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Abstract

High Resolution Numerical Studies of the Milky Way Halo

by

Valery Rashkov

The halo of the Milky Way (MW) contains residual evidence of its hierarchical accretion
history, such as stellar streams, dwarf satellite galaxies and possibly even intermediate-mass
black holes the latter carried as they fell into the larger Galaxy. The discovery and study of
these objects have the potential to answer elusive questions about our Galaxy, such as the
accurate determination of its total mass, a fundamental quantity that determines the properties
and fate of galaxies in the Universe.

I use a particle tagging technique to dynamically populate the N-body Via Lactea IT
high-resolution simulation with stars. The method is calibrated using the observed luminosity
function of Milky Way satellites and the concentration of their stellar populations, and self-
consistently follows the accretion and disruption of progenitor dwarfs and the build-up of the
stellar halo in a cosmological “live host”. Simple prescriptions for assigning stellar populations
to collisionless particles are able to reproduce many properties of the observed Milky Way halo
and its surviving dwarf satellites, like velocity dispersions, sizes, brightness profiles, metallicities,
and spatial distribution. I apply a standard mass estimation algorithm based on Jeans modelling
of the line-of-sight velocity dispersion profiles to the simulated dwarf spheroidals, and test the
accuracy of this technique. The inner mass-luminosity relation for currently detectable satellites
is nearly flat in this model, in qualitative agreement with the “common mass scale” found in
Milky Way dwarfs.

I extend the tagging approach to the study of intermediate-mass black holes (IMBHs),

vii



and assess the size, properties, and detectability of the leftover accreted halo population. The
method assigns a black hole to the most tightly bound central particle of each subhalo at infall
according to an extrapolation of the Mgy —o, relation, and self-consistently follows the accretion
and disruption of Milky Way progenitor dwarfs and their holes in a cosmological “live” host from
high redshift to today. I show that, depending on the minimum stellar velocity dispersion, below
which central black holes are assumed to be increasingly rare, as many as two thousand or as
few as seventy IMBHs may be left wandering in the halo of the Milky Way today. I identify
two main Galactic subpopulations, “naked” IMBHs, whose host subhalos were totally destroyed
after infall, and “clothed” IMBHs residing in dark matter satellites that survived tidal stripping.
Naked IMBHs typically constitute about half of the total and are more centrally concentrated.
Their detection may provide an observational tool to constrain the formation history of massive
black holes in the early Universe.

I use the results from the stellar halo tagging in combination with the state-of-the-art
hydrodynamical cosmological simulation Eris to address the question of the poorly known Milky
Way halo mass. Taking advantage of the two simulated galaxies’ very different masses, I explore
the full range of estimates for the Galaxy from observational data. I establish that the simulated
halos reproduce many of the properties of the MW stellar halo, including its density profile slope,
velocity anisotropy and, in the case of the lighter galaxy, its radial velocity dispersion profile.
There is a striking link between discontinuities in these quantities where significant pileup of
stars in the orbital apocenters of their progenitors exists in phase space. I carry out controlled
experiments using numerical integration of the Jeans equation to conclude that the lighter halo,

Eris, indeed provides a much better fit to the data than the more massive halo of Via Lactea I1.
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Chapter 1

Introduction

1.1 Some observations from the last decade

It has been an exciting decade to study the Galactic halo. With the dawn of deep,
wide, multi-color photometric and spectroscopic surveys like the Sloan Digital Sky Survey (SDSS;
Gunn et al. 1998, York et al. 2000), our knowledge of the outskirts of our Galaxy has dramatically
increased.

Among the first hints that the MW’s halo was not smooth and originated in a hier-
archical accretion fashion was the discovery of the heavily perturbed Sagittarius dwarf galaxy
Ibata et al. (1994). Rich substructure, including ultra-faint dwarf spheroidal galaxies (Will-
man et al. 2005, Belokurov et al. 2007; 2010), stellar streams (Belokurov et al. 2006) and other
overdensities, arguably shells (Juri¢ et al. 2008), have been identified in star count maps since
then. Recently, Bell et al. (2008) quantified the amount of substructure as a function of radius,
confirming expectations that the stellar halo gets more “lumpy” with distance, consistent with
it having an accreted origin, as the much longer mixing timescale in its lower-density outskirts

ensures the survival of these substructures.



Beyond the spatial domain, substructure in the MW halo has been identified in the
velocity and metallicity spaces as well. Using data from the Sloan Extension for Galactic Un-
derstanding and Exploration (SEGUE; Yanny et al. 2009), Schlaufman et al. (2009) identified
numerous elements of cold halo substructure within 20kpc of the MW center with statistically
distinct radial velocity structure relative to a smooth underlying halo. Additionally, the same
authors observed significant angular autocorrelation in the positions of stars with similar metal-
licity even in regions with no significant overdensity in position or velocity space (Schlaufman
et al. 2012).

Further from home, similar studies are starting to uncover the wealth of structure in
the halos of external galaxies. Ibata et al. (2001a) discovered a “Giant Stream” around the
Andromeda galaxy, and McConnachie et al. (2009) later reported significant debris consistent
with leftovers of disrupted dwarf galaxies in its halo. Since then, the Spectroscopic Portrait
of Andromeda’s Stellar Halo (SPLASH; Kalirai et al. 2006, Gilbert et al. 2006) has provided a
wealth of information on the chemistry and kinematics of the building blocks of Andromeda’s
halo. Beyond the Local Group, Martinez-Delgado et al. (2010) have presented the first halo
substructures in nearby spiral galaxies. While intrinsically harder due to the larger distances,
these studies complement the study of the MW halo by giving us an external view of halo
substructure that is easier to interpret.

In Figure 1.1, we show one of the most iconic images of recent MW stellar halo studies

- the “Field of Streams” of Belokurov et al. (2006).

1.2 Computer models and the problems they created

At the same time as these observational advances, computer models have become

powerful enough to provide a point of comparison with observations. Following predictions
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Figure 1.1: One of the most iconic images from the past decade of MW stellar halo studies
— the Belokurov et al. (2006) “Field of Streams”. This structure becomes apparent in the
density distribution of SDSS stellar data after the application of a simple color cut that roughly
selects upper main sequence and turnoff stars. Stars are color coded by distance, with blue
for the nearest and red for the furthest stars. Shown are the location of various known MW
substructures, including ultra-faint dwarf galaxies. Stellar overdensity maps, in which the latter
were first spotted, are shown as a tribute to the difficulty involved in their discovery.



from the hierarchical ACDM galaxy formation scenario (White & Rees 1978, Blumenthal et al.
1984), high-resollution zoom-in fully cosmological simulations that produce galactic halos from
the continuous accretion of smaller building blocks (subhalos populated with dwarf galaxies)
have been successfully completed recently (Bullock & Johnston 2005, Diemand et al. 2005,
Springel et al. 2008, Cooper et al. 2010). Existing in the full cosmological context, yet with full
resolution capabilities to resolve the scales of ultra-faint dSph galaxies, simulations have opened
as many questions as they have answered.

The first significant discrepancy between the data and models became known as the
“missing satellites problem” (Klypin et al. 1999, Moore et al. 1999) and refers to the fact that
numerical simulations based on the CDM paradigm overpredict the number of surviving bound
satellites by a large factor. While SDSS doubled the number of known MW satellites and
suffers from the drawbacks of incomplete sky coverage and a distance-dependent magnitude
limit (Tollerud et al. 2008), correcting the expected number of currently unobserved satellites
for these limitations of the survey does not provide a satisfactory solution to the problem.
Recently, the problem has been revisited in the context of baryonic physics and star formation
within small substructures, which, owing to their extremely shallow potential wells, are unable
to cool gas and form stars efficiently (Kuhlen et al. 2012).

A related, but distinct problem was pointed out by Strigari et al. (2008), who suggested
that the inner regions of the dSph galaxies inhabiting the MW halo have a similar mass of 107 M,
within an aperture radius of 300pc, despite spanning four orders of magnitude in luminosity.
This “common mass scale” of the MW dwarf satellites sparked another flurry of research activity,
pointing to observational biases (Bullock et al. 2010), a fundamental scale in galaxy formation
(Munioz et al. 2009) or just a natural manifestation of the central density of subhalos in ACDM
(Maccid et al. 2009). Cooper et al. (2010) approach the problem in a semi-analytical way,

painting the properties of stellar populations onto the gravitational carriers - DM particles of



the Aquarius simulations (Springel et al. 2008) according to the GALFORM model of galaxy
formation (Bower et al. 2006). They demonstrate that simply applying a standard galaxy
formation model on the scales of accreted by the MW subhalos can reproduce the large scale
properties of the stellar halo and its dSph population.

In recent years, the “common mass scale” has been recast under a different name, the
“too big to fail” problem (Boylan-Kolchin et al. 2011), referring to very centrally concentrated,
massive subhalos within the MW halo that remain dark, failing to form stars. Predicted in
high-resolution cosmological simulations, like VLII (Diemand et al. 2005) and the Aquarius
suite (Springel et al. 2008), these subhalos’ rotation curves are too steep to accommodate the
observed velocities measured at the MW dSph half-light radii. Further studies of this problem
point to a baryonic solution. Pontzen & Governato (2012) suggest that repeated supernova
explosions modify the central density cusp, leaving subhalos less resilient to accretion into the

main galactic host halo.

1.3 Black holes in the MW halo - an exciting possibility

Getting a hold of the physics behind galaxy formation on the smallest known scales
opened up the possibility to investigate a related and equally elusive question - the formation
of galactic black holes in a hierarchical Universe. As most massive galaxies have locally been
observed to host black holes in their centers, with the black hole mass correlating with the galaxy
velocity dispersion (Héring & Rix 2004), one might ask about the implications of smaller black
holes forming in dwarf galaxies for the MW halo. Recent observations have suggested that the
m—o relation consistently extrapolates to the upper end of the dwarf galaxy velocity distribution
- 30km/s (Barth et al. 2005, Xiao et al. 2011). Extrapolating a little further would reach the

regime of intermediate-mass black holes, candidates for which have finally been identified in the



cores of globular clusters (Gebhardt et al. 2005, Noyola et al. 2010, Liitzgendorf et al. 2012).
The physics that could form IMBH in dwarf galaxies points to two different formation
channels, implying different threshold halo masses necessary and hence different demographics
of the accreted Galactic halo IMBH population. IMBHs could have formed early from the seed
Population IIT stellar remnants (Madau & Rees 2001, Volonteri et al. 2003), forming in more
ubiquitous, less massive building blocks of the MW halo, or later from the direct collapse of low-
angular momentum gas in more massive, rarer hosts (Loeb & Rasio 1994, Koushiappas et al.
2004). Previous calculations of the number of black holes present in the Galactic bulge and halo
today rely on techniques as diverse as analytical integration of the Press & Schechter (1974)
formalism (Madau & Rees 2001), Monte Carlo realizations of a hypothetical MW accretion
history (O’Leary & Loeb 2009, van Wassenhove et al. 2010), and collisionless simulations of

galaxy formation (Micic et al. 2006; 2011).

1.4 The mass of the MW galaxy — a fundamental, yet

elusive measure

Apart from the leftovers from its past accretion events, the overall structure of the
MW halo itself is of great interest, especially its mass. A galaxy’s mass determines its fate, from
the environment it lives in to the size and morphology of its baryonic component. Knowing the
MW mass accurately would give us a much better understanding of the amount of substructure
we should expect to see in its halo. Wang & White (2012) used SDSS data to study the
distribution of satellite galaxies around isolated bright hosts and concluded that their number
increases strongly with the stellar mass of the primary, in proportion with the expected halo
mass. This result suggests that a “lighter” MW might not have as big of a problem with its

“missing satellites”, however, it would exacerbate the odds of having two Magellanic clouds.



Galaxies the mass of the MW already have very small odds of having two satellites the mass of
the Magellanic clouds, about 10% (Busha et al. 2011). Reducing the mass of the Galaxy beyond
current estimates would then imply that the MW is somehow special.

Despite recent efforts to measure it, the MW mass remains largely uncertain, with
estimates varying between 2 x 10'2M (Wilkinson & Evans 1999) and 7 x 10! M, (Deason
et al. 2012b). Once again, these different measurements originate from the use of different
relevant data sets - the rotation curve halo gas (Rohlfs & Kreitschmann 1988), the orbits of the
Magellanic clouds (Besla et al. 2007), the dynamics of halo stars (Xue et al. 2008, Deason et al.
2012b). One of the biggest sources of uncertainty in the MW mass measurements is the fact
that in all but a few cases, only the line-of-sight component of the velocity is available. Only
recently has the well-known density-anisotropy degeneracy resulting from this limitation of our
data been broken for the first time - Deason et al. (2012a) report an anisotropy parameter in the

MW of 0.5, corresponding to a radial velocity dispersion twice that in the tangential direction.

1.5 What next for the MW halo?

Looking into the future, computer simulations run with full treatment of the relevant
hydrodynamic physics, of which Eris (Guedes et al. 2011) was a pioneer will be more and more
ubiquitous. They will provide an invaluable opportunity to study the diversity of cosmological
galactic halos beyond the boundaries of a single galaxy with a single, unique accretion history.
At the same time, the European Space Agency mission Gaia (Perryman et al. 2001) will observe
one billion stars in the MW Galaxy, providing not only extremely precise astrometric positions,
but also their transverse velocities, which will open new frontiers in research of the build-up and
structure of the MW halo. With this wealth of data dawning upon us, high resolution studies

of the MW halo are only about to begin.



Chapter 2

On the Assembly of the Milky Way
Dwarf Satellites and Their Common

Mass Scale

2.1 Introduction

Galaxy halos are one of the crucial testing grounds for ACDM structure formation
scenarios, as they contain the imprints of their assembly via the hierarchical merging and ac-
cretion of many smaller progenitors (White & Rees 1978, Blumenthal et al. 1984). Subunits
are predicted to collapse at high redshift and have high density concentrations, and when they
merge into more massive hosts they are able to resist tidal disruptions and survive in large num-
bers as bound substructures (e.g. Diemand et al. 2008). The dwarf spheroidal (dSph) satellites
present today in the halos of massive galaxies like our own Milky Way (MW) are thought to
represent a fossil record of such early merging activity. The old tally of MW “classical” dwarfs

with My < —10 (e.g. Mateo 1998) has been recently revised by the discovery of a new, large



population of ultra-faint dwarfs in the Sloan Digital Sky Survey (SDSS) (Willman et al. 2005,
Belokurov et al. 2007). Follow-up spectroscopic observations have shown that these extreme
objects are the most dark matter-dominated galaxies as well as some of the most metal-poor
stellar systems known in the universe (Simon & Geha 2007, Kirby et al. 2008, Geha et al. 2009).
While most of the observed dSphs seem to be in pressure-supported equilibrium, others (like
the Sagittarius dwarf, see Ibata et al. 2001b, Majewski et al. 2003) are being ripped by tidal
forces into long streams of stars that will eventually dissolve into the Galactic stellar halo. Large
coherent stellar streams have been observed in Andromeda’s halo (McConnachie et al. 2009) and
in the outskirts of other nearby galaxies (Martinez-Delgado et al. 2010, Mouhcine et al. 2010).

The predicted counts of bound substructures vastly exceed the number of known satel-
lites of the MW, a “missing satellite problem” that has been the subject of many numerical
studies over the last decade (e.g. Klypin et al. 1999, Moore et al. 1999, Madau et al. 2008a).
While this discrepancy is partially alleviated by correcting the data to account for the incomplete
sky coverage and distance-magnitude or surface brightness limits of current surveys (Koposov
et al. 2008, Tollerud et al. 2008, Bullock et al. 2010), it is generally agreed that a complete solu-
tion to the apparent conflict between the Galaxy’s relatively few observed stellar clumps and the
abundance of halo substructure in cold dark matter simulations requires either a modification of
the nature of the dark matter particle that would act to suppress small-scale power (e.g. Colin
et al. 2000) or an extremely low star formation efficiency in small dark matter subunits (e.g.
Kauffmann et al. 1993, Benson et al. 2002, Bullock et al. 2000, Somerville 2002, Kravtsov et al.
2004, Madau et al. 2008b, Kuhlen et al. 2012).

Measurements of the line-of-sight velocity dispersion as a function of radius in dwarf
satellites, combined with a spherical Jeans analysis, may have provided another “small-scale
puzzle”. Despite spanning about 5 decades in luminosity, MW dSphs appear to contain a

similar amount of dark mass, Mzgy ~ 107 Mg, within a fixed aperture radius of 300 pc from



their centers (Strigari et al. 2008, Walker et al. 2009). It is unclear at this stage whether the
flat inner mass-luminosity relation inferred, Msgo oc LO93%0-03 is an accident of small number
statistics, an artifact of the spherical Jeans analysis technique, arises from an observational
selection bias (Bullock et al. 2010), is evidence for a new fundamental scale in galaxy formation
(Munoz et al. 2009), or arises naturally in the ACDM paradigm (e.g. Maccio et al. 2009, Stringer
et al. 2010).

Numerical simulations of the assembly of the halo of Milky Way-sized galaxies have the
potential to shed light on the nature of dSph galaxies and test the ACDM hierarchical clustering
paradigm. Owing to their computational expense, state-of-the-art cosmological hydrodynamic
simulations that include gas cooling, star formation, and supernova feedback, and can self-
consistently follow the formation and evolution of MW substructure down to the present epoch,
are limited to dark particle masses m, 2 10° Mg, (Guedes et al. 2011), and can well resolve only
the most massive subhalos. To be able to reach the necessary resolution, we use in this chapter
a particle tagging technique to dynamically populate the N-body Via Lactea II (hereafter VLII)
high-resolution simulation with stars, and self-consistently follow the accretion and disruption
of progenitor dwarfs and the build-up of the stellar halo in a cosmological “live host”. We
show how simple prescriptions for assigning stellar populations to collisionless particles are
able to reproduce many properties of the observed MW halo and its surviving dwarf satellites,
like velocity dispersions, sizes, brightness profiles, metallicities, and spatial distribution. More
importantly, with over 1.6 million stellar particles tagged in post-processing, we can then mimic
the observations of the line-of-sight velocity dispersion profiles of the simulated dSphs, apply a
standard mass estimation algorithm based on spherical Jeans modelling, test the accuracy of
this technique, and confirm or dispel the existence of a common mass scale for satellite galaxies.

A number of previous implementations of the particle-tagging approach exists in the

literature (e.g. White & Springel 2000, Diemand et al. 2005, Bullock & Johnston 2005, Moore
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et al. 2006, Cooper et al. 2010, Tumlinson 2010). The approximation breaks down when baryons
become dynamically important, i.e. in the inner regions of the MW and in the galactic disk.
The orbits of some subhalos will pass through these regions, and one has to keep in mind and
eventually correct for the fact that some substructure will actually feel the potential of baryonic
configurations. Dwarf spheroidal satellites on the other hand seem to be dark matter-dominated
on all scales, and our simulated subhalo potentials can be directly compared to the observed
stellar kinematics. VLII’s high mass resolution allows the survival of small dark matter subhalos
long after they are accreted by the main host. Resolved at the present epoch with anywhere be-
tween 1,000 and 100,000 particles, these systems, in combination with an appropriate technique
to designate stellar particles, serve as a testbed for the techniques commonly used to estimate
the masses of dSph galaxies from real data.

This chapter has been published in the Astrophysical Journal as Rashkov et al. (2012)
and is organized as follows. In § 2.2 we describe the VLII simulation and particle tagging
technique, together with the resulting stellar halo and the population of dwarf satellites surviving
today. In § 2.3 we describe the Jeans analysis used to estimate masses in pressure-supported
collisionless systems, and assess its performance in correctly estimating the underlying mass

distributions of the simulated dSph galaxies. We summarize our findings in § 2.4.

2.2 Simulation and particle tagging technique

The VLII simulation, one of the highest-precision calculations of the assembly of a
Galactic halo to date (Diemand et al. 2008, Zemp et al. 2009), was performed with the PKD-
GRAV tree-code (Stadel 2001). Initial conditions were based on the WMAP 3-year data release
cosmology (Spergel et al. 2007) and were generated with a modified, parallel version of the
GRAFIC2 package (Bertschinger 2001). VLII employs just over one billion 4,100 Mg particles

to model the formation of a Myyy = 1.9 x 10'2 M Milky-Way size halo and its substruc-
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Table 2.1: Build-up of the VLII stellar halo

Snapshot  Redshift  Npalos M [Mg] Snapshot  Redshift  Npajos M. [Mg]

0 27.54 0 - 13 1.37 61 3.63 x 103
1 23.13 0 - 14 1.16 45 6.86 x 10°
2 17.88 0 - 15 0.98 22 4.45 x 105
3 14.78 0 - 16 0.83 17 1.50 x 107
4 12.71 3 4.48 x 109 | 17 0.70 12 9.84 x 10*
5 11.20 24 9.83 x 10% | 18 0.58 15 2.01 x 104
6 9.14 190 1.89 x 10° | 19 0.48 14 6.07 x 103
7 7.7 530 4.25 x 108 | 20 0.39 6 1.18 x 101
8 4.56 1109 9.61 x 107 | 21 0.31 3 9.20 x 10!
9 3.24 609 1.26 x 10% | 22 0.24 5 3.68 x 102
10 2.50 303 7.12 x 107 | 23 0.17 1 4.81 x 102
11 2.00 166 8.86 x 108 | 24 0.11 1 3.66 x 100
12 1.65 67 4.50 x 107 | 25 0.05 1 1.04 x 101
26 0.00 0 -
Note. — Columns 1 and 2 give the VLII snapshot number and its corresponding redshift.

Columns 3 and 4 list the number of subhalos that reached their maximum dark matter mass
My, in that snapshot, together with the total stellar mass they contribute to the VLII main

host at z = 0.
1000F™ " " " E 1000F ' o ' ' T
100} T {1 100} —
z. Z

10k 1 10f | .

1 —| 1 1

7 8 9 10 0 4 8 12
log My, [Mg] redshift

Figure 2.1: Distributions of the peak mass My, at infall for 3,204 VLII subhalos (in blue) above
My, = 107 Mg, (left panel) and of their infall redshift (right panel). Tagged subsets of dark matter
particles in these systems are followed in post-processing from infall to the present. Subhalos
that at z = 0 host a SDSS-detectable dSph populate the higher-mass and lower-redshift ends
of these distrubutions (in red). The gaps in the redshift distribution correspond to Az = 1
intervals where VLII snapshots were not analyzed in detail (see Table 2.1).
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ture. About 40,000 subhalos of masses as low as 106 M, are resolved today within the host’s
ro00 = 402 kpc (the radius enclosing an average density 200 times the mean matter value).

The particle tagging technique makes full use of 27 snapshots (out of 400 total) of
the simulation, spanning the assembly history of the host between z = 27.54 and the present.
Numbered from 0 to 26, the snapshots are listed in Table 2.1 together with the corresponding
redshift. In each snapshot, all (sub)halos were identified with the 6DFOF group finder (Diemand
et al. 2006), and linked from snapshot to snapshot to their most massive progenitor: the halo
‘tracks’ built in this way contain all the time-dependent structural information necessary for
our study. We use them to identify the simulation snapshot in which each subhalo reaches its
maximum mass M), before being accreted by the main host and stripped. By neglecting all
subhalos with M, < 107 M, we restrict our analysis to 3,204 such tracks that contribute mass
to the main host halo at z = 0. The mass distribution of the selected subhalos at infall and
the distribution of infall redshifts are shown in Figure 2.1. The gaps in the redshift histogram
correspond to epochs in which no VLII snapshots were studied in detail (see Table 2.1). Due to
the great computational effort necessary in the analysis of a single VLII snapshot, 6DFOF was
applied only to the 27 ones listed here, and expanding this analysis to more snapshots is beyond
the scope of our work. Halos that are accreted by the main host in these intervals are tagged
at the next available snapshot. As the halos we consider are composed of a large number of
particles, they are well resolved even ~0.5-0.8 Gyr (typical snapshot separation) after accretion,
making it unlikely that this time discretization affects significantly our results.

A subset of dark matter particles in each subhalo is then “tagged” as stars at infall,
and no subsequent star formation is assumed to take place - hydrodynamical simulations suggest
that ram pressure stripping would deplete the subhalo gas reservoir and shut star formation off
shortly thereafter (e.g. Mayer et al. 2006). It is therefore at infall that tagged particles acquire a

stellar mass mgp, an age tsp, and a metallicity [Fe/H]sp: any subsequent evolution of the tagged

13



stellar populations is purely photometric and kinematical in character, as systems age and are
accreted and disrupted in a cosmological “live host”.

The following three prescriptions determine mygp, tsp, and [Fe/Hlsp, and were tuned to
match certain structural and statistical properties of the surviving dSph population at z = 0: the
star formation efficiency M, /M), is fit to reproduce the satellite luminosity function, the selection
of particles painted in halos is made to fit the current extent of their luminous component, and
the assigned metallicities are designed to place satellites on the observed metallicity—luminosity
relation today. The first two prescriptions thus determine the value myg,, for each tagged particle,
while the third determines its [Fe/H]s,. The age tsp, of the stellar population consistently follows
from the star formation efficiency prescription and the history of dark matter build-up of the
subhalo it was tagged in.

In the spirit of Koposov et al. (2009) and Kravtsov (2010), the total stellar mass tagged

at infall is assumed to scale as a power-law of the host subhalo mass,

M, - M, \'®
=16x107° [ —>— . 2.1
w010 (109 M@) (2.1)

Kravtsov (2010) used a slope of 1.5 but argued that the results would not change drastically
if a somewhat steeper (2.0-2.5) slope was assumed. Koposov et al. (2009) similarly adopted a
slope of 2.0. Our relation has a somewhat higher normalization than both. The difference likely
arises from the conversion of the assigned stellar mass to a V-band luminosity. Koposov et al.
(2009) assume a mass-to-light ratio M/L = 1 to be typical for old stellar populations, while we
find that M/L ~ 3 — 4 better fits the range of ages and metallicities we assign to the infalling
satellites (see below). A similar argument holds for the Kravtsov (2010) relation, which directly
assigns a V-band luminosity to a halo of a given mass, instead of a stellar mass. Additionally,

some of the halos in VLII lose a fraction of their stellar mass after accretion from tidal stripping,
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an effect that may not have been treated in the other two studies.

Our stellar mass-subhalo mass relation at infall has a scaling similar to the low-mass
end (M, ~ 1015 M) galaxy stellar mass-halo virial mass relation, M, /M, oc M}, derived
at z = 1 by Behroozi et al. (2010) using an abundance matching technique. It implies a star
formation efficiency (the fraction of baryons turned into stars), f. = (Qar/Q) (M. /My,), that is
close to 1% in My, = 10'° M, subhalos, and becomes negligibly small in systems below M, =
108 M. The detailed physical explanation of this behavior is still an area of active research.
Here we stress that it is the simple prescription in equation (2.1) that largely determines the
luminosity function of surviving dwarf satellites today and empirically bypasses the missing
satellite problem by strongly suppressing star formation in low-mass systems.

The total stellar mass within an infalling subhalo is equally distributed to its 1% most
tightly bound dark matter particles. This number determines the concentration of the stellar
system at the time of infall, and therefore governs the amount of stellar material stripped at
later times as well as the present-day structural properties of surviving satellites, like their half-
light radii and central surface brightnesses. Cooper et al. (2010) have shown that tagging the
1% highest total binding energy particles with stellar populations provides a good fit to the
distribution of half-light radii in MW dSphs. Our analysis below confirms this result.

The metallicity assigned to each particle at infall is also a function of My,

My,

i.e. more massive subhalos are assumed to retain more of their enriched material and have a
higher [Fe/H] than smaller systems. All particles initially tagged in the same subhalo are as-
signed the same metallicity. This prescription does not account for the timescale of enrichment

of the stellar systems with iron or alpha-elements. In the present work metallicity only enters in
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the calculation of the luminosity of a given stellar system, and does not affect our kinematic stud-
ies. Two processes turn the above scaling into the observed present-day luminosity-metallicity
relation of Kirby et al. (2008): (i) stellar mass loss from tidal stripping and (ii) dimming of
the stellar populations with age (see the right panel of Fig. 2.3). When comparing the above
relation to the one derived for SDSS galaxies, we note that it lies below the extrapolation of
the Tremonti et al. (2004) relation. This suggests that processes governing metal formation and
retention in dSphs may be significantly different from those in more massive galaxies.

Finally, while all particles in a given subhalo are tagged at a single epoch (infall),
they have a distribution of stellar ages resulting from applying equation (2.1) to the history of
dark matter build-up of each halo prior to its infall and assigning the respective age ts, to the
corresponding fraction of tagged stellar mass. This process mimics the extended star formation
histories of dwarf satellites in the MW halo (see Orban et al. 2008).

After all stellar particles are tagged with the above properties, they are traced down
to the z = 0 snapshot in the simulation. Some are still part of surviving dSph satellites; many
form coherent stellar streams and contribute to the smooth stellar halo component. Their final
V-band luminosities are self-consistently determined for their age, stellar mass, and metallicity
from the stellar population synthesis models of Bruzual & Charlot (2003) (assuming a Chabrier

initial mass function, Chabrier 2003).

2.2.1 Assembly history

A total of 1.6 million tagged particles end up in the main host at redshift z = 0
(0.35% of all particles within 7909): most are tidally stripped from their subhalos after infall,
and only 52% of them remain bound to the 1,925 self-gravitating clumps that partially survive
the accretion event. The total mass of the stellar halo today is M, = 1.6 x 109 Mg within 402

kpc (of which 2.3 x 108 Mg, is in bound substructures), and Table 2.1 lists the contribution to
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M., from each snapshot: the peak contribution comes from redshift 2. The mass in the stripped
component between 1 kpc and 40 kpc is 5 x 108 M, comparable to recent estimates for the
MW halo mass within the same range (Bell et al. 2008).

In terms of its mass assembly history, the stellar component of the VLII halo is already
in place by redshift z = 1.5, while the dark component continues to grow from mergers with
smaller subunits down to the present epoch. The faster assembly of the stellar component
follows from the very steep mass-star formation efficiency relation adopted in our model. A
similar behavior was seen in the assembly history of the six Aquarius stellar halos by Cooper
et al. (2010). About 50% of today’s stellar halo can be traced back to a subhalo of M, =
8.8 x 108 M, that fell in at z = 2. The three next most massive contributors, with M,/ Mg =
(4.2 x 108,1.2 x 10%,4.5 x 107), were accreted at redshifts z =7.8, 3.2, and 1.6, respectively.
Combined, these four progenitor systems account for about 88% of the total stellar halo.

Figure 2.2 shows an image of the projected VLII dark matter and stellar halo mass
density at 3 different redshifts. The disruption of the stellar component of an individual satellite
is depicted in the right panels, where particles initially tagged in one subhalo at infall (the system
reaches its My, at z = 2) are violently stripped by tides and form shell- and stream-like structures.
The bottom left and middle panels make it clear how the adopted steep stellar mass-halo mass
relation offers an empirical solution to the “missing satellite problem”. While the dark halo
exhibits a vast amount of surviving self-bound substructure, only the most massive subhalos

form enough stellar mass at infall to still be visible in the stellar halo today.

2.2.2 Surviving satellites

Surviving satellites in the z = 0 VLII snapshot were identified by considering all
particles that fall within the tidal radius of a bound subclump (identified in the dark matter

density field by the 6DFOF group finder, see Diemand et al. 2006). We then performed a
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Figure 2.2: Projected mass surface density of the VLII dark matter halo (left panels) and its
stellar halo (central panels), at redshift 2 (top), 1 (middle) and today (bottomn). The image size is
400 physical kpc in all panels. For comparison, the r0g radius of the VLII dark matter halo is 94
kpc, 180 kpe, and 400 kpc at these 3 epochs, respectively. The color scale (from dark to bright)
ranges from 2 x 105 Mg kpc=2 to 10° Mg kpe=2 for the dark matter, and from 1072 Mg kpc =2
to 2 x 10® Mg kpc=2 for the stars. Right panels: the disruption of the stellar component of an
individual satellite tagged at infall (z = 2).
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peculiar velocity cut of V,, < 2Vj,ax in order to remove particles belonging to the main halo that
just happen to be flying through the given satellite at that time. The total luminosity of each
satellite was computed by summing up the contributions of all stellar particles linked to it, and
its metallicity determined from their mass-weighted average. Satellites of absolute magnitude
My located closer than the SDSS completeness limit 7,.x (Tollerud et al. 2008) from the main

halo center,

3 1/3
S ( ) x 10(-06Mv=5.23)/3 N (2.3)
47 foRs

were flagged as observable in current surveys (fprs = 0.194 here is the sky covering fraction
of the SDSS DR5). Only 65 of the 1,925 surviving satellites present today in the VLII stellar
halo are bright enough to be detected by an all-sky SDSS-like survey, out to a galactocentric
distance of 280 kpc, corresponding to the Milky Way virial radius (Xue et al. 2008). Note
that, as the SDSS detection efficiency is nearly independent of central surface brightness for
po.v < 30 mag arcsec ™2 (Koposov et al. 2008), no surface brightness threshold has been applied
to our sample. We have checked that all but 13 of the observable VLII satellites have a central

surface brightness of at least 30 mag arcsec™2.

The 13 low surface brightness systems are all
faint (My 2 —5) and have half-light radii reg close to the gravitational softening scale of the
simulation, i.e. they have been artificially puffed up. We have estimated that, without such a
numerical effect, these subhalos would actually lie above the SDSS surface brightness limit. Our
prescriptions do not therefore produce a large population of low surface brightness “stealth”
satellites awaiting discovery in the MW halo, as suggested by Bullock et al. (2010).

The stellar masses today of the observable VLII satellites range from 2,000 Mg to
108 Mg, and their dark masses from 4 x 106 M, to 3 x 10° M. They have mass-to-light ratios

that range from about 20 to 10°, and infall redshifts mostly between 1.5 and 8 (with a few

falling in later, between redshifts 0.6 and 1.1). Their mass-to-light ratios have decreased by
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a factor ranging between a few and 20, as their extended dark matter halos have been tidally
stripped more than their compact luminous components. The ten most luminous satellites
(L > 10°% L) in the simulation are hosted by subhalos with peak circular velocities today in
the range Viyayx = 10 — 40 kms~—! that have shed between 80% and 99% of their dark mass after
being accreted at redshifts 1.7 < z < 4.6. Their V.« values have decreased by a factor of 2.5
on the average (and up to 6 in individual cases) after accretion, so their present-day Viax is not
a good indicator of the subhalo maximum mass.

The differential satellite luminosity function is shown in the left panel of Figure 2.3,
plotted against the luminosity function of observed MW dwarfs (see also works by Koposov et al.
2009, Maccio et al. 2010). As in Koposov et al. (2009), we use different scales for the number of
satellites brighter and fainter than My = —11, introduced to produce a continuous luminosity
function despite the limited SDSS DR5 sky coverage of fprs = 0.194. The shaded region to
the left of My = —11 spans the 1o extent in the number of faint, but detectable satellites that
fall within the SDSS DR5 footprint in each of 2,000 randomly oriented sky projections of the
VLII stellar halo. In the case that the satellites are isotropically distributed, our exercise should
produce a result equivalent to a scaling of the number counts of observed faint satellites by the
sky coverage fraction of the SDSS survey. Satellites to the right of the dashed line, corresponding
to My = —11 are always detectable. The shaded region to the right of My = —11 covers the 1o
Poisson errors in each bin there. The lack of Magellanic Cloud equivalents in VLII is responsible
for the discrepant bright end of the luminosity function, as the simulation does not contain
satellites more luminous than My < —14. Studies suggest that satellites this bright are rare
around Milky Way-like galaxies (Boylan-Kolchin et al. 2010, Liu et al. 2011). In the right panel
of the same figure, we plot the luminosity—metallicity relation of surviving satellites compared
to data for MW dSphs (Kirby et al. 2008; and references therein) and their best-fit model to

the data. The relation assumed at infall (eq. 2.2) has been modified by tidal mass losses and
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by the aging of stellar populations.

In Figure 2.4, the cumulative galactocentric distance distribution of VLII luminous
subhalos is compared to that of MW satellites fainter than My > —12. Even though the final
spatial distribution of dwarfs depends on their accretion and orbital history, the two distributions
track each other reasonably well, though VLII shows an excess of close-in satellites compared to
the observations. The figure also shows (right top panel) the present-day stellar mass—subhalo
mass relation. Much like the metallicity—luminosity relation in Figure 2.3, it has been modified
from its infall value by tidal mass losses. As accreted systems lose a disproportionate amount
of their dark mass, the apparent (inferred today) star formation efficiency of dSphs may exceed
the true one by as much as a factor of 100. We also explore (bottom left panel of Fig. 2.4) how
the average 1-D line-of-sight velocity dispersion o)os of dSphs (an observable quantity) compares
to the peak (3-D) circular velocity Vinax of the system’s host halo (a quantity of theoretical
interest). Early attempts at this conversion assumed a proportionality factor of v/3 motivated
by the isotropy of these systems (Moore et al. 1999). Our model suggests that the baryonic
tracers are deeply embedded in their dark matter potentials today, resulting in higher values of
Vinax, proportional to 2.201s.' The difference is even more pronounced when comparing to the
highest Vihax values these systems ever achieved. Shown in the Figure as downward pointing
triangles, these values indicate the amount of tidal mass loss that the subhalos hosting dSphs
have undergone between infall and today. In Figure 2.5, we re-iterate this point by plotting the
time evolution of Vj,.x as a function of satellites’ present-day luminosities.

Finally, we show how VLII dSphs compare to the Tully-Fisher relation (data from
Pizagno et al. 2007) for disk galaxies (Fig. 2.4, bottom right panel). Just like the MW dSph
population, our star formation prescription fails to produce dwarfs that lie on the extrapolated

Tully-Fisher relation. The flattening of the distribution of spheroidal galaxies to a constant

1This ~30% difference in Vinax corresponds to a factor of 2 increase in total mass, M Vrﬁax.
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Figure 2.3: Left panel: Luminosity function of surviving satellites out to 280 kpc from the host
halo center (shaded in green). Only galaxies that satisfy the magnitude-distance visibility SDSS
criterion (see main text) are included. The shaded region for satellites fainter than My = —11
spans the difference in number of dSphs falling within the SDSS DR5 footprint from 2,000
randomly oriented sky projections of the VLII halo Black dots: differential luminosity function
of known MW satellites (see Koposov et al. 2009). Error bars are indicative of Poisson number
statistics in each magnitude bin. The lack of Magellanic Cloud equivalents in the VLII halo is
apparent in the bright-end discrepancy between model and data. Note the different scales for the
number of satellites fainter (left y-axis) and brighter (right y-axis) than My = —11, introduced
to produce a continuous luminosity function despite the SDSS sky coverage of fprs = 0.194.
Right panel: Evolution of the adopted metallicity—luminosity relation after tidal stripping and
dimming of the stellar populations with time. The original prescription (eq. 2.2) assuming a
mass-to-light ratio of unity is shown by a simple power-law (solid blue line). The stripping of
stars from infalling satellites and the aging of stellar populations shifts luminosity to the left at
a fixed value of [Fe/H]. Red diamonds: VLII satellites. The dashed and dotted lines show the
observed metallicity—luminosity relation and 1o spread from Kirby et al. (2008). Black circles:
Milky Way dSphs; data from Kirby et al. (2008) and references therein.

velocity value in comparison to field spiral galaxies is reminiscent of the “common mass scale”
seen in the Mjzgo mass function (see Fig. 2.9), in which all currently detectable dSphs cluster
around the value Mgy ~ 107 M. As we shall see below, in our model the “common mass scale”
is the result of a luminosity bias, and future detection of fainter dSph satellites would break it
and reveal lighter dark matter subhalos hosting stellar systems.

We now turn to the structural properties of the surviving VLII dwarfs. For all satellites

observable in an all-sky SDSS-like survey, we calculate the circularly-averaged surface brightness
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Figure 2.4: Left top panel: Cumulative distribution of galactocentric distance of VLII satellites
fainter than My > —12, corresponding to the dSph satellites discovered by the SDSS. Black
circles: Milky Way dSphs. Red diamonds: VLII satellites. Right top panel: Evolution of the
stellar mass-halo mass relation from the infall epoch to the present in VLII surviving subhalos.
Red diamonds: satellites detectable in an all-sky SDSS-like survey. Grey dots: all remaining
(currently undetectable) satellites. The apparent increase in the star formation efficiency is
caused by the preferential tidal stripping of the more diffuse dark matter component relative
to the inner, more tightly bound stellar particles. Left bottom panel: Correspondence between
1-D line-of-sight velocity dispersion o)os and 3-D maximum circular velocity Viyax for observable
VLII dSphs. Solid blue line: Viax o V3010s. Red diamonds: VLII detectable satellites. Error
bars indicate 1o variation over the 11 measurements of each profile used in our kinematic study.
Dashed line: Vipax < 2.2010s. Black triangles: Highest value of V.. ever achieved by each
satellite. Right bottom panel: The Viyax—I band magnitude relation for surviving satellites (red
diamonds) compared to to the Tully-Fisher relation of a broadly selected galaxy sample (black
dots) from the SDSS (Pizagno et al. 2007). The dashed line gives the extrapolation of the best
fit to the galaxy data. VLII dSphs clearly do not follow the relation.
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Figure 2.5: Comparison between the values of the 3-D maximum circular velocity Viyax at infall
and today as a function of the satellite’s present-day luminosity, for observable VLII dSphs. Red
diamonds: values of Vi.x today. Black triangles: the highest values of V. ever achieved by
each satellite. For the 10 most luminous satellites today, the Vi,.x values have decreased by a
factor of 2.5 on average (and up to 6 in individual cases) since accretion.

seen by a galactocentric observer and fit it with a 2-D projected King profile (King 1962),

g\ —1/2 g\ —1/272
C+%> —Q+@) ], (2.4)
T Tl

where I,(R) is the surface brightness at radius R from the satellite center, k is the profile

L.(R)=k

normalization, 7 is the core radius of the satellite, and r; is its tidal (cutoff) radius. This
formula provides a good fit to the surface brightness profiles of MW dSphs (Mateo 1998), and
has the advantage of having an analytical de-projected 3-D form in spherical geometry. Our
use of the King profile as a fit to the projected surface brightness of VLII satellites instead of,
say an exponential profile, is motivated by its standard use in published studies of dSph mass
estimation. We find that the luminous component of the observable simulated dSph is well fit
by a King profile across the full range of observable luminosities. Note that, while the tidal radii
in the luminous component do not correspond to the physical truncation scale in the satellites’
dark matter extent, the two scales are indeed comparable. On average, the ratio between the

tidal radius in the luminous component and the tidal radius in the dark matter extent varies
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between 0.5 and 1 for satellites more luminous than 10°L,, while it is between 0.3 and 0.8 for
fainter systems.

A comparison between the surface brightness and line-of-sight velocity dispersion pro-
files of two dSph satellites (Sculptor and Carina) and individual VLII counterparts is shown in
Figure 2.6. Both surface brightness and kinematics should be compared only at radii larger than
twice the VLII softening length of 40 pc, as the artificial “heating” of particles inside this region
from numerical resolution effects would give a poor match to the data. In the surface brightness
plot, we show the diverse light profiles of all VLII dwarfs that have a luminosity within +80% of
the corresponding MW satellite. Equally diverse is the span of velocity dispersion profiles these
dwarfs have, with values ranging between 4kms~! and 15kms~!, pointing to the differences
between the potential wells in which these systems reside. The insets in the figure show the
evolution of the luminous systems’ parameters (King profile core and tidal radii and half-light
radii) from ‘tagging’ (infall) until today. The behavior seen here is representative of the other
SDSS detectable dwarfs in VLII - the core radii increase with time (though they remain close to
the simulation softening length), while the half-light and tidal radii decrease as the satellites lose
stars from their outskirts to the main halo. In the velocity dispersion plots, we try to reproduce
the ‘noisy’ observed profile by sparsely sampling the simulation data. Using the same number of
stellar particles in each corresponding bin as the one in the observed profile (M. Walker, private
communication), we note that the scatter in the simulated profile increases significantly.

In a systematic analysis, Strigari et al. (2010) have shown that at least one simul-
taneously structural and kinematic counterpart to each of the five classical dSph with good
kinematic and photometric data can be found in the Aquarius simulations. Our ability to ob-
tain simultaneous brightness and kinematic fits for dSphs like Sculptor and Carina can be seen
as a confirmation of their results and a success of our model, and is a prerequisite for testing

the “common mass scale” of MW satellites. Structural parameters of the VLII satellite pop-
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ulation (half-light radii and velocity dispersions measured directly from the particle data, and
central surface brightnesses from the King model fits as a function of absolute magnitude) are
compared to the observed properties of MW dSphs in Figure 2.7. The agreement is reasonably
good. Reproducing the properties of the luminous component of dSph galaxies is a necessary

condition for generating realistic “mock” data to test the mass measurement technique.

2.3 Kinematics of dwarf spheroidal satellites

2.3.1 The spherical Jeans equation

The Jeans equation is the first moment over velocity of the collisionless Boltzmann
equation. It provides a link between the underlying potential of a pressure-supported system
and the distribution function of a tracer population in equilibrium with it. In spherical geometry
its radial component is:

d (I/*(T2

T) = —1.V2 = 2002, (2.5)

where v, (r) is the luminosity density profile of the tracer stars, o, is their radial velocity dis-
persion, and 3 = 1 — 07 /02 is the velocity anisotropy, i.e. the difference between the radial, o,
and the tangential, o} = (o3 + 07)/2, components of the velocity dispersion. Here, V.(r) is the

circular velocity profile of the system, a measure of the underlying gravitational potential ®,

V.(r)? = G@ = —rili—(f. (2.6)

Since 3-D kinematic data for MW dSph stars are not available, one has to use a 1-D
projection of the spherical Jeans equation along the line-of-sight between the observer and the

studied system. This introduces an additional geometric effect involving the velocity anisotropy
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Figure 2.6: Surface brightness and velocity dispersion profiles of two VLII satellites (red dots)
closely resembling the Milky Way dSph Sculptor and Carina. Error bars are indicative of lo
Bootstrap re-sampling errors in each bin. Simulated surface brightness and kinematics should be
compared only for R > 80 pc, corresponding to twice the VLII softening length. The observed
surface brightness profiles are plotted with dashed lines and the uncertainty is shown by the
shaded region. Brightness fits for Sculptor and Carina are taken from Mateo (1998), while
the kinematic data (black dots with error bars) are from Walker et al. (2009). Also shown
is the diversity in brightness profiles among VLII satellites with luminosities within +80% of
Sculptor’s and Carina’s (grey dot-dashed lines). The insets follow the evolution of the King
profile structural parameters for the fiducial satellites from the time of ‘tagging’ (infall) until
today. Solid blue lines: the 95% confidence region in the kinematic profiles where the data are
sparsely sampled as the observations.
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Figure 2.7: Structural properties of surviving VLII satellites. Plotted against V-band absolute
magnitude are their half-light radii (left panel), line-of-sight velocity dispersions (middle panel),
and central surface brightnesses (right panel). Red diamonds: observable VLII dwarfs. Black
circles with error bars: Milky Way dSph. Data compiled as follows: My : classical dwarfs:
(Mateo 1998), except for Leo IT (Coleman et al. 2007), ultra-faint dwarfs: (Martin et al. 2008),
except for Hercules (Sand et al. 2009) and Leo T (de Jong et al. 2008); rog and o1s: Wolf et al.
(2010); pov: classical dwarfs; (Mateo 1998), except for Draco (Martin et al. 2008), ultra-faint
dwarfs: (Martin et al. 2008), except for Leo T (Irwin et al. 2007). The dash-dot red vertical line
in the left panel marks 2.8 x the VLII softening length of 40 pc (see Cooper et al. 2010).

(Binney & Tremaine 2008):

2 o0 R? v.o2r
2 _ _ *Tr
UlOS(R) - I*(R) /R (1 6 7"2 ) 7’2 — R2 d?“, (27)

where I,.(R) is the projected surface brightness profile of the tracer population. Of all quantities
involved in the projected Jeans equation, ojs and I.(R) are readily determined observationally,
and v, (r) can be obtained through a de-projection of the surface brightness profile, assuming it
follows some analytical form - either a spherical King (1962) or a Plummer (1911) profile. Both
of these profiles adequately fit the light distribution of MW satellites and the choice of one or
the other does not affect the results of our kinematic study (Strigari et al. 2008). The remaining
parameters, namely 3(r) and V.(r), are not constrained observationally and have to be modeled

appropriately.
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We adopt a generalized NFW profile (Navarro et al. 1996) for the mass distribution of

subhalos:

_ Ps
p(r) = TN (2.8)

where ps gives the density normalization, 74 is the scale radius, and v and § define the inner
and outer slopes of the density fall-off. The fiducial NFW form has v = 1 and § = 2. To allow
for a range of inner density cusps as well as outer tidally-modified profiles, we allow these two
parameters to vary in the intervals 0.7 < v < 1.2 and 2 < 6 < 3 (Strigari et al. 2007). We have
verified that the upper limit on the outer slope ¢ is high enough to accommodate the profiles
of even the most massive VLII subhalos, whose density profiles fall off faster than those of field
halos in the tidally-stripped outer regions (Diemand et al. 2008).

The velocity anisotropy parameter 3 is largely unconstrained by current observations.
According to its definition, 8 can vary between —oo and 1, with 5 = —oo when oot = 0y and 8 =
1 when oot = 0,. Available data are often in the form of 1-D line-of-sight velocity dispersion,
insufficient to constrain o, and o; individually. These two quantities are well determined only at
the very center and very edge of a system, since 01,5(0) = o, and 0105(r:) = o¢. In between these
two extremes, the mass of a dSph enclosed within a radius close to the system’s half-light radius
can be calculated such that the uncertainty from the velocity anisotropy term is minimized
(Wolf et al. 2010). At any other intermediate radius, the 8 parameter will more strongly affect
the mass measurement and must be estimated using a theoretical model. In principle, 5 can
be a function of radius within a particular system (Strigari et al. 2007). Previous studies have
shown that marginalizing over a set of parameters that define a general anisotropy profile does
not constrain the mass distribution better than assuming S to be constant with radius (Walker

et al. 2009). The latter case, however, greatly simplifies the solution to the spherical Jeans
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equation (Mamon & Eokas 2005):

v.0%(R) = GR™?* /ROO r2P=2y, (r)M (r)dr. (2.9)

The standard procedure in mass modeling of pressure-supported systems is to generate
a theoretical velocity dispersion profile that fits the observed one, and to marginalize the solution
over all free parameters but the density profile normalization. While most model parameters
are largely unconstrained by this fitting procedure, the density profile normalization (defined as
the total amount of mass enclosed in a fixed aperture radius, typically 300 pc or 600 pc) is very
well determined by the data (Strigari et al. 2008, Walker et al. 2009). It is this analysis that

yields the so-called “common mass scale” of MW dSph satellites.

2.3.2 Applications to VLII dwarf satellites

We apply the mass measurement technique above to the simulated data using the

following procedure:
1. Obtain gj05(R) and I, (R) for a satellite of interest;
2. Choose the density profile and anisotropy parameters ps, s, v, 9, and ;
3. Integrate the Jeans equation (2.5) to solve for o, (r);
4. Project o,(r) along the line of sight (eq. 2.7);
5. Compare the solution to the measured ojos(R);
6. Iterate (2 - 5) to find the model that best matches the kinematic data.

Once the best fit mass density profile is determined, we integrate it to a given aperture

radius, either 300 pc or 600 pc from the satellite center to obtain the total enclosed mass, Mz
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or Mggo, and compare it directly to the “true” value in the simulation. To obtain the “mock”
observations of VLII dSphs in step 1, we place “hypothetical observers” in the simulation volume,
and reduce computational time by “observing” each of the 65 detectable satellites only 11 times.
One of the “observers” is always in the center of the VLII main host, while the other 10 are
randomly distributed at the same distance from the satellite as the galactocentric “observer”.
In this way we attempt to capture the anisotropy of subhalos’ physical shapes and velocity
ellipsoids.

Since integrating the Jeans equation requires a boundary condition on o, (r;), which
is not known a priori from the data, the line-of-sight projected solution cannot be trusted
across the full extent of the surface brightness fit. The observed line-of-sight velocity dispersion
profile is therefore calculated in 10 linear distance bins out to 60% of each satellite’s tidal
radius r;. The simulated data used to determine each subhalo’s kinematic profile do not have
an associated observational uncertainty. To make a fair comparison with the derived mass
estimates, “observational” errors should be consistent with the ones in the current literature
(Walker et al. 2009). This is done by randomly assigning error values o; ranging between 1 and
2 kms~! to the velocity dispersion data when evaluating the goodness of fit in equation (2.10)
below.

Sample line-of-sight velocity dispersion profiles for two VLII simulated satellites and
their assigned “observational” errors are shown in the top left panel of Figure 2.8. The two
satellites have masses of Mzgy = 7.22 x 10° Mg and M3gy = 2.65 x 107 Mg, respectively. For
each satellite, we plot all 11 best fit o1,5(R) profiles. The two sets of data points (in black and
grey) correspond to the kinematic profile fits highlighted in darker colors, which were chosen to
the span the range of Msgo for which the fit’s likelihood falls to 10% of its peak value (see the
right top panel of Fig. 2.8). The average M3qo values inferred from these 11 fits are 6.65 x 10° M,

and 2.44 x 107 M, respectively, within 8% of the true values.
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Figure 2.8: Left top panel: Sample line-of-sight velocity dispersion profiles for two VLII dSph,
of masses M3pp = 7.22 x 105 M, and M3pp = 2.65 x 107 Mg,. Best fit Jeans solutions for ojos(R)
plotted in red and blue. Fits highlighted in darker colors correspond to the points with error
bars and the envelope 10% likelihood functions shown in the right top panel. The average best
fit estimates of Msgo in this case are 6.65 x 105 My, and 2.44 x 107 Mg, respectively. Right top
panel: Likelihood functions of Mjzg for the two satellites in the left panel. The 11 realizations
span a range in the best fit values around their mean (black dots with error bars) as well as a
range in uncertainty where the likelihood has fallen to 10% of the best fit value (grey error bars).
The vertical dot-dash lines indicate the true VLII values of M3qg. Left bottom panel: Total mass
within the inner 300 pc, Mspg as determined through the Jeans equation in comparison with
its true value from VLII. Mean values of 11 individual measurements are plotted with black
points. Black error bars span the range between best fit values, while the grey error bars span
the full range of values where the likelihood of the fit has fallen to 10% of its peak value. Solid
red line: Unity correspondence. Solid blue lines: Average over the full M3y mass range of the
spread among the best-fit measurements. Dotted blue lines: Average over the full M3gy mass
range of the spread among measurements where the likelihood is 10% of its peak. Right bottom
panel: Total mass within the inner 600 pc, Mgop as determined through the Jeans equation in
comparison with its true value from VLII. Labels as in the M3y panel on the left. Systems with
Mgoo < 1.5 x 107 Mg, (left of the red dash-dot line) do not have kinematic data out to r = 600
pc, which results in a larger scatter in their estimated Mgy values.
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To get the above estimates, we fit a model to each “observed” kinematic profile using
a Monte Carlo Markov Chain (MCMC). A theoretical velocity dispersion profile oyos ¢h(R) is

computed for each parameter set in step 2. and the likelihood of the fit is evaluated as:

1 1 (Ulos(Ri) — Olos th(Ri))2
= —— ’ 2.1
L I | G exp [ 5 p (2.10)

where o105(R;) is the line-of-sight velocity dispersion measured at radius R; and o; is its asso-
ciated error. Each MCMC chain is initialized to maximize the likelihood £ on a coarse model
grid that spans the full parameter space. It is then left to explore the parameter space following
the Metropolis-Hastings algorithm. Two concurrent chains are run on each data set and the
MCMC is stopped after 10,000 attempts of each chain. This number is large enough to provide
satisfactory fits to the kinematic data (Walker et al. 2009). The 11 resulting likelihood functions
for Msyg of the two satellites above are shown in the right top panel in Figure 2.8.

Once the best-fit model for each data set has been found, it provides the full mass
density profile that can be integrated to any distance from the dSph center, with 300 pc or
600 pc being of particular interest. There are 11 likelihood distributions for the estimates of
M3po and Mggg of each VLII satellite, and these can be compared to the true values. The
results are shown in the bottom panels of Figure 2.8, in which we plot the average of the 11
best mass estimates as a function of the true dark matter mass. The nature of the MCMC
data allows us to make two estimates for the error in each case. The smaller error bars (in
black) in Figure 2.8 reflect the span of the 11 best fit values for each satellite. The larger errors
(in grey) span the full range in values where the likelihood of the fit has fallen to 10% of its
maximum value. For the particular two satellites in the top panels of Figure 2.8, we thus have
the following mass estimates: Mzgp = 6.6570 51 550 x 106M¢, for the lower-mass satellite and

M3 = 2.4470:3571-4% 5 107 My, for the higher-mass one, where the first set of errors corresponds
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to the best fit value range and the second set of errors corresponds to the 10% likelihood value
range.

We infer that the spherical Jeans analysis is a robust method to estimate the central
masses of dSph satellite galaxies. The mean best fit M3p9 values determined through the Jeans
analysis are on average within 12% of the true VLII values. The normalized scatter among the
11 best fits about the mean value is 791 on average and is shown as solid lines in the bottom
panels of Figure 2.8. The normalized full range scatter about the mean where the likelihood of
the fit is greater than 10% of its peak value is fg:gg on average (dashed lines). No significant
difference to these results arises when just the galactocentric observer’s estimates are considered:
the best fit galactocentric estimate of M3gg across the full mass range is on average within 16%
of the true VLII value.

When evaluating Mggg, we exclude systems that have Mgyy < 1.5 X 107 Mg. It is
apparent in the bottom right panel of Figure 2.8 that these exhibit a larger scatter than the
systems with Mggg > 1.5 x 10”7 M. The smallest dSphs host stellar systems smaller than 0.6
kpc in radial extent. The estimate of Mgy for them is therefore an extrapolation to a region in
parameter space where tracers are simply not present. Among the dSphs with kinematic data
available all the way to r = 0.6 kpc, the mean best fit Mgy value determined with the Jeans
analysis is on average within 17% of the true VLII value. The normalized scatter among the 11

best fits about the mean value is )52 on average. The normalized full range scatter about the

mean where the likelihood of the fit is greater than 10% of its peak value is 759 on average.
The VLII galactocentric observer would report a Mgog value within 23% of the true VLII value.

The range in o105(R) and I, (R) when measured from different viewpoints is due to the
anisotropic velocity tensor of the dSph and any deviation from perfect sphericity of its shape.

The mass estimate uncertainties among the best-fit values presented here should therefore be

regarded as intrinsic, cosmologically-induced ones that will eventually be minimized when 3-D
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Figure 2.9: Left panel: Total mass within the central 300 pc, Mzg as a function of total lumi-
nosity for dwarf satellites in VLII visible by an all-sky SDSS-like survey (black dots). Currently
undetectable VLII dwarfs are shown in grey. A linear best fit to the data with slope 0.088 is
shown with a red solid line. Data points with error bars are from Strigari et al. (2008), indicating
a “common mass scale”. These error bars correspond to the points where the likelihood is 60.6%
of its peak value on either side of the best estimate. For comparison, we plot our average error
estimates in Mz from Figure 2.8 about the best fit (solid red line): solid blue lines: full spread
in best-fit estimates; dotted blue lines: full spread in values where the likelihood is 10% of its
peak. The “classical” dSphs (L > 2 x 105 L)) are shown as blue squares and the “ultra-faint”
dSphs as red circles. The improved mass for the Hercules dwarf from Adén et al. (2009) is shown
as a red upward pointing triangle. The six VLII subhalos identified by Boylan-Kolchin et al.
(2011) as too dense to host any of the known MW dSphs are plotted in orange as five circles
(if detectable) and a single diamond (currently undetectable). Right panel: Moo mass function
for VLII dSph satellites. Red diamonds: MW dSphs with masses taken from (Strigari et al.
2008). Black dots: VLII satellites detectable in SDSS. Grey dots: all VLII surviving subhalos
that were tagged with stars, including those currently undetectable. The “common mass scale”
is apparent in the currently detectable population.
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kinematic data is collected and better models of the nature of dSph satellites in high-resolution,
fully cosmological hydrodynamical simulations are carried out.

In the left panel of Figure 2.9, we plot the mass enclosed in the inner 300 pc versus
total luminosity for all satellites that would be visible according to the SDSS detection limit.
Overplotted are data from Strigari et al. (2008), suggesting a “common mass scale”. Observable
VLII dSphs exhibit a behavior similar to the MW dSph population, though a linear fit suggests a
shallow but significant correlation between Mz and the total luminosity: Mzgg oc L0-088+0.024
where the error on the slope reflects the 1o deviation from bootstrap re-sampling of the sample.
This is steeper than the L0-03%0-03 relation derived from observational data (Strigari et al. 2008).
Lowering the derived M3zqg values of some of the ultra-faint dSphs, as suggested by Adén et al.
(2009) for the case of the Hercules dwarf, might be sufficient to reconcile the observations with
the slope predicted from our model.

In our model, the nearly constant Msgg is explained by the combination of the steep
adopted stellar mass-halo mass relation (eq. 2.1) and the SDSS detectability magnitude limit.
The remaining ~ 2,000 VLII surviving subhalos to which we assigned stars (about 200 of which
are more luminous than My = 0) are just too faint to be detected by a SDSS-like survey. Some
of them have M3 significantly lower than 107 Mg, (see the right panel of Figure 2.9).

Boylan-Kolchin et al. (2011) has recently pointed out that state-of-the-art collisionless
simulations of Galactic structure, both VLII and Aquarius, predict a population of massive
subhalos that appear to be too dense (i.e. have too high a Viax for a given rymax) to host
any of the known MW dSph. While a failure of the CDM model is one interpretation of this
result, another possibility is that star formation becomes stochastic below some mass, in which
case the MW halo would harbor several massive but dark satellites. It is also quite plausible
that baryonic feedback processes in the more massive subhalos redistribute some of their dark

matter, thereby lowering their central density (see e.g. Governato et al. 2010). For reference we
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have marked the six VLII subhalos that are too dense according to the Boylan-Kolchin et al.
(2011) analysis in the left panel of Figure 2.9. Of these six, five have a luminosity greater than
My = —11 and would have been detected as luminous dSph satellites. In our model, it is thus
not possible for these overdense subhalos to have evaded detection because of an effectively
low star formation efficiency resulting, for example, from their accretion or orbital history. As
expected, these six halos have the highest values of Mjzgy for their luminosity among all VLII
satellites. A reduction in M3y by about a factor of two would bring them into agreement with
the classical MW dSph sample. Our study of the standard Jeans analysis demonstrates that the
‘observed’ M3gg values cannot be changed by that amount, i.e. that errors in the mass estimates
are not responsible for the discrepancy between the models and the observations. Future, high-
resolution hydrodynamical simulations of MW analogs that include an accurate treatment of
baryonic processes and their effects on the central densities of luminous satellites will be crucial

to the settling of this outstanding issue.

2.4 Summary

We have used a particle tagging technique to dynamically populate the N-body Via
Lactea IT high-resolution simulation with stars. The method is calibrated using the observed
luminosity function of MW satellites, the concentration of their stellar populations, and the
metallicity—luminosity correlation they exhibit, and self-consistently follows the accretion and
disruption of progenitor dwarfs and the build-up of the stellar halo. The particle tagging tech-
nique makes full use of 27 simulation snapshots spanning the assembly history of the VLII main
host between z = 27.54 and z = 0. A subset of the most bound dark matter particles in each of
about 3,200 progenitor subhalos is tagged as stars at infall, when star particles acquire a stellar

mass, an age, and a metallicity. Their subsequent evolution is purely photometric and kine-
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matical in character, as the collisionless stellar populations age following population synthesis
models, and are accreted and disrupted in a comological “live host”. Luminous particles linked
to self-bound substructures in the z = 0 snapshot constitute a surviving population of dSph
satellites. Like the previous studies of Bullock & Johnston (2005) and Cooper et al. (2010),
we have shown that simple prescriptions for assigning stellar populations to collisionless parti-
cles are able to reproduce many properties of the MW dwarf satellite population, like velocity
dispersions, sizes, brightness profiles, metallicities, and spatial distribution. In agreement with
previous results (e.g. Kravtsov 2010, Koposov et al. 2009, Madau et al. 2008b), a steep stellar
mass-subhalo mass relation is required to fit the observed luminosity function of MW dSphs and
offer an empirical solution to the missing satellite problem. This model predicts the existence of
approximately 1,850 subhalos harboring “extremely faint” satellites (with mass-to-light ratios
> 5 x 10%) lying beyond the SDSS detection threshold. Of these, about 20 are “first galaxies”,
i.e. they formed a stellar mass above 10 Mg, before redshift 9. The ten most luminous satellites
(L > 10°% L) in the simulation are hosted by subhalos with peak circular velocities today in
the range Viyayx = 10 — 40 kms~! that have shed between 80% and 99% of their dark mass after
being accreted at redshifts 1.7 < z < 4.6. The satellite maximum circular velocity Viax and
stellar line-of-sight velocity dispersion o). today follow the relation Vi.x = 2.2010s, i.€. stellar
particles in satellites have smaller velocity dispersions than the dark matter. The ability to
obtain simultaneous brightness and kinematic fits for dSphs like Sculptor and Carina is a con-
firmation of earlier searches for MW satellite counterparts in simulated halos such as the one by
Strigari et al. (2010) and a success of our model. It is a prerequisite for studying another small-
scale puzzle of galaxy formation in ACDM, namely the observed “common mass scale” of MW
satellites, i.e. the fact that, despite spanning about 5 decades in luminosity, MW dSphs appear
to contain a similar amount of dark mass, M3y ~ 107 Mg, within a fixed aperture radius of 300

pc from their centers (Strigari et al. 2008, Walker et al. 2009). We have applied a standard mass
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estimation algorithm based on Jeans modelling of the line-of-sight velocity dispersion profiles
to the simulated VLII dwarf spheroidals, and tested the accuracy of this technique. We have
shown that the mass enclosed within the inner 300 pc can be estimated accurately to within
20% of the true value. The predicted M3go-luminosity relation for currently detectable simulated
satellites is nearly flat. We do, however, predict a weak, but significant positive correlation for
these objects: Msgg [0-088£0.024 - Oyy results are consistent with previous studies in which
satellites observable by presently available wide-field surveys naturally tend to reside in subha-
los that contain about 107 M within their inner 300 pc. Future, even deeper surveys with the
Large Synoptic Survey Telescope may be able to determine if an extension of this satellite galaxy
population, at an even fainter magnitudes, indeed exists in the halo of the Milky Way. These
experiments will cast light on the processes that govern galaxy formation on even smaller scales
predicted in ACDM cosmology. Ultimately, the prescriptions used in this work must be tested
with hydrodynamical simulations that include baryonic physics. Simulations of the formation
of late-type spiral galaxies in a cold dark matter (ACDM) universe have traditionally failed to
yield realistic candidates. Our group has recently reported a new cosmological hydrodynamic
simulation of extreme dynamic range, “Eris”, in which a close analog of a Milky Way disk galaxy
arises naturally at the present epoch (Guedes et al. 2011). With a mass resolution that is ~ 20
times lower than VLII, Eris includes radiative cooling, heating from a cosmic UV field and su-
pernova explosions (blastwave feedback), a star formation recipe based on a high gas density

threshold, and neglects any feedback from an active galactic nucleus.
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Chapter 3

A Population of Relic
Intermediate-Mass Black Holes in the

Halo of the Milky Way

3.1 Introduction

Direct dynamical measurements show that most local massive galaxies host a quiescent
massive black hole (MBH) in their nuclei. Their masses have been found to correlate tightly
with the mass (Haring & Rix 2004) and the stellar velocity dispersion of the host stellar bulge,
as manifested in the Mpy — o, relation of spheroids (Ferrarese & Merritt 2000, Gebhardt et al.
2000). It is not yet understood whether such scaling relations were set in primordial structures
and maintained throughout cosmic time with a small dispersion, or indeed which physical pro-
cesses established such correlations in the first place. It is also unclear whether there exists
a minimum host galaxy mass or velocity dispersion below which MBHs are unable to form or

grow. The subset of the MBHs that populates the centers of dwarf galaxies and very late spirals
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and is undergoing accretion can be detected as active galactic nuclei (AGNs). Observations of
AGNs with estimated black hole masses in the range 10°-10% My, appear to be consistent with
an extrapolation of the local Mgy — o, relation for inactive galaxies down to stellar velocity
dispersions of 30 kms~! (Barth et al. 2005, Xiao et al. 2011). The existence of “intermediate-
mass” black holes (IMBHs) with 20 Mg < Mgy < 10° Mg remains in dispute. Dynamical mass
measurements have shown the presence of IMBH candidates in the cores of the globular clusters
G1 (Mpg = 1.8+ 0.5 x 10* Mg, Gebhardt et al. 2005), w Centauri (Mpy = 4.7+ 1.0 x 10* Mg,
Noyola et al. 2010), NGC 1904 and 6266 (Mpg = 3+ 1 x 10> Mg and Mgy =2+ 1 x 10° Mg,
Liitzgendorf et al. 2012). The X-ray spectra and bolometric luminosities of the ultraluminous
off-nuclear X-ray sources detected in nearby galaxies may imply the presence of IMBHs with
Mgpn 2 500 Mg (Farrell et al. 2009, Kaaret et al. 2001).

While the “seeds” of the MBHs powering the z 2 6 Sloan Digital Sky Survey (SDSS)
very luminous, rare quasars (Fan 2006) must have appeared at very high redshifts and grown
rapidly to more than 10° Mg in less than a Gyr, the problem of their origin and occupation
fraction in early galaxies remains unsolved. MBHs may have grown from the remnants of
Population III (Pop III) star formation in sub-dwarf galaxies at z 2 15 (e.g. Madau & Rees
2001, Volonteri et al. 2003, Tanaka & Haiman 2009), or from more massive precursors formed
by the “direct collapse” of large amounts of gas in dwarf galaxy systems at later times (Loeb &
Rasio 1994, Koushiappas et al. 2004, Begelman et al. 2006, Lodato & Natarajan 2006, Mayer
et al. 2010). Massive seeds have larger masses than Pop III remnants, but form in rarer hosts.
Questions remain in the Pop III remnant model about the ability of ~ 100 Mg seed holes
to grow at the Eddington rate for tens of e-folding times unimpeded by feedback, and in the
direct collapse model about the needed large supply of low angular momentum gas that must
accumulate in the center of young galaxies before fragmentation and star formation sets in (see,

e.g., Haiman 2012 and references therein).
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In this chapter we assess the size, properties, and detectability of the leftover population
of IMBHs! that is predicted to survive today in the halo of the Milky Way (MW) galaxy
by two fiducial seeding scenarios. It was first pointed out by Madau & Rees (2001) that, if
seed holes were indeed common in the subgalactic building blocks that merged to form the
present-day massive galaxies, then a numerous population of relic IMBHs should be present
in the Galactic bulge and halo (see also Volonteri et al. 2003, Islam et al. 2003, Volonteri &
Perna 2005). Micic et al. (2006; 2011) used collisionless simulations to study the effect of
gravitational recoil kicks on the IMBH distribution in present-day galaxies and test merger-
driven recipes for black hole growth. van Wassenhove et al. (2010) ran Monte Carlo realizations
of the merger history of massive galaxy halos to study IMBHs in MW satellites at z = 0. A
similar approach was employed by O’Leary & Loeb (2009) to estimate the expected number of
recoiled IMBH remnants present today in the MW halo. Cosmological hydrodynamic simulations
of the growth of MBHs are either limited by resolution to galaxy hosts with My, 2 1010 Mg
(e.g. Di Matteo et al. 2008) or stop at high redshift (e.g. Bellovary et al. 2011). In all approaches
seed holes are planted by hand. To improve on and complement the above calculations, we use
here a particle tagging technique to dynamically populate the N-body Via Lactea II (VLII)
extreme-resolution simulation with IMBHs. As we shall discuss, this method allows us to self-
consistently follow the accretion and disruption of MW progenitor dwarfs and the kinematics
of their holes in a cosmological “live” host, and the build-up of a large population of Galactic
“naked” wandering IMBHs. This chapter has been submitted to the Astrophysical Journal for

publication as Rashkov & Madau (2013).

n the following, we will use the term IMBH to refer to any hole with 20 Mg < Mgy < 10° Mg, i.e. more
massive than the stellar-mass black holes found in X-ray emitting binary systems (Orosz et al. 2007) and 40
times less massive than Sgr A*.
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3.2 Black Hole Tagging Technique

The cosmological ACDM VLII simulation, one of the highest-precision N-body calcu-
lations of the assembly of the Galactic halo to date (Diemand et al. 2008), was performed with
the PKDGRAV tree-code (Stadel 2001). It employs just over one billion 4,100 Mg, particles to
model the formation of a Magy = 1.93 x 102 M, Milky Way-sized halo and its substructure.
About 20,000 surviving subhalos of masses above 10° M, are resolved today within the main
host’s 1909 = 402 kpe (the radius enclosing an average density 200 times the mean matter value).
Central black holes are added to subhalos following the particle tagging technique detailed in
Rashkov et al. (2012) and quickly summarized here. In each of 27 (out of the 400 available)
snapshots of the simulation, chosen to span the assembly history of the host between redshift
z = 27.54 and the present, all subhalos are identified and linked from snapshot to snapshot
to their most massive progenitor: the subhalo tracks built in this way contain all the time-
dependent structural information necessary for our study. We then: 1) identify the simulation
snapshot in which each subhalo reaches its maximum mass, M., before being accreted by the
main host and tidally stripped; 2) measure the subhalo maximum circular velocity Vinax; 3) link
it to the stellar line-of-sight velocity dispersion, o, using the relation Viyax = 2.20, derived by
Rashkov et al. (2012); and 4) tag the most tightly bound central particle as a black hole of mass
Mgp according to an extrapolation of the Mpy — o, relation of Tremaine et al. (2002),

O, 4 —
My | 10 (o) (0w 2 6 kms™!)
Mg

= (3.1)
100 (0, < 6 kms™1).

Note that significantly steeper Mpy — o, relations have been derived recently by, e.g. Graham
et al. (2011) and McConnell & Ma (2013). We will discuss the impact of a steeper power-law

on our results in the journal article.
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Figure 3.1: Histograms of the stellar velocity dispersion at infall (left panel) and infall lookback
time (right panel) for all subhalos with My, > 107 Mg in the VLII simulation. The color coding
separates self-gravitating subhalos that survive their accretion event and become MW satellites
(blue) from those that are totally disrupted (red). The vertical lines in the left panel mark the
minimum velocity dispersion below which central black holes are assumed to be increasingly
rare in the two seeding scenarios discussed in the text.

By neglecting all subhalos with My, < 107 Mg, we restrict our analysis to 3,204 such
tracks. Any evolution of the tagged holes after infall is purely kinematical in character, as their
satellite hosts are accreted and disrupted in an evolving Milky Way-sized halo. After tagging,
the black hole particles are tracked down to the z = 0 snapshot. The main host is assigned a
central black hole at z = 0 of mass equal to that of Sgr A*, Mgy = 4 x 10° My, (Ghez et al.
2008). While we tag at most one hole per subhalo, we allow multiple systems to form when
subhalos merge after infall (see below).

Figure 3.1 shows the distributions of stellar velocity dispersion at infall (left panel)
and time since infall (right panel) for the VLII subhalo population. The color coding separates
self-gravitating subhalos that survive their accretion event and become MW satellites from those
that are totally disrupted. The latter are found to fall in preferentially at earlier times, and

have a median infall redshift of 4.5.
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3.3 Demography of IMBHs

Below we discuss two simple models of seed hole formation that may be illustrative
of more realistic growth scenarios, and differ only in the black hole occupation fraction as a

function of the host’s stellar velocity dispersion.

3.3.1 Population III Remnants

Let us first consider a scenario where the black hole occupation fraction is of order
unity at infall in all subhalos with stellar velocity dispersions > o, = 3 kms~! and drops to
zero below o,,,. This value is comparable to the stellar velocity dispersion measured today in the
ultra-faint MW satellite Segue 1 (Simon et al. 2011), i.e. this model places seed holes in small-
mass subhalos that are known to have been rather inefficient at forming stars (e.g. Rashkov
et al. 2012, Cooper et al. 2010, Koposov et al. 2009). The mass distribution of subhalos with

! at infall has a median of 5 x 107 M. We assign black holes masses following the

ox >3 kms™
relation (3.1). As most of the subhalos in Fig. 3.1 host then a 100 Mg black hole, we refer to
this model as “Pop III remnants”.

Two large subpopulations of Galactic black holes can then be readily identified today
within ro09, 798 “naked” IMBHs, whose host subhalos have been totally disrupted after infall,
and 1,234 “clothed” IMBHs residing in satellites that survived tidal stripping. Within the latter
category, 1,096 are single black hole systems, i.e. are located in subhalos that host only one
hole at the present epoch. The others are multiple systems: we find 42 dwarf subhalos with 2
holes, 7 with 3, 5 with 4, and 1 with each of 6 and 7 holes. These multiple systems are produced
when their host subhalos merge together after infall, as they fall into the main halo in groups.

We assume that by that time, ram pressure stripping has removed any leftover gas from the

system, making it difficult for IMBHs to sink to the center of the potential well and merge.
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Substructures that host 5 or more IMBHs are found to be more than 250 kpc from the Galactic
center and have masses in the range 2 x 10% — 3 x 10° M, today. Figure 3.2 (left panels) shows
an image of the projected spatial distribution of IMBHs in today’s inner and outer Galactic halo
according to this model, while Figure 3.3 depicts their mass function and radial distribution.
Naked holes are more concentrated towards the inner halo regions as a consequence of the tidal
disruption of infalling satellites. Indeed, within 10 kpc of the center, most IMBHs are naked.
The second most massive hole (after “Sgr A*”) has Mgy = 8.6 x 10* M, (i.e. was tagged at
infall in a large satellite with o, = 32 kms™!), is naked, and is located at a distance of 55 kpc
from the center. There are 48 IMBHs above Mgy = 10° Mg, of which 29 are naked. Most holes
are assigned the seed mass of 100 Mg, i.e. they are not allowed to grow in this model: we count

a total of 1,801 such “light” IMBHs, of which 695 are naked.

3.3.2 Direct Collapse Precursors

Consider by contrast a scenario where more massive seeds form in rarer hosts. Models
in which seed black holes become very rare for halos with My, S 102 M, have been recently
discussed by, e.g., Bellovary et al. (2011) and Devecchi et al. (2012). Here, we take the hole
occupation fraction to be of order unity in all subhalos with stellar velocity dispersions > o,,, =
12 kms™—!, and to drop to zero below o,,. Black hole masses are again assigned following
equation (3.1) down to o,,. The mass distribution of subahalos hosting central black holes at
infall now has a median of 3 x 10° Mg, and the minimum hole mass is Mgy ~ 1,700 M.

This tagging prescription gives origin to 39 naked and 33 clothed IMBHs (of which 27
are single systems). Figure 3.2 (right panels) shows an image of the projected spatial distribution
of IMBHs in today’s inner and outer Galactic halo according to this model, while Figure 3.3
(left panel) depicts their mass function. There are 20 IMBHs above Mpy = 10* Mg, of which

13 are naked.
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Figure 3.2: Projected distribution of IMBHs in the Galactic halo today. Left panels: Pop III
remnant model. Right panels: Direct collapse progenitor model. The color coding is as in Fig.
3.1, while the size of the points is proportional to log,, Mpu. The stellar halo from Rashkov et

al. (2012) is plotted in the background. Top row: 200 kpc box. Bottom row: Zoom-in of the
inner 20 kpc region.
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3.4 Black Hole Recoils

The asymmetric emission of gravitational waves produced during the coalescence of a
binary black hole system imparts a velocity kick to the system that can displace the hole from
the center of its host. The magnitude of the recoil will depend on the binary mass ratio and
the direction and magnitude of their spins (Baker et al. 2008), but not on the total mass of the
binary. When the kick velocity is larger than the escape speed of the host halo, a hole may be
ejected into intergalactic space before becoming a Galactic IMBH. The demography of IMBHs
discussed in the previous section accounts for recoiling holes as follows.

Following the results of high-resolution self-consistent gasdynamical simulations of bi-
nary mergers of disk galaxies by Kazantzidis et al. (2005), we assume that unequal-mass galaxy
mergers with mass ratios larger than 4:1 will not lead to the formation of a close black hole
pair at the center of the remnant, and hence of a recoiling hole. All major mergers (mass ratios
smaller than 4:1) produce instead recoiling holes with a kick velocity that is equal to the most
likely value of the probability distribution function for randomly oriented spins (see Fig. 3 of
Guedes et al. 2011). In practice, this means that all recoiling holes will have speeds in excess
of 100 kms~! and will be ejected from the system. This is a conservative assumption in the
sense that it tends to minimize the actual number of relic IMBHs in the Galactic halo. We
trace all <4:1 halo mergers following the VLII merger tree back to redshift 10. This was built
by identifying all subhalos in each snapshot with the 6DFOF halo finder (Diemand et al. 2006),
and linking them from one snapshot to the next by the id numbers of the shared particles. We
identify all halos that would have been assigned a hole at infall, but had in their past a <4:1
major merger with another black hole-hosting system. As the kick velocity is always larger than

the escape speed from the host, the hole is removed from the final catalog of Galactic IMBHs.

The size of the recoiling population is clearly very sensitive to the hole occupation
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Figure 3.3: Left panel: Mass function of relic IMBHs within ryg¢ in the two scenarios discussed
in the text. Solid histogram: Pop III remnants. Hatched histogram: Direct collapse precursors.
Right panel: Location of “naked” (red diamonds) and “clothed” (blue circles) IMBHs in the
Mgpy-Galactocentric distance plane for the Pop III model. Naked IMBHs are more concentrated
towards the inner halo regions, a trend that is also observed in the direct collapse, massive seed

scenario.

Table 3.1: Demography of Galactic IMBHs

Model Population III ~ Direct Collapse
om [kms™1] 3.0 12.0
med(Mhpalo) [Mo] 5 x 107 3 x 10°
Nyaked 798 39
Nelothed 1234 33
Nmassive(MBH > 5,000 M@) 21 37
min(Mpn) [Mo)] 1.0 x 102 1.7 x 103
max(Mpp) [Mo)] 1.9 x 10° 1.9 x 10°
Nrecoil 577 5
Note. — Row 1 indicates the seeding scenario, rows 2, 3, 4, 5, 6,

7, 8, and 9 give the minimum subhalo line-of-sight stellar velocity
dispersion required for hosting a central black hole, the median halo
mass at infall, the number of “naked” and “clothed” Galactic IMBHs,
the number of Galactic IMBHs more massive than 5000 M, the
mass of the lightest and heaviest Galactic IMBHs, and the number

of recoiled IMBHs, respectively.
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Figure 3.4: Left panel: Number of subhalo major mergers that produce a recoiling IMBH, as
a function of redshift. Light green curve: Pop III remnants model. Dark green curve: Direct
collapse precursors. Right panel: Mass distribution (at infall) of all the subhalos whose central
black holes were ejected following a major merger. The color scheme is the same as in the top
panel.

fraction. Figure 3.4 shows the total number of halo major mergers that produce recoiling
IMBHSs in the “Pop III” and “direct collapse” seed scenarios. The former produces 577 recoiling
holes (22% of the total black hole population), mostly belonging to ~ 108 M, subhalos at infall.
The latter produces only 5 recoiling holes (6% of the total) all from rather massive hosts. Note
that it is because of recoils that the number of Galactic IMBHs heavier than a few thousand
solar masses is actually larger in the direct collapse model (see Fig. 3.3). The demography of

Galactic IMBHs in our two scenarios is summarized in Table 3.1.

3.5 Spatial Distribution of IMBHs

The spatial distribution of Galactic IMBHs today is shown in Figure 3.5. Naked holes
dominate in the inner ~ 50 kpc from the halo center. Their number density, however, plummets
at larger distances, where most IMBHs are still hosted in surviving substructures. This is a
manifestation of the fact that subhalos orbiting closer to the dense central regions of the main

host are more likely to be tidally disrupted, and leave their IMBHs exposed. In the outer halo

50



100 200 300 400;
Dac [kpc]

0 100 200 300 400
DGC [kpc]

Figure 3.5: Spatial distribution of Galactic IMBHs versus the dark matter density profile in
VLII. Main panel: IMBH number density Inset: IMBH mass density. The mass density of
the dark matter has been multiplied by a factor of 1,000 for comparison. Light green: Pop II1
remnants scenario, naked (solid curves) and clothed (dotted curves) IMBHs. Dark green: direct
collapse progenitors scenario, naked (solid curves) and clothed (dotted curves) IMBHs. Gray:
VLII dark matter density profile. The total number density of IMBHs follows the dark matter
density profile, while their mass density does not.

regions, the lower background density makes substructures more resilient to tidal forces, allowing
them to survive and retain their holes. A comparison of the IMBH number density to the density
profile of the dark matter shows that the cumulative distribution of Galactic IMBHs (naked plus
clothed) follows the dark matter profile rather well, but that each individual subpopulation does
not. The inset in Figure 3.5 shows that the IMBH mass density profile does not follow the
density profile of the dark matter, as most of the mass in black holes is concentrated in the
inner regions.

Since naked IMBHs more massive than dark matter particles do not experience proper
dynamical friction in our simulation, we have estimated a posteriori the effect of black hole
orbital decay in two different ways — using the slowly-decaying circular orbit approximation, as
well as computing the instantaneous deceleration from dynamical friction (Binney & Tremaine
2008) in each available VLII snapshot. We find that, even for the heaviest IMBHs in the highest

density regions of our simulation, dynamical friction timescales exceed the Hubble time at all
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points along the orbit. A similar conclusion was reached by O’Leary & Loeb (2009) in their
study. Of course, our N-body simulation does not account for possible hydrodynamical effects

and interactions with the galaxy stellar disk in the very center of the VLII halo.

3.6 Discussion

We have used a particle tagging technique to populate the subgalactic building blocks
of a present-day MW-sized galaxy with black holes, and assess the size, properties, and de-
tectability of the leftover population. Our approach combines a computationally expensive,
extreme-resolution, N-body simulation like VLII, in which structures grow ab initio in a fully
cosmological framework, with simple prescriptions for seeding, in post-processing, progenitor
subhalos with IMBHs. Insofar baryonic material does not appreciably perturb the collisionless
dynamics of the N-body component, the dynamical association of black holes with individual
particles in the N-body component should correctly reproduce the spatial and kinematic prop-
erties of IMBHs in galaxy halos, in particular of the naked subpopulation whose host satellite
galaxies have been totally destroyed after infall. This level of detail is unavailable to a standard
merger-tree approach.

We have discussed two simple models of seed hole formation that may be illustrative
of more realistic growth scenarios, a “Pop III remnant” model in which small-mass black holes
populate subhalos with stellar velocity dispersion as low as 3 kms™!, and a “direct collapse
precursor” model in which holes become very rare in systems with stellar velocity dispersion
below 12 kms™!, and are more massive. It is important to keep in mind that the Pop III route
does not necessarily require the formation of extremely massive stars from gas of primordial
composition. Already at metallicities Z < 0.01 Z¢, the mass loss rates of massive stars through

radiatively driven stellar winds are predicted to be rather small (with rates decreasing with
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Figure 3.6: Distribution of V-band peak surface brightness (within the central 1 arcsec) of stellar
cusps around naked IMBHs in the “direct collapse” model. Only 20% of the initial stellar mass

(equal to 2 x Mpp) is assumed to be retained today. To account for the partial SDSS sky
coverage, the expected numbers should be scaled down by a factor of ~5.

metallicity as M x 7999 see Vink et al. 2001). If low-metallicity stars above 50 Mg collapse
to black holes after losing only a small fraction of their initial mass, then IMBHs with masses
above the 5 — 20 Mg range of known “stellar-mass” holes may be the inevitable end product of
early star formation. A standard Salpeter initial mass function (IMF), dN/dm. o m; 235 in the
range 1 — 100 Mg, would produce an IMBH every 1000 Mg, of stars formed. A top-heavy IMF
like that found in recent simulations of primordial star formation by Stacy & Bromm (2012),
dN/dm, < m;%17 over the same 1 — 100 My mass range, would generate an IMBH every
100 M, of stars formed. Note that 1000 M of stars in a 5 x 107 My subhalo imply a star
formation efficiency that is much too high to match the observed dearth of faint Milky Way
satellites (e.g. Rashkov et al. 2012), and a top-heavy IMF must then be invoked for consistency.

Galactic IMBHs may light up if they pass through dense regions of the galaxy and
accrete from the interstellar medium (Volonteri & Perna 2005). IMBHs present in the lensing
galaxy of multiply-imaged background QSOs will produce monopole- or dipole-like distortions
in the surface brightness of the QSO images and may be detectable by next generation submil-

limeter telescopes with high angular resolution (Inoue et al. 2013). It is interesting at this stage
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to discuss the observability of the stellar cusps that may accompany naked IMBHs wandering
in the Milky Way halo. After the complete disruption of their host subhalo, naked IMBHs are
still expected to carry with them a Bahcall-Wolf stellar cusp (Merritt et al. 2009) which, upon
formation and in the absence of a kick from gravitational recoil, has a mass of order the mass

of the hole and an extent of order the hole’s radius of influence,

re = GMpy /o2 (3.2)

Throughout their dynamical evolution, these stellar clusters will lose mass by relaxation and
expansion, as well as tidal disruptions by the black hole (Komossa & Merritt 2008, O’Leary &

Loeb 2012). The relaxation timescale,

M 5/4
t, ~ 10° ° , 3.3
(105M®) v (33)

ranges from several Myr for the smallest IMBHs to a Gyr for the largest. As IMBHs get accreted
by the Milky Way early in the history of the Universe, the above processes can cause a 60-80%
fractional loss of stellar mass by the present day (O’Leary & Loeb 2012). At the same time, the
physical extent of the clusters is expected to grow like t!/3 after the first relaxation timescale
(O’Leary & Loeb 2012), resulting in a total expansion by a factor of 16 (for Me ~ 103My) to
3 (for My ~ 5 x 10*Mg,) over a Hubble time. Assuming that the initial extent of the clusters
is dictated by the IMBH’s sphere of influence at infall, their physical extent today would range
between 0.5pc and 1.0pc. Despite their expansion, stellar clusters surrounding IMBHs would
still be very compact today and may appear point-like or extended depending on their distance.
Photometrically, they would have colors similar to those of old stars, while spectroscopically

they would be distinguishable by the high velocity dispersions.
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Figure 3.7: Angular size of stellar clusters around Galactic “naked” IMBHs in the “direct
collapse” model (see text for details). The angular extent is calculated for an observer at

dcc = 8 kpc from the center of the VLII halo. Dashed line: angular resolution limit of current
ground-based surveys.

We have modelled the apparent brightness distribution of stellar cusps around naked
IMBHSs in the direct collapse scenario, which produces the largest number of massive IMBHs
today. We assume an initial stellar mass that is twice the mass of the black hole and a present-
day stellar mass-to-light ratio of 4 (as appropriate for an old stellar population with a Salpeter
IMF - see Rashkov et al. 2012; for details). The mass density in the star clusters is expected
to follow a steep power law with drop-off power v ~ -2.15. Given these physical characteristics,
we calculate the peak surface brightness (within a typical SDSS seeing element of angular size
~ 1 arcsec) of the clusters as would be seen by a mock observer located 8 kpc from the center of
the VLII main halo. The distribution is shown in Figure 3.6. The angular size out to which the

brightness profile will be brighter than 25 mag arcsec ™2

is shown in Figure 3.7. Most clusters
would be resolvable, as their angular extent spans 2 to 10 1-arcsec resolution elements. In these
calculations, we have accounted for the fact that the SDSS points away from the Galactic Center
by excluding IMBHs within 8 kpc of the VLII halo center. The resulting distribution of peak

brightness for the IMBH stellar clusters would have to be further scaled down by a factor of 5,

to account for the limited sky coverage of the SDSS. After accounting for these corrections, only
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a handful of clusters should be detectable with current surveys. This is consistent with a recent
search for stellar clusters surrounding recoiled IMBHs in the SDSS source catalog that resulted
in an upper limit of 100 candidates in the Milky Way halo (O’Leary & Loeb 2012). We have also
estimated the proper motion of IMBHs on the sky. Having tangential velocities ranging from 0
to 250 kms™! as seen from an observer at 8 kpc from the VLII halo center, and distances of up
to 100 kpc, their proper motions fall in the range between 0.1 and 10 milliarcsec year—!. This is
similar to measured proper motions of distant halo stars and may be currently detectable with

the Hubble Space Telescope (Sohn et al. 2012), and future missions such as Gaia.
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Chapter 4

What is the mass of the Milky Way?

4.1 Introduction

The mass of the Milky Way’s dark matter halo is a key astrophysical quantity for
placing our Galaxy in a cosmological context, modelling the formation of the Local Group,
deciphering the structure and dynamics of the luminous Galactic components, and ultimately
for understanding the complex processes of baryon dissipation and substructure survival within
the cold dark matter (CDM) hierarchy. It is, unfortunately, amongst the most poorly known
of all Galactic parameters. A common technique to measure the total mass of the Milky Way
is to use kinematic tracers such as globular clusters, distant halo stars and satellite galaxies
Wilkinson & Evans (1999), Xue et al. (2008), Gnedin et al. (2010), Deason et al. (2012b),
Boylan-Kolchin et al. (2013). In spherical geometry, the Jeans equation provides a link between
the host potential of a pressure-supported system and the distribution function of the tracer

population in equilibrium with it according to

ro? dlnp, dlno?
M(<r)="%(_ _EnI 41
(<) G ( dlnr  dlnr 6) ’ (4.1)
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Table 4.1: Recent mass estimates of the Milky Way

Author Year Method used Muw [Me)] Estimate type
Little & Tremaine 1987  Satellites 1.7 — 3.7 x 10! M(<50kpc)
Zaritsky et al. 1989 Satellites 11 — 15 x 1011 M (<120kpc)
Kulessa & Lynden-Bell 1992 Satellites 13 x 1011 M(<230kpc)
Kochanek 1996 Satellites, Esc. Speed, Rotation 3.8 —6.0 x 101! M (<50kpc)
Wilkinson & Evans 1999 Satellites, GCs 1.8 —9 x 10%! M(<50kpc)
Wilkinson & Evans 1999 Satellites, GCs 0.2 — 5.5 x 1012 Miotal
Sakamoto et al. 2003 Satellites, GCs, Halo stars 1.5 — 3.0 x 1012 Miotal
Sakamoto et al. 2003 Sat.(excl. Leo I), GCs, Stars 1.1 — 2.2 x 102 Miotal
Battaglia et al. 2005 Satellites, GCs, Halo stars 0.6 — 2.0 x 1012 Miotal
Dehnen et al. 2006 Satellites, GCs, Halo stars 1.5 x 1012 My, (<200kpc)
Smith et al. 2007 High-velocity stars 0.88 —2.56 x 1012 M,;, (<305kpc)
Xue et al. 2008  BHB stars 3.3 —4.7 x 101 M(<60kpc)
Watkins et al. 2010  Satellites 7 —34 x 1011 M(<300kpc)
Deason et al. 2012b  Satellites, GCs, Halo stars 5—10 x 1011 M(<150kpc)
Note. — Columns 1 and 2 indicate the authors and year of publication, columns 3, 4, and 5 give the method

of mass measurement used, the mass estimate, and the mass type.

where M (< r) is the total gravitating mass, p. is the density profile of the tracer stars, o, is
their radial velocity dispersion, and § is the velocity anisotropy. The uncertainties in the mass
estimates for the Milky Way are due to the fact that, even with high-quality data (accurate
distances and radial velocities), the orbit eccentricities and the density profile of the tracer
population are poorly constrained. Without firm knowledge of the tracer properties, Galactic
mass measures suffer from the well-known mass-anisotropy-density degeneracy.

MW mass estimates typically range between 5 x 10 My and 2 x 102Mg and are
measured in a diverse set of ways, including rotation curve of halo gas, local escape speed, and
kinematics of discrete halo tracers, like globular clusters, satellite galaxies and halo stars. We

list a compilation of commonly cited MW mass estimates in Table 4.1.

In this chapter, we use state-of-the-art tracer kinematic data from Deason et al. (2012b)
and two high-resolution simulations of MW-analog galaxies, Eris and VLII, to try to weigh the
MW halo. The two galaxies have total virial masses at the two ends of the spectrum of quoted
mass estimates, 7 x 10" My and 2 x 102M, respectively, so that allows us to fully explore

the extremes of possible values found in the literature. We first apply a simple tracer mass
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estimator, derived by Watkins et al. (2010) under the assumptions of spherical symmetry and
scale-free halo structure to the two simulations. Thus, we measure its performance in the case
of realistic data, in which none of the above assumptions hold. We then compare the stellar
halos in the two simulations in detail to the best data available for the MW halo, specifically
focusing on their stellar tracer density profiles, tracer kinematic anisotropy profiles and their
velocity dispersion profiles. Finally, we interpret our results by direct numerical integration of
the Jeans equation, which allows us to disentangle the complex interplay between the different
parameters.

This chapter is organized as follows: in § 4.2, we briefly describe the kinematic tracers
we use in our study; in § 4.3, we describe the Eris simulation, a novel hydrodynamic cosmological
simulation of a late-type MW-like galaxy. In § 4.4, we outline the tracer mass estimator and
its performance on the VLII and Eris data, and study the simulated stellar halos in detail. In
§ 4.5, we compare the direct observable, the velocity dispersion profile, with ones we measure
in the simulations and interpret our results with controlled experiments based on integration of

the Jeans equation. We conclude in § 4.6.

4.2 Halo Tracer Population

To derive precision constraints on the mass of the Milky Way’s dark matter halo, we use
the samples of blue horizontal branch (BHB) stars specifically targeted by SDSS and SEGUE for
spectroscopy. BHB stars are excellent tracers of Galactic halo dynamics because because they
are luminous and have a nearly constant absolute magnitude within a restricted color range.

Xue et al. (2008) select their star sample using photometric and spectroscopic data from
SDSS DR6. Their selection combines a photometric color cut based on analysis by Yanny et al.

(2000) and two spectroscopic Balmer line cuts meant to remove contaminating blue straggler
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(BS) and warm main-sequence stars. The final sample consists of 2,558 stars with galactocentric
distance to about 60kpc (Xue et al. 2008).

Instead, Deason et al. (2012b) aim to find more distant stars, with D > 80kpc. They
first implement a photometric color selected to select objects consistent with faint stars, with
20 < g < 22. They then follow up their candidates with the VLT-FORS2 spectrograph to
obtain low resolution spectra of these objects. Finally, based on their Balmer spectral lines,
they identify 7 BHB stars and 31 BS stars. Their sample reaches galactocentric distances of
150kpc and is the largest catalog to date to do so (Deason et al. 2012b).

In their analysis, Deason et al. (2012b) complement their BS and BHB samples with a
sample of previously published N-type carbon (CN) stars from Totten & Irwin (1998), Totten
et al. (2000), Mauron et al. (2005), Mauron (2008); two additional BHB stars from Clewley et al.
(2005) as well as globular clusters and MW satellites excluding Leo I. For the remainder of this
chapter, we adopt the binning of all these data exactly as published in Figure 9 of Deason et al.

(2012D).

4.3 The Eris Simulation

The cosmological simulation employed in the present study is “Eris”, one of the highest
resolution “zoom-in” simulations ever run of the formation of a Milky Way-sized disk galaxy from
cosmological initial conditions. Details of the simulation are given in Guedes et al. (2011) and are
quickly summarized here for completeness. Eris follows the formation of a M,;, = 7.9 x 101 Mg
galaxy halo from z = 90 to the present epoch using the N-body + smoothed particles hydrody-
namics (SPH) code GASOLINE (Wadsley et al. 2004). The simulation includes Compton cooling,
atomic cooling, metallicity-dependent radiative cooling at low temperatures, a prescription for

blastwave supernova feedback, and the ionizing effect of a uniform UV background using a mod-
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ified version of the Haardt & Madau (1996) spectrum. The target halo was selected to have a
quiet merger history with no major mergers (defined as mass ratio > 1/10) at redshift z < 3
(four minor mergers occur at z ~ 3, and two more at z ~ 1 and z ~ 0.6). The high resolution
region was resampled with 13 million dark matter particles and an equal number of gas parti-
cles, for a mass resolution of mpy = 9.8 x 10* Mg and mgpg = 2 X 104 Mg. The gravitational
softening length was fixed to 120 physical pc for all particle species from z = 9 to the present
time, and evolved as 1/(1 + z) at earlier times. Star particles form in cold gas that reaches a
density threshold of ngp = 5 atoms cm ™3, and are created stochastically with an initial mass
m. = 6 x 103 Mg, distributed following a Kroupa et al. (1993) initial mass function. Supernova

0°0 ergs and metals into a ‘blastwave radius’, and the heated

explosions deposit an energy of 8 x 1
gas has its cooling shut off following Stinson et al. (2006). The use of a high threshold for star
formation has the effect of increasing the efficiency of supernovae feedback through the injection
of energy in localized high-density regions.

At z = 0, Eris is a late-type spiral galaxy of virial radius Ry;; = 239 kpc and total stellar
mass M, = 3.9 x 10" Mg, and is resolved with Npy = 7 x 109, Ngag = 3 x 10%, N, = 8.6 x 10°
dark matter, gas, and star particles, respectively. Its rotation curve has a value at 8 kpc (the
solar circle) of V..o = 206 kms™!, in good agreement with the recent determination of the local
circular velocity, V. o = 218 £ 6 kms™!, by Bovy et al. (2012). Mock i—band images show that
Eris has an ¢-band absolute magnitude of M; = —21.7, an extended stellar disk of exponential
scale length Ry = 2.5 kpc, a pseudobulge with Sérsic index n = 1.4, and a bulge-to-disk ratio
B/D=0.35 (Guedes et al. 2011). The present-day v — r = 1.52 mag color of Eris is consistent
with the colors of galaxies that host pseudobulges (Guedes et al. 2012). Eris’s surface brightness
profile shows a downbending break at about five disk scale lengths, as observed in many nearby

spiral galaxies (Pohlen & Trujillo 2006). Eris falls on the Tully-Fisher relation, on the locus

of the Ygrr-Xu1 plane occupied by nearby spiral galaxies, and on the stellar mass-halo mass
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relation at z = 0. The predicted correlations of stellar age with spatial and kinematic structure
are in good qualitative agreement with the correlations observed for mono-abundance stellar
populations in the Milky Way (Bird et al. 2013).

Figure 4.1 shows Eris’ stellar halo as viewed by an external observer. A region of size
300kpc centered on the galactic disk is shown. Three prominent satellites are visible in the image,
together with a variety of other substructure, including streams and shells. For comparison, we

show a 400kpc region centered on the accreted stellar halo in VLII in the same plot.

Figure 4.1: Image of Eris’ and VLII’s stellar halos, as seen from an external observer. A 300kpc
(Eris, left panel) and a 400kpc (VLII, right panel) regions centered on the center of each galaxy
are shown. The surface density shown ranges from 10% to 108 M, /kpc?. Both halos display rich
structure, consisting of streams and shells, remnants of past accretion events. The galactic disk
and three prominent satellites are clearly visible in the Eris image. In stark contrast to the Eris
halo, VLII displays a prominent “hourglass-shaped” feature.
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4.4 Tracer Mass Estimator

4.4.1 The Jeans equation - interface between kinematic tracers and

galactic potentials

The Jeans equation is a popular tool for estimating the masses of galaxies. The first
moment over velocity of the collisionless Boltzmann equation, it links the overall system potential
to the kinematics of discrete tracers moving in equilibrium with it. In radial symmetry, the Jeans
equation reads:

1 po? n 2p02 GM(r)

p dr r S r2 (42)

where r is the radial coordinate, p is the tracer density, o, is the radial velocity dispersion of
the tracers, 8 = 1 — 0,/20, is the anisotropy between the tangential and radial components of
the tracer velocity dispersion, and M (r) is the mass of the system within 7.

While this version of the equation in spherical symmetry is able to capture the interplay
between the underlying mass potential, kinematic tracer distribution and velocity anisotropy of
a galactic halo in their most general form, making certain assumptions about the functional
form of the individual components can greatly simplify the solution to the Jeans equation. For
example, assuming a constant velocity anisotropy 8 throughout the tracer sample results in the

following solution for the radial velocity dispersion profile:

2 1 / 1,123 / de
d —_ 4.
U, (’I“) = 728 (7‘) : rr p(?“ ) T ( 3)

This simple way to obtain a solution is very useful, as it can directly be compared to
the observable line-of-sight velocity dispersion o;,s. While at small galactocentric distances the

geometric error incurred from Earth’s offset from the galactic center is large, this error falls to
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9% at r = 20kpc and only 3% at r = 30kpc, so for tracers in the outer halo of the Galaxy, the
two can be compared directly without corrections. Since most constraints on the total mass of
the MW depend on velocity measurements of the outer halo, where o, and 0,5 agree well, this
form of the Jeans equation becomes a useful tool to constrain the mass of our galaxy.

A further simplification results from making some assumptions about the form of the
underlying matter potential and the distribution of the tracers within that potential. Watkins
et al. (2010) derive a family of mass estimators that provide an estimate of the total mass
enclosed within radius r,,, the radial distance to the most distance tracer. These estimators
assume a scale-free density profile for the tracer population and a scale-free underlying potential.

In particular, if the tracer number density is described as:

dlogp

p(r) < r=" or

— 4.4
dlog r v (44)

and the mass distribution is described as:

M(r) _ (r>1—a (4.5)

for some radial distance r = a, then the total mass enclosed within the furthest observed tracer
is (Watkins et al. 2010):
(a4~ —2B)rt e

M= e Ut (p2p®) (4.6)

The above mass estimator has been successfully tested to be unbiased in the regime
in which the assumptions under which it was derived hold. Furthermore, it has been been used
by Watkins et al. (2010) and Deason et al. (2012b) to estimate the mass of the MW. However,

galaxies (including the MW) have complex structures and are generally not well represented by
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scale-free potentials, which introduces an additional uncertainty in the mass estimates derived
by the two groups. That is why it is useful to test the performance of the Watkins et al. (2010)
mass estimator with simulations, in which the value of the total halo mass is known at every

radius.

4.4.2 Applications of the Jeans equation to simulated galaxies

We now apply the Watkins et al. (2010) mass estimator to the two available simulated
galaxies - Eris and VLII. We begin by randomly selecting 500 orientations of the region observed
by SDSS in both simulations. This is important to do, as observations of stars in the outer
MW halo, which are essential in constraining the Galaxy’s mass, typically originate from the
region surveyed by the SDSS. Limiting the tracer data to 1/5 of its full range could bias any
individual estimate and randomizing the survey pointing within each simulation box will give
the full scatter in the measurement. In VLII, the lack of disk allows for the complete freedom
in choosing the SDSS footprint. In Eris, there is a disk, so we have a plane in which to place
the 500 theoretical observers if we want to stay true to the geometrical uncertainties introduced
by the disk plane. However, we could also choose to disregard the disk orientation and, like in
the VLII case, explore the full topology of the stellar halo.

In each of these 500 realizations of SDSS within each simulation, we then measure the
average anisotropy 3, the average tracer profile slope v and the average underlying mass density
profile « in a radial region enclosed between an inner boundary of 20kpc and an outer boundary
Tout that is allowed to vary between 25kpc and 200kpc. The mass estimate Mg (< Tout) that is
calculated via Equation 4.6 can be directly compared to the true mass My uo(< Tout) enclosed
within the same radius. We show the performance of the estimator in Figure 4.2, in which we
plot the ratio of the estimated to the true mass as a function of radius 7., to which the two

were measured. The resulting heatmap shows the density of observations in the 500 realizations
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Figure 4.2: Peformance of the Watkins et al. (2010) mass estimator as a function of radius.
Left panel: Eris. Right panel: Via Lactea II. What is shown is the ratio of the mass estimate
obtained with Equation 4.6 divided by the true mass of the simulated galaxy within the same
radius. The colors correspond to the density of individual points obtained from 500 individual

SDSS-like footprint pointings within the simulation box, each of which was probed at 40 radial
distances.

of SDSS in the Mest/Mirue - Tout Dlane.

It is clear from the figure that the estimator is not able to provide perfect measurements
of the total mass enclosed within the outermost tracer, but in most cases gives solutions within
20 to 40% of the true value. This is encouraging, however, given the stringent simplifying
assumptions (spherical symmetry, scale-free radial behavior) that go into its derivation. The
masses of the MW derived using Equation 4.6 and quoted by both Watkins et al. (2010) and
Deason et al. (2012b) are thus very likely to be within 20 - 40% of the true value of the MW

mass, still intriguingly small compared to previous estimates.

4.4.3 Parameter uncertainties - the velocity anisotropy

Some of the main remaining challenges in using observations of stellar kinematics to
measure the MW mass revolve around the value of the anisotropy parameter (. Intrinsically
hard to measure, 3 requires knowledge of tangential as well as radial motions of the tracers (for

large enough galactocentric distance, line-of-sight velocities suffice, as they are essentially in the
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Figure 4.3: Velocity anisotropy as a function of radius. Left panel: Eris. Right panel: Via Lactea
II. Heatmaps are based on 500 realizations of a SDSS-like survey within each simulation box,
allowing for for full freedom in orientation - i.e. regardless of disk position in the case of Eris.
Both agree with observations very well in the inner halo regions - out to 50kpc. FEris’ tracers
display purely radial kinematic behavior in the outer halo, i.e. close to its virial edge.

radial direction). In models, the anisotropy parameter is often degenerate with the total mass
of the system, and has only recently been measured by Deason et al. (2012a) to approximately
equal 0.5 in in the MW, i.e. it is radially biased out to about 50kpc of the Galactic center.
The S anisotropy is easy to measure in simulations and we show it as a function of
galactocentric radius in Figure 4.3. Like in Figure 4.2, the heatmap color contours are a result
of 500 random SDSS realizations within the simulation box of Eris and VLII. Out to about
50kpc, both simulations agree very well with the MW - with values of 8 about 0.6 - 0.75, they
are clearly radially biased. In the case of Eris, however, the anisotropy then quickly asymptotes
to 1, indicative of purely radial kinematics near the virial edge of the galaxy, at Ri, = 238kpc.
VLII has a larger virial radius and the anisotropy does not reach this purely radial regime in
the 200kpc window we probed. Observing a similar behavior in the § profile in the future would
be indicative of probing all the way out to the MW galactic edge. This would provide a strong

constraint of the total mass of the Galaxy.
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Figure 4.4: Stellar density profiles as a function of galactocentric radius. Heatmaps are based
in 500 realizations of a mock SDSS survey within each of the two simulation boxes, allowing
full freedom in orientation - i.e. regardless of disk position in the case of Eris. In both cases,
we only consider tracers with R > 20kpc to avoid contamination from the disk and bulge in the
case of Eris. Left panel: Eris. We measure a profile slope of -3.4 within 60kpc and -4.4 outside
that region. Right panel: Via Lactea II. We measure profile slopes of -2.8 and -4.6 inside and
outside 50kpc respectively.

4.4.4 Parameter uncertainties - the stellar density profile

Another source of uncertainty in using the Jeans equation as a mass estimator is the
tracer density profile. This would be either the mass density or the number density profile of
the stellar halo. Previous attempts to measure it from the data include ones by Bell et al.
(2008), who measure a power law slope in the range from -2 to -4, and Deason et al. (2011), who
measure a halo slope of -2.3 inner of 27kpc and -4.6 outside that radius. This quantity is very
sensitive to the accretion history of a particular galaxy; however, it is important to verify that
the simulated halos we use in this analysis have a reasonable tracer distribution when compared
to the observed one in the MW.

We plot heatmaps of the corresponding stellar halo density profiles as measured from
500 random SDSS orientations within the Eris and VLII simulation boxes in Figure 4.4. Note
that the VLII stellar halo exhibits a large range in the normalization of its density profile. This

effect can be attributed to the “hourglass” shape of its most prominent accretion event. Looking
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down the principal axis of the debris from this particular accreted substructure will result in a

higher measured density than looking 90° away from the principal axis.
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Figure 4.5: Phase space density of stellar tracers in the v, - R plane. Overdensities in these plots
correspond to accretion events whose stellar orbits have apocenters at particular galactocentric
distances. They result in knees in the stellar density profiles and dips in the velocity anisotropy
profiles. Note the broader range of radial velocities in VLII compared to Eris, which we attribute
its larger mass. Left panel: Eris. A clear overdensity of stars occurs around 60kpc. Right panel:
Via Lactea II. There are two apocenter-like arc features - at 40kpc and 70kpc.

In order to quantify the falloff of the tracer density, we break the stellar profiles in the
two simulations in two general regions: inner (between 20kpc and 50kpc of the box center), and
outer (outside of 50kpc from the center). In Eris, we measure an inner slope of -3.4 and an outer
slope of -4.4 if we average over all angular directions. In VLII, we measure an inner slope of -2.8
and an outer slope of -4.6 similarly averaging over the entire sky. These values depend on the
detailed structure and accretion history of each individual halo, but it is very encouraging that
they fall in the ballpark of measured values in MW, which makes our observational comparison
through kinematic tracers easier to interpret.

For further detail in the shapes of these profiles and the features in the velocity
anisotropy profiles from Figure 4.3, we look at the distribution of tracer stars in v, - R phase
space. We show the corresponding heatmaps in Figure 4.5. Overdensities of stars in this phase

space plane will be indicative of the apocenter distances of orbits associated with particular ac-
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cretion events. Since stars spend most of their time at apocenter, we expect to see tracers from
prominent progenitors cluster in certain regions of the v, - R plane. These regions are typically
linked to features in the smooth density profile, such as knees where the slope changes. A closer
look at Figure 4.5 reveals such overdensities at roughly 60kpc in Eris and 40kpc and 70kpc in
VLII. Changes in the behavior of the stellar density profiles at the same locations in the two
simulations can then be explained as a direct consequence of the stellar halos’ structures.
Additionally, one could expect that overdensities at the apocenters of stellar orbits
lower the anisotropy parameter [ at the same galacocentric radii. The reason for this is as
simple as follows - at apocenter, a given star has reached the furthest radial point in its orbit
and is turning around to fall back toward the center of the potential. That means that at
apocenter exactly, its radial velocity component is negligible, v, = 0. As 8 quantifies the ratio
of the radial and tangential components of the tracer motion, it is expected that it will drop in
regions where there is an overdensity of stars at apocenter. We observe these characteristic dips

in B at the exact same locations in R (60kpc for Eris, and 40 and 70kpc for VLII) in Figure 4.3.

4.5 The Mass of the Milky Way’s Halo

4.5.1 Direct comparison with observable data

In the previous sections, we looked at the structural properties of the stellar halos in
the simulations that are subject of this study, including their density profiles as a function of
galactocentric radius, their velocity anisotropy and their phase space density in the v, - R plane.
We linked certain features in the anisotropy and density profiles to regions in phase space where
stars cluster due to the apocenter locations of orbits associated with particular accretion events.
We verified that the properties of the simulated stellar halos are very similar to recent state-of-

the-art observations of the MW halo, such as the value of the anisotropy, the existence of a knee
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in the density profile, and the range of values of the inner and outer slope of the density profile.

Additionally, we verified that a simple mass estimator based on the Jeans equation
under assumptions of spherical symmetry and scale-free behavior is able to reproduce the correct
value of the enclosed mass to within 20 - 40 % despite the fact that these conditions do not hold
true in the case of realistic accreted stellar halos. It was precisely this mass estimator that was
used in combination with observations of the line-of-sight velocity dispersion profile to determine
that the mass of the MW galaxy is likely smaller than was previously thought (Watkins et al.
2010, Deason et al. 2012b). Given the similarities between the simulated and the observed stellar
halos, it is worthwhile to understand if the mass of the MW can be estimated directly from the

two simulations without resorting to the assumptions of the Jeans mass estimator.
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Figure 4.6: Radial velocity dispersion heatmaps from 500 random SDSS realizations per sim-
ulation box compared to data from Deason et al. (2012b). Data points technically represent
line-of-sight velocity dispersion 0,5 instead of o,.. However, the geometric error in using one
and not the other is less than 9% beyond 20kpc and less than 4% beyond 30kpc. Eris, a much
lighter galaxy than VLII, is able to fit the data much better. Note the difference in y-axis scale
between the two panels. Left panel: Eris. Right panel: Via Lactea II.

In Figure 4.6, we plot the line-of-sight velocity dispersion 0,5 data from Deason et al.
(2012b) and Xue et al. (2008) together with heatmaps of the radial velocity dispersion o, as
measured in 500 random projections of the SDSS survey within the simulation boxes of Eris

and VLII. While the two quantities compared are not exactly the same, the geometric error
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made in using o, instead of oy, is only 9% at 20kpc and drops to less than 4% at 30kpc and
beyond, which do not significantly affect the comparison presented here. It is clear from this
figure that Eris, with a dark halo of total mass 8 x 10'' M, fits the data much better than
VLII, with its much more massive halo of mass 2 x 10'2 M. The simulations therefore confirm
results from Watkins et al. (2010) and Deason et al. (2012b) that the MW could be less massive
than 1 x 10'2M with measurements coming from realistic stellar halos simulated in the full
cosmological accretion setting and without relying on assumptions of spherical geometry and

scale-free behavior.
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Figure 4.7: Radial velocity dispersion profiles from numerical integration of the Jeans equation
compared to data from Deason et al. (2012b). Data points technically represent line-of-sight
velocity dispersion 0,5 instead of o,.. However, the geometric error in using one and not the
other is less than 9% beyond 20kpc and less than 4% beyond 30kpc. Eris, a much lighter galaxy
than VLII, is able to fit the data much better. All integrated o, profiles have 8 = 0.55. The
tracer density profiles explored have slopes v ranging from -2. (lightest gray) to -4.5 (darkest
gray) Left panel: A DM halo similar to the one of Eris. Right panel: A DM halo similar to the
one of Via Lactea II.

4.5.2 Understanding the line-of-sight velocity dispersion profile

Attributing the discrepancy between the o;,s data points and the VLII o, profiles in
the bottom panel of Figure 4.6 requires verifying that no additional factors play a role in setting

that galaxy’s halo structure. While we verified that the kinematic anisotropy and stellar tracer
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density profiles resemble the ones measured in the MW, VLII is a dark matter-only simulation
which does not capture the influence of a galactic disk in the central regions of its halo. Running
a fully-hydrodynamic VLII twin simulation that self-consistently forms a late-type disk galaxy is
resource-intensive and beyond the scope of this work. However, performing a series of controlled
experiments numerically integrating the Jeans equation in full generality of the underlying mass
distribution will be sufficient to answer the questions about the disk’s role in contracting the
DM halo and affecting the o, stellar profile.

In Figure 4.7, we plot the 0,5 data from Deason et al. (2012b) and Xue et al. (2008)
as a function of radius together with o, profiles calculated by numerical integration of the Jeans
equation. In all cases, we use an anisotropy 8 = 0.55, similar to the value measured in the
MW and values from Eris and VLII. Due to the uncertainty in the tracer density profile, we
try 5 different values from v = 2 (shown in lightest gray) to v = 4.5 (in darkest gray) in steps
of 0.5. A DM halo similar to the one in the Eris simulation is able to fit the data for a wide
variety of values for the tracer density profile slope, while a DM halo similar to the VLII one
can only barely fit the data for an extreme value of v = 4.5. However, VLII was a dark-matter
only collisionless simulation in which no baryonic disk forms in the halo center. Eris, on the
other hand, self-consistently forms a late-type spiral stellar disk which in turn contracts the DM
halo. The measured halo concentration in Eris is ¢ = Rs/Ryir = 22 (Guedes et al. 2011), much
higher than a typical value of 10 or 11, like those of DM-only simulated halos. In order to make
the comparison with VLII more realistic, we should consider a massive halo which would be as
concentrated as the Eris halo in the hypothetical presence of a baryonic disk in its inner regions.

In Figure 4.8, we explore the possible contraction of the inner regions of the VLII DM
halo in the presence of a hypothetical baryonic disk. We achieve this effect by modifying the
scale radius Ry to the best fitting NF'W profile of VLII, so that the halo concentration matches

the one observed in Eris, ¢ = 22. In doing so, we adjust the profile’s normalization to keep the
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Figure 4.8: Effect of the halo contractin on the radial velocity dispersion profiles. Data points
from Deason et al. (2012b) technically represent line-of-sight velocity dispersion 0,5 instead of
o,. However, the geometric error in using one and not the other is less than 9% beyond 20kpc
and less than 4% beyond 30kpc. All integrated o, profiles have 3 = 0.55. The tracer density
profiles explored have slopes « ranging from -2. (lightest gray) to -4.5 (darkest gray). The
underlying matter potential mimics a DM halo with mass similar to the one of Via Lactea II,
but concentration as high as the one of the Eris halo, ¢ ~ 22. None of the numerically integrated
profiles is a good fit to the data, suggesting VLII’s mass is too high to fit the data.

total enclosed mass equal to the one in the un-contracted case. The five different o, profiles
correspond to five different values of the tracer density slope, just like in Figure 4.7. This time,
however, none of the profiles match the observed data. This suggests that, even if VLII had a
baryonic disk in its center, the predicted kinematic profiles would be a poorer representation of
the observed data. VLII is simply too massive to support radial velocity dispersions as low as

50km/s at a distance of 100kpc.

4.6 Summary

We have used the state-of-the-art high resolution numerical simulations Eris and VLII
to weigh the MW halo using halo stars as kinematic tracers. The advantage of using computer
simulations is that the velocity anisotropy, a parameter poorly constrained in reality, can be

readily measured in the simulations.



We apply a tracer mass estimator derived by Watkins et al. (2010) in the case of
spherical symmetry and scale-free, power-law halo structure to the simulated stellar kinematic
data. We determine that the estimator, which has most recently used to estimate a MW mass
by Deason et al. (2012b), is able to estimate the true MW halo mass within 20 - 40% despite
the fact that none of the assumptions it is based on hold in reality.

In an attempt to make the comparison between simulations and observations more
direct, we distance ourselves from the mass estimator, instead directly comparing the observable
quantity, the line-of-sight (radial) velocity dispersion profile. We find that Eris has a radial
velocity dispersion profile that is a great fit to the observed MW data, while VLII does not. In
VLII, the predicted velocity dispersion is too high to accommodate the values measured in the
MW by Deason et al. (2012b). This result agrees strikingly well with a recent mass estimate by
Bovy et al. (2012), who quote a virial mass of only 8 x 10*! M, for the MW.

We verify that the Eris and VLII stellar halos look like the Galactic one in every other
way, in order to make our result more meaningful. Halos that are as close to the data as possible
except for their mass would strengthen our argument that the MW is lighter than previously
thought. We compare the halos’ velocity anisotropy profiles, both of which agree with the 0.5
recent estimate by Deason et al. (2012a), and their density profiles. The density profile slopes we
measure in VLII and Eris are both consistent with estimates from Bell et al. (2008) and Deason
et al. (2012a) and vary between -2 and -4. We are able to attribute features in the stellar
density profiles and velocity anisotropy profiles to stellar overdensities in the v,, — R phase space
diagram. These correspond to the apocenters of orbits from recent accretion events, where stars
spend a significant amount of their orbital time, producing a knee in the density profile and
lowering the measured velocity anistropy, as they have no radial component velocity component
at apocenter.

In order to understand in detail if the line-of-sight velocity dispersion is sufficient
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indicator that the MW has mass similar to the one of the Eris simulation instead of VLII, we
compute the radial velocity dispersion profiles by numerically integrating the Jeans equation.
We use two fiducial NFW halos, one resembling Eris and one resembling VLII, with a variety
of unknown slopes for the stellar density profile within its observation-permissible range. We
note that the lighter halo is able to fit the observed radial velocity dispersion profile for a wider
range of the density slope parameter. Additionally, if we introduce a modification to the more
massive halo DM structure, such as a higher concentration - possible result of contraction in the
presence of a baryonic stellar disk - we observe the more realistic massive galaxy gives an even
poorer fit to the data.

We conclude that our results support a growing body of evidence that the MW halo is
indeed lighter than previously thought and is consistent with having a virial mass of the order

of only 8 x 10'* M.
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