoperskov
et al. (2020) in which the arms are closest along | =~ 0°, the feature is moving further
from the sun as we swing from +[ to —I.

A full deconvolution of these data, with sufficient flexibility to include spiral arm struc-
tures, will be very useful in the interpretation of these data in the future. Further modelling
including the spiral-arm structure may be possible but will require a non-particle method
to include the spiral arm density structures.

A second notable conclusion from this plot is that there is still a discrepancy at
VI? 4+ b? < 5° which is strong evidence that the RCHistograms and the RCGDensity are
inconsistent to some degree and are preventing each other from improving the fit in this
region.

5.7.2 Bulge Velocity Structure & Streaming Motion

Having computed the model for the bulge and bar we aim to learn as much as possible
about the underlying density and velocity structure. In this section we consider the velocity
structure of the bulge, in particular the streaming motions in the bar frame.

In Fig. 5.18 we show maps of the density and velocity structure in three XY planes at
different Z heights; Z = 1.7 kpc (top), Z = 0.9 kpc (middle), and Z = 0.0 kpc (bottom).
In each panel the density structure is shown by the black contours and the direction of
the mean velocity vector is shown by the arrow. The magnitude of the XY plane velocity
is shown by both the length of the arrow and the colour. Considering the Z = 0.0 kpc
plane we see the central bulge structure that transitions into the long-bar as well as two
handles on either side that possibly correspond to the regions where stars on Lagrange
orbits are slowing down and therefore pile up. The two islands at Y ~ 4 kpc are caused
by the Lagrange orbits that remain on one side of the bar (in the bar’s reference frame) at
all times. We see that the velocity structure exhibits clear streaming motion along the bar
major axis in the same sense as the bar’s rotation and the magnitude of the velocity closely
maps the structure of the long-bar contour with total velocity going to ~ 0 kms™! at the
GC as expected. Looking now at the Z = 0.9 kpc panel we see the two density structures
offset from Z = 0 kpc which correspond to the lobes of the X-shape. The streaming motion
is still present but the Lagrange orbits are gone indicating they are confined towards the
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Figure 5.17: Plot showing the fit to the RCHistograms data in the case we set
ARCHistograms = 1. This plot is structured identically to Fig. 5.5 otherwise. Now that
the RCHistograms data are being fit much more strongly we see clear differences in the
nrcgs histograms in the top row. There are now two clear peaks as opposed to a broader
distribution with large wings. The peaks are separated by ~ 1.7 mag at [ = 10° and
~ 1.9 mag at [ = —4° which is too large for this peak to be caused by an issue in modelling
the AGBB component. The number count profiles appear consistent with a spiral arm
trailing the end of the bar consistent with the results of Paterson et al. (2020, e.g. their
Fig. 6). The fit remains poor in the region 5° from the GC as the RCGDensity data is
also fit and there remains some tension between the two datasets.
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Galactic plane. Considering the Z = 1.7 kpc panel we see a slight twist in the angle of the
major axis relative to the X axis as well as a velocity field that appears much more circular.
The twist in the density contours is suggestive of a rotational symmetry in the lobes of
the X-shape, which peak at X = + ~ 1.6 kpc, hinting towards the orbital structure of the
bulge. These results are qualitatively consistent with the measurements of Vasquez et al.
(2013) who also measured streaming along the bar’s major axis in the same sense as the
bar pattern rotation.

We are also interested in the vertical motions in the boxy/peanut X-shaped bulge. Maps
of the velocity in the X Z plane are shown in Fig. 5.19 with < v, > in the left column
and < v, > in the right column. We consider four slices which are labelled in the top left
corner or each panel. An immediate feature is the strong quadrupole pattern which aligns
with the arms of the X-shape and we see a clear symmetrical inversion of the pattern when
moving from —Y to +Y. The quadrupole is set within a complex background structure
that changes sign repeatedly as one moves along the X axis. Looking at the < v, > motion
we see the effect of streaming motion in the overall offset from 0 and a prominent cross
feature of high velocity along the major and minor axis apart from the GC region. In the
plane these regions of high < v, > velocity likely correspond to stars in the long-bar and
the dip in the centre is caused by stars with smaller radial extension which have smaller
|v.| velocities therefore dilute the signal. Considering the quadrupole lobe at (X, Y, Z) =
(—1.5, —0.3, 1.0) kpc we see a positive < v, > and a negative < v, > which suggests that
the bulk motion is up into the X-shape lobe as is intuitive of a banana orbit. The map on
the other side, Y = 40.3 kpc, shows the converse with stars travelling down the lobe of
the X-shape towards the GC. This is in slight disagreement with the Portail et al. (2015b)
result which found that banana orbits do not dominate the boxy/peanut bulge but rather
a more complex “brezel” orbit structure. The rapid inversion in < v, > which occurs at
2 < Xkpc| < 3 in the long bar is likely due to the box orbits which support the long-bar.
Considering the maps at Y = £0.7 kpc we see the < v, > switch sign as one moves up on
of the arms of the X-shape with the outer segment no longer exhibiting the structure one
would expect of a banana-type orbit. To fully understand these maps an orbital analysis
of the model, more advanced than that of Portail et al. (2015b), possibly along the lines
of Abbott et al. (2017) would be highly beneficial.

Finally we consider streaming motions in the Y Z plane with maps shown in Fig. 5.20.
Again we see a strong quadrupole pattern in the < v, > velocity maps which occurs at
X ~ 1.1 kpc and we see stars moving from +Y to —Y while flowing away from the Galactic
plane on the +Y side and falling back down towards the Galactic plane on the negative
side. At X = 0.5 kpc we see a complex double quadrupole structure inverse symmetric
above and below the Galactic plane and at X = 1.9 kpc we see the same sign flip in < v, >
as we move from the GC towards (Y = £2 kpc, Z = £2 kpc). Again, to full interpret the
richness of this structure a dedicated orbital analysis would be necessary.
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Figure 5.18: In this plot we show maps of the streaming velocity in the bar’s reference frame.
The panels are labelled and correspond to Zgar = 1.7 kpc, = 0.9 kpc, and = 0.0 kpc. The
black contours show the density of the bar exhibiting two clear lobes out of the plane
corresponding to the boxy/peanut bulge. The arrows show the direction of the average
velocity vector and the length (and also colour) are used to show the total velocity. We see
clear streaming motion along the bar with stars moving from positive to negative Xgar at
negative Ygar and vice versa. This streaming is in the same sense as the bar rotates.
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Figure 5.19: Here we show bar streaming motions in the X Zgsr plane. The density of
the model is shown by the black contours. Each row corresponds to a different X Zgar
slice along the Ygagr axis. left column: The colour corresponds to the mean v, velocity
and shows a clear X-shaped quadrupole pattern that flips after swapping from positive to
negative Ygar. Right column: The colour corresponds to the v, velocity which exhibits a
four-lobed pattern. Interpretation: Taking both vectors together we see that, in the lobes
of the X-shape, the velocity vectors point towards the GC which is intuitive for the banana
orbit scenario often thought to support boxy/peanut bulges.
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Figure 5.20: Here we show bar streaming motions in the Y Zgar plane. The density of the
model is shown by the black contours. Each row corresponds to a different Y Zgar slice
along the Xpar axis only considering positive Xgar. left column: The colour corresponds
to the mean v, velocity and shows a strong quadrupole pattern which is strongest at
Xgar ~ 1.1 kpc. Right column: The colour corresponds to the v, velocity which, as in the
X 7ZgaAR, v, velocity, exhibits a four-lobed pattern. Interpretation: We see that, as stars
move from +Ygar to —Ygagr they rise out of the plane before falling back inwards. It is
this arcing motion that is likely responsible for the near circular density contours away
from the Galactic plane.
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5.7.3 Kinematics of the Bulge From the Sun’s Perspective

Fitting M2M models allows the complex selection functions of surveys to be removed so
that one can study the underlying structure and kinematics. In Fig. 5.21 we plot the on-sky
kinematics of the fiducial model for a range of distance bins (see distance labels on the
right hand side). The purpose of these maps is to provide a brief glimpse of the velocity
structure of these models as would be observed by an observer on Earth.

Baryonic Density

The baryonic density of the model is shown by the black contours at each distance as as we
look further into the bulge we see long-bar and the near-side lobe appear at +/ and then
shift towards —[ until at D = 8.1 kpc we can clearly see the X-shape despite the viewing
angle of ap, = 28°. The lobe then shifts to —I, becoming less prominent until we can see
the long-bar again at D ~ 11.1 kpc embedded within the inner-disk structure.

Mean longitudinal proper motion, <y« >

One notable feature is the lobes that appear at b = +8° near the minor axis for D = 7.1 kpc
and D = 9.1 kpc. These are clear tracers of the orbital structure in the bulge region as at
D = 7.1 kpc it indicates strong velocity component along the bar’s major axis (projected
into the [ direction) and at D = 9.1 kpc shows a strong velocity in the opposite direction
on the far side of the bar (here far side refers to +Ygagr in the reference frame of the bar).
At distances away from the GC we see the effect of the inner-disk in the more positive
(near side) and more negative (far side) proper motions with the pattern disrupted by the
presence of the long-bar at either end due to non-circular velocities.

Longitudinal proper motion dispersion, o

We immediately see the large dispersion in the GC at D = 8.1 kpc and as we move away
from the GC map we see that a region of high dispersion follows the bar. We also see
regions of higher dispersion appearing above and below the Galactic plane as we move in
front of and behind the GC indicating that the inner-disk component has a low velocity
dispersion, which is reasonable for mostly circular orbits, compared to the out of plane
material.

Mean latitudinal proper motion, < ;>

The most prominent feature here is the obvious quadrupole pattern which is most promi-
nent at D = 7.1 kpc. This is due to vertical streaming motions in the bar and is offset
from the centre towards +I due to the bar angle. Interestingly we see the pattern is centred
on zero at D = 8.1 kpc but less prominent which is due to the larger distance reducing
the magnitude of proper motions as the same physical distance travelled corresponds to a
smaller angular distance. This explains the offset towards positive longitude observed in
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the Clarke et al. (2019) maps as the signal is a mixture of the physical velocity and the
distance which reduces the proper motion.

Latitudinal proper motion dispersion, o,

The most interesting feature in these maps is the two islands of high dispersion above and
below the Galactic plane suggesting there is a flat in-plane feature with low vertical height
passing right through the GC. As expected the vertical dispersion is greatly enhanced
within the boxy/peanut bulge relative to the flattened inner-disk.

Mean LOS velocity, < v},s >

The mean LOS velocity shows clear cylindrical rotation in the boxy/peanut bulge region
and the characteristic rotation pattern of the rotating bar/disk. Previously unknown are
the islands of high |v),s| seen in the arms of the X-shape in the D = 8.1 kpc field which
are likely manifestations of the locations in which stars cross the Xgar axis as discussed
in § 5.7.2.

LOS velocity dispersion, o, __

The LOS velocity dispersion shows no surprises with a region of high dispersion around
the GC and extending along the major axis of the bar into the long-bar at D = 10.1 kpc.
Otherwise, outside the boxy /peanut and long-bar region the dispersion appears fairly stable
at oy, ~ 80 kms™!

5.7.4 Predicting the Bovy et al. (2019) APOGEE & Gaia maps.

Two recent papers, Bovy et al. (2019) using APOGEE DR16 and Gaia DR2, and Leung
et al. (2022) using APOGEE DR17 and Gaia EDR3, have presented maps (see Fig. 2
in both papers) of the velocity structure around the GC. They show the Galactocentric
transverse velocity vy, the Galactocentric radial velocity vg, and the rotational frequency
vr/Rr. As expected these maps clearly show the barred bulge not only in density but also
in kinematics and the measurements were used to measure the pattern speed, {2, and the
distance of the sun to the GC, Ry.

We reproduce the kinematic maps using the fiducial model and the results are shown
in Fig. 5.22. As expected we observed the minima of the transverse velocity at the GC,
the quadrupole pattern in the radial velocity, and the lobed structure in the rotational
frequency map. We show this to demonstrate the incredible power and versatility of these
models. While Bovy et al. (2019); Leung et al. (2022) merely tested their methods on
N-body simulations, these M2M models would allow a direct quantitative comparison
to the maps derived from APOGEE and Gaia complementary to the purely data-based
methodologies. As the models can be recomputed varying parameters in a systematic
pattern they represent a unique tool for studying problems in the dynamics of the Galactic
bulge and bar.
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Figure 5.21: Here we show on-sky (/,b) maps of the kinematic structures in the fiducial
model as observed from the perspective of the Sun. We show each kinematic signature as
a function of distance (see labels on the right hand side) and highlight the model density
with the black contours. We show, from left to right, the mean proper motion in longitude
< pu+ >, the dispersion in longitudinal proper motion oy, the mean proper motion in
latitude <y, >, the dispersion in latitudinal proper motion o,,, the mean LOS velocity
< Vs >, and the LOS velocity dispersion o,,__. See text for a detailed discussion of features.
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Figure 5.22: Kinematics in the bulge region as presented in Bovy et al. (2019); Leung
et al. (2022). Left: The Galactocentric transverse velocity vy. Middle: The Galactocentric
radial velocity vg. Right: The rotational frequency vr/r. The central bar is obvious in these
kinematic maps that agree nicely with the APOGEE DR16 + Gaia DR2 (Bovy et al. 2019,
Fig. 2) and APOGEE DR17 + Gaia EDR3 (Leung et al. 2022, Fig. 2) data.

5.8 Conclusions

We fit a new fiducial M2M model of the bulge/bar region of the Milky Way with a view
to constructing a suite of models over two hyperparameters; the bar pattern speed, €2,
and the mass to clump ratio, Mo/nzc. These models are constrained with RC density data
from a combination of the VVV, UKIDSS, GLIMPSE, and 2MASS surveys (see Wegg &
Gerhard 2013; Wegg et al. 2015) as was done in P17. In addition we consider the kinematic
constraints from VIRACv2, A2A, and APOGEE DR17 + Gaia DR2. We update the M2M
method with a new algorithm to reconstruct the DM density which is described in Chapter 4
and has been shown to be highly accurate at reconstructing the DM density profile in the
inner Milky Way for a variety of density profiles ranging from cored to cusped.
Our main conclusions are as follows:

1. The fiducial model appears stable during the phase-mixing stage with no significant
change in the x?/n of the different datasets. Unlike in P17 this indicates that the
model does not suffer from any over-fitting and will retain the same configuration
when integrated forwards in time discounting long-term secular evolution processes.
This model is therefore an estimation of the true equilibrium state of the MW.

2. The model diverges from the Wegg & Gerhard (2013) RC density dataset in the plane
of the disk where we see the transition into a bar like structure at much smaller Galac-
tocentric radius. This suggests the VIRACv2 data, which exhibits strong longitudinal
proper motion even at 1.0° < |I| < 1.5°, is moderately inconsistent with the more el-
liptical structure of the Wegg & Gerhard (2013) extrapolation. This point is however
somewhat dependent on the relative weighting of the two datasets in the modelling.
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3. We see a mismatch between the <y« > data from the VIRACv2 survey compared
to the APOGEE DR17+Gaia DR2 data. This is possibly due to a slight bias in
APOGEE towards observing the more in-plane stars which are on average younger
than those at higher latitude. These younger and brighter stars are not represen-
tative of the mass weighted stellar kinematics which are approximately observed in
the VIRACv2 sample and they therefore exhibit different kinematics. One plau-
sible manifestation of this bias could be a slight overemphasis (in APOGEE) of
generally younger ring stars (see Wylie et al. 2022) which formed later than the
rest of the bar/bulge and have different kinematics. As the input models were not
fit to APOGEE kinematics it is possible the models do not currently host any ring-
supporting orbits. If ring-like orbits simply do not exist in the model, with the model
instead hosting more circular inner disk-like orbits in the region where in actuality
the ring exists, the difference may be due to the greater projection of the disky orbits
into the longitudinal direction compared to the ring streaming motion which is at an
acute angle, ap,, = 28° (Wegg & Gerhard 2013; Wegg et al. 2015), to the LOS.

4. We ease the tension between the results of cosmological hydrodynamical simulations
which suggests inner slope parameters for a MW-like galaxy of v > 1 with the cored
density profile determined from the P17 dynamical modelling. The present work,
considering a single fiducial model, obtains a inner slope of v ~ 1.1, and a slope
at 2 — 3 kpc of ~ 1.8 in moderate agreement with the results of Di Cintio et al.
(2014b); Tollet et al. (2016); Lazar et al. (2020).

5. Our model is able to match the FEilers et al. (2019) rotation curve excellently at r 2>
7.5 kpc but is too low within that radius suggesting some additional mass component
is missing which would boost the velocity in this region.

6. We see evidence of an overdensity sitting in front of the bar which disrupts the model
from equilibrium if the long-bar density data is fit too forcefully. A similar feature, at
a slightly different magnitude, was found by Paterson et al. (2020). Further analysis
is required to correctly interpret what this structure represents.

7. The model shows clear evidence of streaming motions along the bar major axis in
the same sense as the bar rotates. There is clear vertical streaming motion which is
strongest along the lobes of the X-shape but exhibits a complex structure along the
bar major axis.

Finally, we generate maps of the model, in a few simple use cases, and as observed
from the sun to demonstrate the power of these models for use in further studies of the
MW structure and kinematics. This model, and the grid we will compute to complete this
project, will be made available to the community upon request.
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Chapter 6

Conclusions

6.1 Outlook

The formation of the Milky Way is a very active field in modern astronomy. As the only
Galaxy where we have a star-by-star view the Milky Way is a benchmark disk galaxy
against which theories of galaxy formation in a cosmological context can be tested. By
unravelling the series of processes by which the Milky Way formed we gain valuable insight
on how disk galaxies in general must have formed. However, before one can interpret
the mechanisms through which the Galaxy formed one must understand the state of the
Galaxy now.

This requirement has been reflected in the huge amount of effort devoted in recent years
to collecting data on the Milky Way. A multitude of photometric and spectroscopic surveys
have targeted the bulge (see Table 1.2), disk and stellar halo collecting a huge volume of
data to analyse and interpret. It was the desire to unite these different surveys into a
single global picture of the structure and dynamics of the Milky Way bulge that motivated
this thesis. In the first part we compare an existing generation of dynamical models to the
VIRAC proper motion dataset, using the models to understand and interpret the features
seen in the data, before making a new measurement of the bar pattern speed. In the latter
half we present a new technique to accurately reconstruct the dark matter density in the
inner region of the Milky Way and apply this while fitting the VIRACv2 data to create a
new generation of dynamical models in which all three of the baryonic density, baryonic
kinematics, and dark matter density are well matched.

In this section we summarise each of these stages, explaining the context of the problem,
highlighting new discoveries and any problems now solved by this work.
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6.2 The Structure and Kinematics of the Galactic
Bulge

We begin by focusing on the Galactic bulge region, using the recently released catalogue of
proper motions, VIRAC (Smith et al. 2018), derived from VVV photometry (Minniti et al.
2010) and taking advantage of the M2M models produced by Portail et al. (2017a). By
predicting the VIRAC proper motions from the model we were able to make quantitative
comparisons to the data in both integrated on-sky maps and as a function of magnitude.

The Galactic bulge is thought to be X-shaped, motivated by the discovery of the split
RC in OGLE-III (Nataf et al. 2010) and 2MASS (McWilliam & Zoccali 2010) data. More
evidence for an X-shaped bulge component was presented by Saito et al. (2011) who ob-
served a split RC in |{| < 2° 2MASS fields with the two density peaks merging at |b| < 4°.
This structure was also seen in the reconstructed 3D density of the bulge overdensity con-
structed by Wegg & Gerhard (2013) and in the WISE images Ness & Lang (2016). However
an alternative explanation for the split RC was proposed by Lee et al. (2015, 2018) who
proposed that, rather than a bimodal density profile, the bimodal magnitude distribution
is caused by a population effect. In our work we show a difference in proper motion of
Ay ~ 1 masyr—! between the RC stars in the near and far density peaks along minor
axis lines of sight at b < —7°. This is further kinematic evidence that the split RC cannot
be the result of a population effect and is instead due to an X-shaped bulge.

Streaming motion in the bar was observed by Vasquez et al. (2013) who observed
a sample of 454 bulge giants, evenly distributed between the bright and faint RC, in a
(I =0°, b= —6°) field. They observed that stars in the near peak show an excess of stars
moving towards the sun and in the distant peak they observed an excess of stars moving
away from the sun. They interpreted this as streaming motion along the bulge/bar’s major
axis. In this work we detect streaming motions along the bar’s major axis in <y > and
in the vertical direction in < g, >. This is present in the integrated maps where we
observe tilted velocity isocontours; in the <y, > map we see a clear quadrupole which is
a composite effect of vertical streaming motion and the pattern rotation of the bar. We
therefore confirm the streaming motion along the bar’s major axis in the same sense as the
bar’s pattern rotation.

It is still an area of debate as to whether the Milky Way bulge hosts a more spherical
classical (merger built) bulge component (Shen et al. 2010; Di Matteo et al. 2015; Rojas-
Arriagada et al. 2017; Barbuy et al. 2018). In this work we compute the correlation of
proper motion vectors for all RGB stars as a function of magnitude through the bulge.
This map shows a clear quadrupole signature, interpreted as stars following boxy orbits
within the bulge, which strengthens at Ky, ~ 12.9 due to the bulge overdensity of RC stars
on boxy orbits. We see no decrease in correlation around the Galactic centre which would
be expected if there were a substantial classical bulge component residing there.

In this work, coincident with the similar work of Sanders et al. (2019a), we present the
first large-volume 3D decomposition of the velocity structure in the Galactic bulge. We see
clear evidence for the increased velocity dispersion around the Galactic centre; an effect of
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the deep potential well. The dispersion maps exhibit a lobed structure which is due to the
bar angle and the quadrupole is stronger at positive longitude as expected for a bar with
the near side at 4. In particular we show maps of <y, > as a function of distance where
we see a flip in vertical proper motion aligned with the bar’s major axis (see Fig. 2.18).
We interpret this as clear vertical streaming motion throughout the boxy/peanut bulge.

6.3 The Milky Way Bar Pattern Speed

Continuing our analysis of the VIRAC proper motions we extend our analysis to a quanti-
tative comparison to the Portail et al. (2017a) models with the aim of deriving the pattern
speed and tangential solar motion of the bar. These two quantities must be treated to-
gether as they produce degenerate effects in . In this work we consider a grid of models
which we statistically compare to the data using a bayesian likelihood approach.

The pattern speed, €, is an essential global parameter of the barred bulge because it
not only impacts the structure and dynamics of the bar/bulge region (e.g. such as the bar
length (Contopoulos 1980; Aguerri et al. 1998)) but also causes resonances in the Galactic
disk (e.g. Monari et al. 2019b) and can create kinks in stellar streams as the bar sweeps
past (Pearson et al. 2017, e.g.). The tangential solar velocity, Vj o, is highly interesting
as, to move past a heliocentric view of the Milky Way and extragalactic phenomena, we
require precise knowledge of the sun’s motion within the Milky Way.

The Pattern Speed

The pattern speed has been measured many times in recent years using: 1. bulge stellar
kinematics finding Qy, = 39.0 &+ 3.5 kms~ ' kpc™! (Portail et al. 2017a); 2. the Tremaine &
Weinberg (1984b) method applied to the VIRAC proper motions (Sanders et al. 2019b);
3. the continuity equation applied to APOGEE data (Bovy et al. 2019; Leung et al. 2022);
4. hydrodynamical simulations of the gas flows (Sormani et al. 2015a; Li et al. 2016, 2022a);
and 5. models of the resonance effects in the Galactic disk (Antoja et al. 2014; Pérez-
Villegas et al. 2017; Monari et al. 2019a,b; Asano et al. 2020; Binney 2020; Chiba &
Schonrich 2021). Over time a transition has occurred with older gas dynamical studies,
using a short-fast bar, finding 50 < Q,[kms™'kpc™'| < 60 while Li et al. (2022a) finds
a best fit with Q, = 37.5 — 40.0 kms~'kpc~!. A similar shift has been observed for the
resonance based studies with older works generally favouring a short fast bar (Dehnen 2000;
Minchev et al. 2007, 2010; Antoja et al. 2014) while more modern, and more sophisticated,
studies take into account higher order resonances and find €, ~ 35.0 kms™'kpc™! (Hunt
& Bovy 2018; Binney 2020; Kawata et al. 2021; Chiba & Schonrich 2021).

In this work we present a new measurement following a careful analysis of the VIRAC
data and the systematic uncertainties that are present in the data analysis and modelling.
We find €, = 33.3 £ 1.8 kms 'kpc™! in excellent agreement with the recent results of
Binney (2020); Kawata et al. (2021); Chiba & Schénrich (2021) and providing strong
evidence for the long-slow bar scenario. Important to note about this result is that, while
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our measurement is made using data in the inner bulge and bar region, it is consistent
with measurements made in the galactic disk indicating a convergence between the two
approaches to measuring this value.

Having measured €2, we go a step further and measure, using a high-precision mea-
surement of the Galactic rotation curve (Eilers et al. 2019), the resonant radii in the disk
finding a corotation radius of ~ 7 kpc and an Outer Lindblad resonance of ~ 11.5 kpc
from the Galactic centre.

The Tangential Solar Motion

The best high-precision measurements of the sun’s tangential motion currently come from
combining the proper motion of Sgr A* (Reid & Brunthaler 2020) with the distance to
Sgr A* measured by (Gravity Collaboration et al. 2018a, 2019, 2020) resulting in Vo =
250.63 £ 0.42 kms~!. Consitent measurements have been made using a Hypervelocity star
(Koposov et al. 2020) and using the Solar system’s acceleration from the analysis of Gaia
EDR3 (Bovy 2020).

Our measurement is V, o = 251.31£1.95 in excellent agreement with the value obtained
by combining the Reid & Brunthaler (2020); Gravity Collaboration et al. (2020) results.
This result confirms the Sgr A* based measurement using the entire bulge structure as an
anchor with which to make the measurement providing strong evidence that Sgr A* is at
rest in the centre of the galaxy.

6.4 Reconstructing the Bulge Dark Matter Density
Profile

Non-parametric dynamical modelling methods, such as Schwarzschild and M2M, have often
relied upon an assumed dark matter halo density and potential in which to make the
fit to the baryons (e.g. Portail et al. 2015a; Mehrgan et al. 2019). This is not ideal as
either one accepts a model with an incorrect dark matter halo or one must commit to
a computationally expensive grid search to optimise the halo alongside whichever other
global parameters one is interested in. A further caveat to this technique is that the halo
parameterisation must be relatively simple, e.g. an NFW halo (Navarro et al. 1997), with
only a few free parameters to be varied.

The first time dark matter was varied during fitting was in the work of Portail et al.
(2017a). They used the BRAVA dispersion data to adjust the total dark matter mass
within 2 kpc. They then fit an einasto profile (Einasto 1965) during the course of the
run using the mass within 2 kpc to constrain the fit in the inner region and the Sofue
et al. (2009) rotation curve data to constrain the 6 < Rgc[kpe] < 8.2 region. A single
anchor point in the bulge region necessitates the use of a simple profile as before as there
is insufficient information to constrain anything more complex.

In this thesis we present a significant upgrade on this approach (predicated upon the
fact we now have the VIRACv2 proper motions as constraints). Our method follows the
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same basic assumption, Mpy (1 < r;) O’i,, but expands the technique to provide a radial
sequence of constraints on the cumulative dark matter mass profile. The sequence of con-
straints is sensitive to changes in the slope of the dark matter density profile and contains
enough information to fit a far more complex density profile with five free parameters. We
show how this technique naturally fits into the M2M modelling framework as an additional
process.

We proceed to test this method using mock data generated self-consistently from an V-
body model with hand defined dark matter halo density profiles. Testing six cases different
inner slopes from flat cored density profiles in the inner region to ultra-cusps (logarithmic
slopes steeper than —1) we find that our approach is able to accurately reconstruct the
input dark matter density profiles with remarkable accuracy. We further test the M2M
method in its ability to recover global parameters such as the pattern speed of the bar
using mock data. Such tests have not been presented in the context of M2M modelling
of the Milky Way specifically and the positive results give confidence in the results from
future and previous modelling papers.

6.5 Dynamics and Dark Matter in the Milky Way
Bulge

In the final section we extend the M2M dynamical modelling analysis, including the up-
dated approach for extracting the dark matter density profile, to include the VIRACv2
proper motions. In addition we swap the BRAVA dataset for the far more powerful
APOGEE survey and replace the ARGOS data with the recently recalibrated A2A (Wylie
et al. 2021) data.

The Dark Matter density Distribution

Dark matter facilitates the hierarchical growth of structure in the Universe (White &
Rees 1978). The progression of dark matter from initial fluctuations to fully formed dark
matter halos has been followed in dark matter only (DMO) simulations, e.g. the Millenium
simulations (Springel et al. 2005). One of the findings of these simulations is the presence
of a universal density profile seen on the scale of dwarf galaxies to galaxy clusters. However
these simulations neglect baryons which can be the dominant mass component in the centre
of Milky Way-like disk galaxies.

The question of what effect the condensation of baryons and the growth of baryonic
structure in dark matter halos was first addressed by Blumenthal et al. (1986) who demon-
strated that during dissipative collapse the baryons perturb the dark matter causing it to
contract and obtain a denser more-cuspy profile. This result has been confirmed in the
EAGLE (Schaller et al. 2015), NIHAO (Dutton et al. 2016), and HlustrisTNG (Lovell et al.
2018) simulations. This is by no means the end of the story because it has been shown
that baryons can also reduce the dark matter density in the inner regions. Mechanisms
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include supernova and stellar feedback (Pedrosa et al. 2009; Pontzen & Governato 2012;
Schaller et al. 2015; Chan et al. 2015) or AGN processes (Waterval et al. 2022).

These two competing processes appear to be a strong function of the galaxies stellar
mass to its halo mass. Indeed, the variation of the inner slope in MaGICC!, NTHAO (Tollet
et al. 2016), and FIRE-2 (Lazar et al. 2020) has been fit with empirical relations which
all predict that a Milky Way mass galaxy should have a logarithmic inner slope steeper
than < —1 which is likely a result of the high dark matter to baryonic mass ratio making
it harder to perturb the dark matter. These results, from three separate cosmological
simulations, are inconsistent with the results of Portail et al. (2017a) who found the Milky
Way to exhibit a highly cored density profile.

For the fiducial model considered in this thesis, we find an inner slope of ~ —1.1 which
is consistent with the results of the cosmological simulations. A full modelling analysis,
accounting for various systematic effects, will be necessary before stronger conclusions
about the MW dark matter density profile can be drawn.

Streaming Motion in the Bulge

A discussed earlier one of the first direct measurement of streaming along the bar’s major
axis was presented by Vésquez et al. (2013). The work of Clarke et al. (2019); Sanders
et al. (2019a) built upon this having found clear indications of streaming motion both
along the bar’s major axis and in the vertical directions.

In this work we have mapped the streaming motion along the bar and in the vertical,
out-of-plane direction providing the clearest picture to date of the streaming motion in the
boxy /peanut bulge. We find clear signature of vertical motion up the arms of the X-shape
with mean velocities as large as < v, >~ 12 kms™! along the arms. We see evidence of
a highly complex velocity structure which will be greatly elucidated through a statistical
analysis of the orbits which make up the bulge and the long-bar.

The Future Use of these Models

The model presented in this thesis, and the suite of models that will have been made
following completion of the analysis, represent the best synthesis of the density and kine-
matic constraints available in the Milky Way’s bar/bulge region. This model therefore
represents a unique tool for studying the Milky Way as it is now which will be essential
for understanding how the Milky Way as we know it came to be.

Making Galaxies In a Cosmological Context (Brook et al. 2012; Stinson et al. 2013)
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Future Work

The dynamical models of the bar region can be used for a wide variety of applications in
studies of the Milky Way. In this section we present a few ideas for follow up work that
may serve to help improve these dynamical models even further or leverage the information
encoded in the models for studies of our Galaxy.

7.1 Deconvolution of the Long-Bar and Bulge Density

In the recent years there have been a number of attempts to deconvolve observed magni-
tude histograms to extract the underlying Galactic bulge density (Wegg & Gerhard 2013;
Sanders et al. 2019a; Paterson et al. 2020; Coleman et al. 2020) and stellar density in the
long-bar region (Wegg et al. 2015). The results of these works have shown slight differ-
ences due to the treatment of the RGBC component and other choices in the deconvolution
technique.

Here we outline an approach to perform a single analysis over all bulge/bar photometric
datasets; VVV(X), GLIMPSE, 2MASS, UKIDSS. These surveys would all need to be
completeness corrected prior to the analysis following methods as described in Wegg &
Gerhard (2013); Sanders et al. (2019a) although in some cases completeness corrected
catalogues have already been released; the MW-BULGE-PSFPHOT catalogue created by
Surot et al. (2019b) which was then used in the analysis by Paterson et al. (2020); Coleman
et al. (2020).

The equation of stellar statistics Lépez-Corredoira et al. (2000); Wegg & Gerhard
(2013); Paterson et al. (2020),

Ntotal (Ks(h l, b) = Nthinfdisk (K807 l? b) + Nthickfdisk (K507 la b) +

AQAK, s
: e (8, 1, D) @Pputee | Ko — 51 2 2ds, (7.1
J Pousge (M) dMp,, /pb e (5 1, 0) Pouig ( 0T 2080 (10 pC)) sds, (1)

gives the total number of stars in a (K, [, b) voxel including contributions from the thin
and thick disks. A denotes the solid angle subtended by the LOS and d K4 denotes the
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magnitude width of the Ko bin. [ Ppyge (Mk,,) dMk,, represents a normalisation factor
on the synthetic LF so that the integral of the all bulge stars sums to 1. puuge(s, I, b)
represent the bulge density structure for a distance s and @y denotes a synthetic LF for
the bulge including the AGBB, RGBB, and RGBC. This equation allows, given an estimate
of the bulge density (either parametric or non-parametric), and a parameterisation of the
thin and thick disk density contributions, the total number of RC stars in a given voxel to
be estimated.

Inverting Eqn. (7.1), and assuming a form for ® (e.g. Simion et al. 2017; Clarke et al.
2019), allows the bulge density to be inferred from a set of observational constraints on
Niotal (Ks0, 1, b) which is observed by photometric surveys. Solving this is non-trivial
as ideally one wants the solution to be smooth but also able to capture structures such
as the large bulge density peak and possible spiral arms in front or behind the bulge.
Here 1 suggest a penalised Markov Chain Monte Carlo approach using a non-parametric
description of ppuge (S, I, b). As an initial first guess, and possible prior, one could use the
density structure of the M2M dynamical model. For the regularisation, in order to achieve
smoothness, one could use penalization terms as used in Sanders et al. (2019a); Paterson
et al. (2020); Coleman et al. (2020) which link the density on one voxel to its neighbours.
A fit of this scale would require ensemble-sampler MCMC methods to deal with the large
and highly-correlated parameter space such as EMCEE (Foreman-Mackey et al. 2013) or
ZEUS-MCMC (Karamanis Minas & Beutler Florian 2021; Karamanis et al. 2021).

A full analysis would create a single unified picture of the density in the bulge and
bar region as well as shedding light on the possible spiral arm structures in front of, and
behind, the bulge density peak.

7.2 Analytic Approximations to the Milky Way Po-
tential

The model generated in this thesis represents the most accurate current representation of
the Milky Way’s bar and bulge however the model is currently represented by a distribution
of particles of various masses. An analytic approximation to the bulge/bar density and
associated gravtiational potential would be of extreme use to the scientific community.
Uses include the orbit integration of individual stars (e.g. Queiroz et al. 2021; Wylie et al.
2022) and the study of the effect of bar resonances in the disk (Monari et al. 2019a; Binney
2020; Chiba et al. 2021; Chiba & Schonrich 2021, e.g.).

An analytical bar model has already been constructed for one of the Portail et al.
(2017a) models in the work of Sormani et al. (2022b). They used a 4 component model to
approximate the stellar density of the model,

P (.’,C) = Px + Pbar + plong—bar + Pdisk s (72)

where

px (x) = pisech (a™) [1 + a (7™ + e )] e_<rcrut)2, (7.3)
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with, r = /22 + y2 + 22 and,
c L 1
2 27 2
r+tcz
(=) ()]
T Ye

T e
(7.4)

is a modification on the work by (Freudenreich 1998; Coleman et al. 2020). In this equation
a quantifies how strong the X-shape is and ¢ quantifies the slope in the (z, z) plane.

The two bar-like densities, ppar and piong—bar, are parameterised with the same functional
form which is modified from Wegg et al. (2015, Eqn. 9),

P(long—)bar, i () = pie”%""sech? (i) e_(Riiut)niyoute_(Rfinyi’m7 (7.5)

Zq
with,
1
o\ () #
a; = (1,’_ + y— & R= x? + 2, (76)

and the disk density is given by,

Z — == d cut md
paisk (R, z) = 4—2(;@ (1%) e~ “#*sech (%) . (7.7)

Sormani et al. (2022b) had great success reproducing the Portail et al. (2017a) model
with this density parameterisation. Given that new, updated models are now available it
makes sense to make these available for the community to use as well. To go a step further
would be to provide mass models for different pattern speeds when available to allow the
community to treat (), as a systematic parameter.

7.3 Chemodynamical/Chronodynamical Modelling

A natural extension of this work is chemodynamical modelling and chronodynamical mod-
elling. This has already been explored in Portail et al. (2017b) where a 4-component
metallicity distribution function was added to each particle resulting in a model with both
mass and chemical weights. The chemical weights were then adjusted following the same
M2M algorithm and matched to the kinematics of the ARGOS and A2A surveys decom-
posed into different metallicity bins. This initial model allowed the study of the different
metallicity components from their density distribution to the orbital structure.

However this first M2M chemodynamical model was constructed with the caveat that
ARGOS and APOGEE have different abundance scale calibrations as discussed extensively
in Wylie et al. (2021). As such the two datasets were slightly inconsistent resulting in some
uncertainty about the final model. Given the recently constructed A2A survey, which
specifically re-calibrates ARGOS to APOGEE, a new M2M chemodynamical model can
be created which will not suffer from this inconsistency.
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There are also many future spectroscopic surveys which could be added to the mod-
elling framework immediately, e.g. GIBS, as well as upcoming surveys such as MOONS,
4AMOST, and WEAVE (see Table 1.2) which will greatly enhance the information content
of any future M2M models. These surveys also measure many more abundances than the
metallicity, [Fe/H], alone and so it may be possible to extend the modelling to consider
multiple chemical weights. Spectroscopy also allows a star’s age to be estimated which
offers the possibility of the world first chronodynamical model.

Chemodynamical and/or chronodynamical models would be an extremely powerful tool
for untangling the formation history of the Milky Way Galaxy.

7.4 Orbital Structure of the Milky Way’s Barred Bulge

The dynamical model represents the entirety of the bulge/bar density structure however
it additionally provides a sampling of the orbital phase-space that underlies the global
structure. The first analysis of the orbital structure of a M2M model was presented by
Portail et al. (2015b) who found that the peanut shape is primarily supported by “brezel”
orbits as opposed to the “banana” orbits previously thought to be the backbone of the
boxy /peanut (Pfenniger & Friedli 1991; Martinez-Valpuesta et al. 2006). They found that,
for their Milky Way model, the fraction of stellar orbits in the bulge region that contribute
to the X-structure represent between 40 — 45% of the stellar mass.

More advanced orbital analysis techniques were applied to an N-body model of a barred
disk galaxy by Abbott et al. (2017). They estimated that ~ 20% of the mass in their bar
was associated to the boxy/peanut X-shape bulge and that the majority of bar-supporting
orbits contributed in some way to the boxy/peanut X-shape with different orbits contribut-
ing at different distances.

Compared to Portail et al. (2015b) the latest generation of dynamical models is also
fitted to match the density and kinematics in the long-bar region which will allow a sub-
sequent analysis to dissect this region in addition to the bulge. An analysis might then
follow the approach of Valluri et al. (2016) using the spectral analysis code described in
Valluri & Merritt (1998); Valluri et al. (2010). An orbit analysis would allow the mass of
different components such as the orbits in the X-shape, long-bar, and even the Lagrange
orbits to be estimated far more cleanly than simply considering the model as a whole.



Appendix A
The Milky Way Bar Pattern Speed

A.1 Accounting For Bulge Vertical Metallicity Gra-
dients

Fig. A.1 shows the approach taken to account for the bulge vertical metallicity gradient
which, when one assumes a constant M, rc, manifests as an apparent shift in the distance
to the GC. We have taken the data from W13, (Fig. 10) which shows an apparent difference
in the distance to the GC of ~ 0.4 kpc, corresponding to a magnitude difference of ~
0.1 mag. This is caused by the vertical metallicity gradient shifting Mg , rc to fainter
magnitudes with increasing height; Gonzalez et al. (2013) found a gradient of 0.28 dex kpc™?
which, when combined with dMk_, rc/d([Fe/H]) = 0.275 (Salaris & Girardi 2002), predicts
AMp., = 0.09 magkpc™".

To account for the metallicity gradient we fit a straight line to the points using linear
regression; we obtain a gradient, 8 = 0.33926, and intercept, o = 8.13571. When observing
the model we place the sun at 8.2 kpc from the centre of the bulge so we take this as the
zero point. The effect of the vertical metallicity gradient on the apparent magnitude is

then described by,
AKy = blogy, (ng%) , (A.1)

which is added to each particles’ apparent magnitude as it is observed.
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Figure A.1: Relationship between z and derived value for Ry obtained by W13, see their
Fig. 10. The black crosses show their data which is consistent with the vertical metallicity
gradient shifting Mg , rc to slightly fainter magnitudes with increasing vertical height
above the Galactic plane. The blue line shows a linear regression fit to the data points
and the blue y axis shows the shift in magnitude equivalent to the difference in distance

relative to the fiducial value, Ry = 8.2 kpc.



Appendix B
Dark Matter in the Milky Way Bulge

B.1 An Ensemble Slice MCMC Sampler

In the previous sections we described how we obtain a sequence of internal dark matter
mass measurements from the VIRACv2 dispersion data. This profile, together with data
on the rotation curve, are the two groups of constraints to which we fit the a8~ profile.

When considering five parameter fits a grid search is infeasible; the resolution is too
low, the scale in computational time to increase the grid is prohibitive, and the majority
of the grid is far from the maximum posterior region.

We therefore implement an MCMC search using an ensemble slice sampler (Karamanis
Minas & Beutler Florian 2021) which has the added benefit that it uses all the processors in
parallel so nothing is standing idle. We currently run the chains for 100000 steps, discard
the first 50000 as burn in when the chains are converging and thin by 250 to avoid correlated
chains. When the MCMC is done we take the mean density profile, considering all sample
combinations in the chains, as the new target dark matter. This approach means that the
final Dark Matter profile is not necessarily an a8 profile itself but is an average over the
ensemble of afv profiles. We can also generate errors on the final profile by considering
the distribution of the chains.

B.2 Fitting Mock Data: Model Convergence

Fig. B.1 shows the convergence of the six mock models over the course of their fitting
runs. Fitting starts at step = 10000 and stops at step = 70000 at which point the model
enters a phase-mixing stage. The phase-mixing allows the model to relax and demonstrates
the extent to which the model might be overfit. As seen in these panels the only model
which changes significantly is the M50 model where the RCHistograms x?/n increases
markedly. In all panels, all data-based observables (e.g. not including DiskDensity and
HaloDensity) converge to x*/n ~ 1 except for RCHistograms. This is not surprising as
we down-weight the RCHistograms to avoid fitting the non-equilibrium spiral structure
however these profiles remain a nice demonstration that the models do converge in the
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presence of more idealised data.
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Figure B.1: The evolution of the reduced x? during the mock fitting runs. Aside from
APOGEE which features overlapping fields the observables converge to x?/n = 1 indicating
the M2M modelling works excellently given no systematic issues in the data.
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B.3 General Weight Change Formula Derivation

First substitute Eqn Eqn. (4.24) into Eqn Eqn. (4.22).

dwea 0 1 2
= g [22192)’“ (X]’E) +M5} (B.1)
J

Then substitute Eqns Eqn. (4.23) and Eqn. (4.25) in as well.

don 0 -vE\* W wi
ot [ (5 - foe(2) 1] w2

Finally substitute in the Eqn Eqn. (4.21) in
N 2
o Z’C?(Zi(t))wi(t)*%k N "
o k| i=1 , Yy
=== Z Z A E + u;wl [log ( 5 ) 1] (B.3)
j =

(%Ja

The A*, the data observable, p, and the prior weights are all constant and independent of w; so are not affected by the
partial derivative.

Applying the partial derivative where it acts we get

N 2
> KE (2 (1)) wi (1) — YF N
% = —ewq % ; ;)\k Bia i=1 7 5ij J + M; |:8Wo¢ {wl log ( > - 1}] (B.4)

which then simplifies (after actually applying the partial derivative function) to

dwa 2k 3' k War

— =" |: ZZ 5yka ZIC (2 (8))w; () +ulog<?) (B.5)
Applying the final stage of the partial derivative to the summation with the product rule we get

W 5 ( i (1))
% = —ewa |:,u10g( )JrZZ)\k(SY]k {IC’C Za ( )+Z (wz () )}:| (B.6)

This is the general form of the weight evolution equation without assuming a form for the kernel. In the case of a weight
independent kernel the derivative vanishes and this reduces to,

xk
dj—;:— [ulog( )+szk5;k m»] (B.7)

B.4 Particle Weight Evolution: Weight Dependent
Derivation

We combine ,
dwa Wa X5 = OKS (=)
o = twa |:M10g<@>+zk:z)\k6}/jf{’C?(za)—i_z:(wi(;wa> }:| ) (B.-8)
with,
6’§ (za) A’ﬁ (za)
oz (wzak (znAk (20))

[

-V (za), (B.9)
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where V (zq) represents a generic velocity, to derive the form of the weight change equation in a weight dependent kernel
case.
We shall consider the section of the equation,

. N 8K;§(zi)
K;(za)Jr; wi—— | ¢ (B.10)

which contains all kernel terms which can now be substituted in. The substitution gives,

5k (za) Ak (za) N
j j V() + 30 | itk () AR (20) V (20) 9 ! , (B.11)

; (wiéé._? (1) A% (zi)> = Owa | T (wici;._? (1) A% (zi))

3

where we have expanded all terms as far as necessary. Now performing the partial derivative on the sum of pseudo weights
that fall into observable j.

9% (20) A% (za) —0% (20) A% (za)

N
Vi(za)+ Y wﬁ? (%) A? (2:) V (=)

, (B.12)
3 (i} (2 4 G0) = {1 (widh 2 a8 ) }2

1
The contents of the square bracket is now independent of the particle index ¢ and so can be taken beyond the summation

over particles.

5;? (zQ)AJL? (2a) _5;5 (za)AJ’X (2a)

V (za) + widk () AE () V (z1)) ¢, (B.13)
21': (wiéé._? (21) A;j (zl)> {Z (wiéji (=) A;ﬁ (zz)> }2 ; ( J J )

7

Moving shared factors outside the bracket and moving terms around we see:

9% (20) A () 5 [wid () A% () V (20

V (za) —
b (widk (z0) A% (=4)) 3 [widk (20) A% (z0)]

(3

; (B.14)

The final fraction is then clearly the pseudo weighted mean velocity in the 5t observable,
% (20) A% (2a)
3 (wish () A% (22)
7 J J

) (V(za)7<V]~.k >), (B.15)

for which we use the mean velocity predicted by the model and the denominator on the fraction is equal to the model density
at the ¥ observable.

J
Now substituting this term back into the original full equation we find,

dwe . (wa> S XJE 5;__“ (2a) AJ’i (2a) (V( v >> o
—— = —ewq |plog ( — g )= y 7 |
dt w k7 5Y]».k > (wiéji (21) A]’i (zz)) J

(3

which is the formalism implemented in NMAGIC.
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Appendix C

A Note on Internal Units of N-Body
Simulations

A common source of confusion when performing N-Body simulations is the system of
internal units being used. The motivation for using an internal unit system becomes clear
when one considers the scales involved. The Milky Way bulge has a spatial extent on the
order of kpc where 1 kpc is O (10'm). The sun requires ~ 200 Myr to complete one full
orbit around the Galactic centre where 1 Myr is O (10'3s). The mass of the sun, M, is
O (10%%kg). The total velocity of the sun in the Milky Way is O (10° m s™1).

In theory there is nothing wrong with performing simulations in SI units (m, s, kg)
however computers only have finite numerical accuracy and so it makes sense to run com-
putations in a unit system appropriate to the scales of the problem.

G has dimensions of length® - mass~" - time =2 and as such we can express the units as

follows,
U \ 2
Ur = C.1
= () )

where Uy, Up, and Uy, are the internal units for time, length, and mass respectively. The
velocity unit is then expressed as,

Uy = (GUM)é. (C.2)

The system of units normally chosen is one in which the gravitational constant, G, is set
to one. A common choice is to set 1U;, = 1 kpc and 1 Uy = 1 kms~!. This means that,
when running a simulation using this unit system, a velocity value of 1 Uy corresponds
to a ‘real’ velocity value of 1 kms™!. Having set G = 1 and defined the length and time
dimensions (time is implicitly defined by our choice of Uy, and Uy values) the mass unit is
also uniquely determined. This results in:

UyU,  (1000ms1)? (3.086 x 10'%m) o5
1Uy = — — 4.624 x 10k C.3
M G (6.6743015 x 10~ "'m3 kg1 s-2) 8 & (€.3)
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which corresponds to 1 Uy, = 232464 M ; and

= 3.0859 x 10'%s, (C.4)

LU = (3.086 x 10'°m)” :
771 (6.6743015 x 10-1'm3kg—1s~2) (4.624 x 10¥kg)

which corresponds to 1 Up = 977.86 Myr.
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