
U  C,
I

Galaxy Destruction in the Violent Universe

D

submitted in partial satisfaction of the requirements
for the degree of

D  P

in Physics

by

Christopher Wayne Purcell

Dissertation Committee:
Professor James Bullock, Chair

Professor Elizabeth Barton
Professor Manoj Kaplinghat

2010



 
 
 
 

UMI Number: 3403493
 
 
 
 
 
 

All rights reserved 
 

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 

 
In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion. 

 
 
 
 
 

 
UMI 3403493

Copyright 2010 by ProQuest LLC. 
All rights reserved. This edition of the work is protected against 

unauthorized copying under Title 17, United States Code. 
 
 

 

 
 

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, MI 48106-1346 

 
 
 



Chapter 2 c© 2007 The American Astronomical Society

Chapter 3 c© 2008 John Wiley & Sons, Inc.

Chapter 4 c© 2009 The American Astronomical Society

Chapter 5 c© 2009 The American Astronomical Society

Chapter 6 c© 2010 John Wiley & Sons, Inc.

All other materials c© 2010 Christopher Wayne Purcell



.

For all the world’s dead philosophers, who will have missed the good part.

”The true value of a man is not determined by his possession, supposed or real, of

Truth, but rather by his sincere exertion to get to the Truth. It is not possession of

the Truth, but rather the pursuit of Truth by which he extends his powers and in

which his ever-growing perfectibility is to be found. Possession makes one

passive, indolent, and proud. If God were to hold all Truth concealed in his right

hand, and in his left only the steady and diligent drive for Truth, albeit with the

proviso that I would always and forever err in the process, and offer me the choice, I

would with all humility take the left hand.”

Gotthold Ephraim Lessing; Anti-Goeze (1778).

ii



T  C

L  F 

A 

C V 

A   D 

1 I 1

2 S G  I L 3
2.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.1 Dark halo accretion and disruption . . . . . . . . . . . . . . . 9
2.1.2 Assigning Light to Dark Matter Halos . . . . . . . . . . . . . 14
2.1.3 Evolving the Stellar Masses . . . . . . . . . . . . . . . . . . . 18

2.2 A Toy Model for the Intrahalo Light Fraction . . . . . . . . . . . . . 21
2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3.1 IHL Fraction and Dark Halo Mass . . . . . . . . . . . . . . . 24
2.3.2 The Distribution of the IHL Fraction at Fixed Halo Mass . . 31
2.3.3 Tests for Robustness . . . . . . . . . . . . . . . . . . . . . . . 32

2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3 I SM 42
3.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.1.1 Intrahalo Light Model Update . . . . . . . . . . . . . . . . . 48
3.1.2 Assigning Metallicities . . . . . . . . . . . . . . . . . . . . . . 51

3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4 T D D  S A 65
4.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.1.1 Primary and Satellite Galaxy Models . . . . . . . . . . . . . . 69
4.1.2 Satellite Galaxy Orbits . . . . . . . . . . . . . . . . . . . . . . 70

4.2 Results and Implications . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.3 Conclusions and Discussion . . . . . . . . . . . . . . . . . . . . . . . 74

5 D D F  MW 78
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.3.1 Gross Comparisons to the Galactic Stellar Disk . . . . . . . . 87
5.3.2 Morphology and Kinematics of the Dark Disk . . . . . . . . 88

iii



5.3.3 Correlating the Dark and Stellar Disks . . . . . . . . . . . . . 91
5.3.4 Summary of Results . . . . . . . . . . . . . . . . . . . . . . . 93

5.4 Comparison to Previous Work . . . . . . . . . . . . . . . . . . . . . . 95
5.5 Discussion and Interpretation . . . . . . . . . . . . . . . . . . . . . . 97

6 H D S   S H 104
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
6.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.3.1 Applicability to the Milky Way and M31 . . . . . . . . . . . 114
6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

7 T S I   A  G S 123

iv

























































































































































































































































disruption of the Sagittarius dwarf galaxy may also be capable of heating some

small portion of disc stars to ejection, especially in the outer disc where the disc’s

self-gravity is less powerful; we may safely assume that the Galaxy has

undergone some number of accretions in this regime, these events being truly

ubiquitous in a cosmological context.

At least one member of the Local Group may represent more nearly the

cosmological norm; the inner spheroid of M31 has been chemically identified as

having a stellar population that is largely of intermediate age and as metal-rich as

that galaxy’s thick disc (Durrell et al., 2004). It may well be that M31, having had

a more active recent accretion history than the Milky Way (as surmised by

Ferguson et al., 2002; Gilbert et al., 2009b, based on density and metallicity

variations in halo substructure), has a stellar halo that has been significantly

contaminated by stars originally belonging to the primary disc. Some indications

do exist that this is the case; uniform and young stellar populations have been

shown to exhibit strong rotation out to projected radius Rproj > 40 kpc

(Richardson et al., 2008, see also Ferguson et al. 2005). In addition, the Giant

Southern Stream and associated stellar features are clearly the tidal remnants of

an accretion event involving a fairly massive satellite galaxy; estimates of the

progenitor’s properties suggest that it was a large system traveling on a

highly-eccentric orbit of nearly co-planar orientation with respect to the M31 disc,

and the surface brightness of the tidal stream strongly implies that the event

occurred within the past few Gyr (Ibata et al., 2004; Fardal et al., 2006; Font et al.,

2006). Our result for the simulated infall with orbital inclination θ = 0◦ predicts a

substantial amount of disc-star ejection associated with such an accretion event,

an expectation that is consistent with the relatively bright inner halo of M31.

Along these lines, in Figure 6.5 we present an analogous consideration to that

found in the study of metal-poor M31 halo stars by Chapman et al. (2006,
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hereafter C06), in which the authors utilize the kinematic model of Ibata et al.

(2005) in order to correct observed heliocentric radial velocities for the systemic

and rotational motion of the M31 disc as well as the disc’s inclination. Following

C06, we present line-of-sight velocities across the major axis for our θ = 0◦ runs

from the edge-on perspective (upper panels) and subtract the rotational motion

(middle panels). C06 used velocity cuts to kinematically represent the thin disc

(|vrad| < 100 km/s), thick disc (100 < |vrad| < 160 km/s), and stellar halo

(vrad > 160 km/s) of M31; we adopt the same cuts here for comparison, including

only heated stars in the left panels and only accreted stars in the right panels. We

obtain significant relative fractions in each component across the full length of the

major axis, quite similar to the results of C06 for M31. Across the full length of the

extended discs major axis, approximately ∼ 10% of heated disc stars have radial

velocities consistent with the thick disc criterion set by C06 for M31, and ∼ 5% are

consistent with the kinematic stellar halo definition. In the inner disc, where the

rotation curve drops sharply and the bulge dominates the stellar density

(although the bulge stars have been removed from this figure), the dynamical

contamination is even more pronounced: the thick disc and stellar halo represent

∼ 15 − 25% each of the radial velocity population. Stellar material deposited by

the infalling satellite also populates these regions; around ∼ 10 − 20% of these

stars fall outside the thin-disc range in radial velocity.

6.4 D

Observations of diffuse light in the inner halos of external galaxies have tended to

inspire efforts to reconcile the stellar mass of the spheroid with the properties of

an inferred progenitor satellite galaxy. However, our experiments clearly

demonstrate that an inner halo component may be primarily composed of stars
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ejected to large heights above the galaxy plane during the disc heating process. In

our post-accretion remnant systems, we obtain surface brightness profiles typified

by a power-law index n = −2.5 along the minor axis as shown in Figure 6.2, only

slightly flatter between 5 and 10 kpc than the projected profile found to be a

general feature by Zibetti et al. (2004) in their image-stacking exercise involving

over a thousand SDSS galaxies. In each of our simulation endstates, ejected

material originally belonging to the primary stellar disc accounts for ∼ 40 − 80%

of the luminosity found above 5 kpc from the plane, with the accreted subhalo’s

stars being distributed over a much larger volume and thus contributing

minimally to the surface brightness of the inner halo.

This morphological contamination of the inner halo occurs simultaneously

with the energizing process that also significantly contributes stellar material to

the kinematically-defined thick disc and stellar halo. Just as in models of stellar

halo formation, the scenario of thick disc assembly most likely involves multiple

mechanisms, although there is active debate regarding the order of importance in

these phenomena. The wide range of kinematic behavior displayed by low-mass

thick disc galaxies may indicate, especially for cases in which signatures of

counter-rotation appear, that these systems form primarily via the accretion of

stripped stars during a minor merger, or from star formation associated with such

a merger (Yoachim & Dalcanton, 2008).

On the other hand, there is solid photometric evidence that more massive disc

galaxies also contain thick components that are simply too faint to discern

kinematically, especially in the absence of significant rotational lag in any

particular stellar population. This co-rotation is a particular hallmark of

low-latitude subhalo accretion, since in this case the satellite’s stars will

kinematically blend more efficiently into the host’s rotation, and such uniform

dynamics are also a general feature of thick discs formed largely by
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merger-related heating processes, which can achieve line-of-sight velocity

dispersions similar to those found in surveys of these systems. In the case of the

Milky Way, the thick component’s faintness relative to the thin disc, as well as its

measurably lagging rotation, likely indicate that it is not a product of heating that

has occurred in the last several Gyr; observations have yet to determine whether

the kinematic structure of the thin/thick Galactic disc is typical among systems

with similar morphology and stellar content.

Similarly, it remains to be shown self-consistently that a cold and thin Galaxy

analogue can arise and persist to z = 0 after the thick disc’s formation at early

times during the process of heating the proto-Galactic disc. However, we may still

make a simple argument in favor of disc heating being largely responsible for the

complex kinematic distributions in today’s solar neighborhood. As alluded to

above, the total mass of the disc under assault is an integral factor in any accretion

event; according to first-order expectations, the strength of the stellar self-gravity

will largely determine the extent to which any deposited orbital energy (or excited

global resonance) heats the system. As an approximation, we would therefore

expect more severe dynamical and morphological damage to be inflicted by an

accretion event involving a lighter disc, such as the Galactic progenitor at

intermediate redshift, leaving behind some fast-moving relics of this era in nearby

stellar populations at the present day. We also note here that although previous

work has indicated that multiple minor mergers are unlikely to cause more

significantly more structural and dynamical damage than that inflicted by the

most massive satellite alone (Kazantzidis et al., 2008), it may be that mixing

processes and resonance modes are enhanced by these multiple infalls; we defer

pursuit and discussion of these issues for future work.

It appears that the formation of inner galactic halos may be heavily enhanced

by the destructive heating undergone by a stellar disc during the infall of a large
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satellite galaxy. As we improve our understanding of stellar halo composition in

nearby disc galaxies, we may begin to assess the degree to which these diffuse

spheroids are alloyed by intermediate-age stars that are unlikely to have been part

of the primeval halo constructed long ago from the debris of faint and metal-poor

dwarf satellites. Future Galactic surveys, such as SEGUE-2 and APOGEE of the

third iteration in the Sloane Digital Sky Survey (SDSS-III; Weinberg et al., 2007),

will map the outer disc and stellar halo of the Milky Way to an unprecedented

degree of accuracy, and M31 observations will continue to refine our

understanding of that galaxy’s complex inner structure. These efforts will

exquisitely define the kinematics, density structures, and chemical compositions

of the various populations in each component, and should easily be able to

distinguish the relative properties of ancient, metal-poor halo members as

compared to younger, more metal-rich stars that could have been heated to

ejection from the disc during a massive accretion event.
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C 7

T S I  
A  G S

Among the great unsolved astrophysical problems of the modern era, the question

of disk galaxy formation and evolution stands alone in connecting the subtleties

of parsec-scale mechanics to the violence of the cosmos at large. Theoretical

descriptions of secular dynamical modes in isolated disks are well-formed

(Binney & Tremaine, 2008; Kormendy & Kennicutt, 2004), but poorly related to

observational constraints placed on real galaxies. Complicating the picture is the

fact that we apparently live in a universe described by the concordance ΛCDM

cosmology, in which the hierarchical process of structure formation involves

mergers that constantly perturb and threaten to destroy disks like our own

Galaxy (Stewart et al., 2008; Boylan-Kolchin et al., 2008; Purcell et al., 2009).

By far, the most convincing nearby evidence of this paradigm is the ongoing

accretion and destruction of the Sagittarius dwarf galaxy (Sgr) by the Milky Way.

We have a well-formed understanding of the Sgr tidal debris stream, which is

distributed along multiple great-circle wrappings easily distinguished from their

faint environment (Belokurov et al., 2006; Yanny et al., 2009), and rudimentary

observational constraints on the properties of the dwarf galaxys disrupting core

(Ibata et al., 1994; Majewski et al., 2003), but reconstructing a model for the

progenitor of Sgr is nonetheless non-trivial. Before it began to closely approach

the Milky Way disk at some point in the past few billion years, the Sgr dwarf was

quite likely the largest of the Galactic satellites, with a virial mass of at least 1010

solar masses (Niederste-Ostholt et al., 2010). Previous theoretical work has shown

that subhalos in this regime can induce the formation of significant ring-like
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features as well as other morphological and dynamical disturbances in the

outskirts of the host disk (Kazantzidis et al., 2008; Younger et al., 2008), but the

specific response of Milky Way structure to the Sgr impact has thus far never been

measured by targeted simulations of disk-satellite interaction.

In the highest resolution simulation of an isolated accretion event yet

performed, we have combined a cosmologically motivated implementation of the

Sgr impact with fully self-consistent numerical modeling of the multi-component

Milky Way in order to assess the global effect of that impact on the structure of

our Galaxy. We used the parallel tree-code ChaNGa (Jetley et al., 2008) to

calculate the evolution of a disk/bulge/halo model comprised of 3.0 × 107

collisionless particles with masses in the range 1.1 − 1.9 × 104M⊙; the particular set

of parameters describing the relevant distribution functions for this model were

specifically chosen to match the present-day Milky Way (Widrow et al., 2008). The

model progenitor for the Sgr dwarf was constructed according to cosmological

arguments based on empirical measurements of the present-day Sgr core

(Dinescu et al., 2005; Niederste-Ostholt et al., 2010), and the orbital conditions

chosen for infall closely resemble prior estimates for the transverse velocity and

impact parameter (Keselman et al., 2009) while subsequently producing a distinct

tidal debris stream and present-day core configuration that is generally consistent

with both observational constraints and recent attempts to model the past

evolution of the Sgr dwarf impact (Law et al., 2005; Law & Majewski, 2010).

In isolation, our primary Galaxy model begins to form a weak bar on the

timescale of a few billion years, but remains remarkably smooth in the sense of

global morphology and fails to develop regions that are significantly overdense

with respect to the global density structure. By contrast, the infalling Sgr dwarf

galaxy presents a significant perturbation to the disk. Upon each crossing of the

disk plane, the disrupting subhalo dramatically increases the local swing
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Figure 7.1: Face-on 3D density maps of our Milky Way model at four different
times during the evolution of the Sgr dwarf impact: the initial condition (t=0 Gyr,
panel A); first pericenter (t=0.75 Gyr, panel B); shortly following second pericenter
(t=1.4 Gyr, panel C); and nearing the third pericenter (t=2.14 Gyr corresponding to
present-day, panel D). White crosses in panels B and C mark the location at which
the center of the Sgr dwarf impacts the disk plane; note the general sloshing of the
outer disk material as well as the rapid formation of trailing spiral arms pointing
to the impact position.

amplifier and augments the latent capacity for the formation of intermediate-scale

spiral structure (as discussed in Binney & Tremaine, 2008, in the context of the

Milky Way), resulting in the emergence of a distinct trailing arm which points to

the location of disk-satellite impact as demonstrated by panels B and C of

Figure 7.1. The subsequent shear of differential rotation, combined with the global

increase in the fraction of stars on non-circular orbits, creates a transient mode of

spirality that begins to wind up and fade away on a timescale somewhat longer
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than that of the Sgr infall, such that each disk crossing overlays a newly-amplified

spiral arm pattern onto the stellar disk as a whole.

Since the power of this arm-formation process scales with the strength of the

gravitational perturbation causing it, the first pericenter at simulation time t ∼ 0.8

Gyr induces the sequential appearance of two large spiral arms (see the beginning

of this formation in panel B of Figure 7.1), and the second pericenter at t ∼ 1.5 Gyr

incites weaker ancillary arms with a different pitch angle than that of the primary

mode (thus giving the appearance of connections between arms; see the small

stream-like arm linking the two major arms in the upper-right of panel C in

Figure 7.1). The accretions evolution past the third pericenter (occurring near the

present-day, which corresponds to t ∼ 2.14 Gyr) produces the weakest spirality of

all.

The formation and evolution of these transient modes have massive

implications for the morphology of Milky Way stars in the outer disk. The

wrapping of swing-amplified arms at high Galactocentric radius creates multiple

ring-like features there, and the Sgr impact also induces vertical vibration of this

perturbed material about the plane of the underlying stellar disk, naturally

producing a global flaring in the outer disk. This loosening of the self-gravity in

the outskirts of the Milky Way also causes the outer spiral arms to oscillate about

the Galactic plane, such that the thin stream-like structures at low latitudes look

very similar to tidal debris recently stripped from a satellite galaxy traveling on a

nearly co-planar orbit with respect to the Milky Way (as in the paradigm

presented by Yanny et al., 2003; Peñarrubia et al., 2005, for example).

The real spiral structure of the Milky Way is poorly understood. Recent

advances in the mapping of molecular gas allow the interpretation that our

Galaxy has two primary spiral arms, with multiple ancillary arms intervening

and connecting these structures (Pohl et al., 2008), which are rooted in a central
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Figure 7.2: Particle plots demonstrating the presence of significantly overdense
spiral arms in the Milky Way, following the impact of the Sgr dwarf. In the
left panel, the mean global 3D density structure has been divided out, clearly
emphasizing the two major Galactic spiral arms that emerge following the first
impact of the Sgr progenitor subhalo. Note the relative increase in overdensity
of the arms with increasing Galactocentric radius, reflecting the tightening of the
outer wraps as well as their vertical dislocation from the plane of the disk. The
right panel imitates a cone along the line-of-sight toward the Galactic anti-Center,
in the direction of the Monoceros Ring as well as several other observed streams.

bar with orientation angle φbar ∼ 15 − 30◦ relative to Galactic longitude l = 0◦

(Bissantz & Gerhard, 2002). The large peculiar motions of young stars in spiral

arms have supported the view that these complex structures are not the result of a

quasi-stationary density wave, but rather transient modes that interact with

star-forming gas via swing amplification and produce excess non-circularity in

the motions of young stars (Baba et al., 2009; Reid et al., 2009).

As shown in Figure 7.2, in which the underlying global 3D density structure of

the disk is effectively subtracted, our model for the Sgr impact compares

favorably with all of the above generalizations, reproducing the proliferation of

spiral arms in number and approximate pitch angle, as well as the orientation of

the Galactic bar (our resultant φbar ∼ 20; see the annotations of panel D in
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Figure 7.1 for a more detailed comparison to observed spiral structure in the

Milky Way). The orbit of Sgr has only precessed slightly about the yz-plane, and

those two primary perturbative directions of oscillation have caused the Galaxy to

slosh around in that plane, all the while developing swing-amplified spiral arms

due to the growth of local gravitational perturbations caused by each close

approach of the Sgr progenitor. One distinct consequence of this sloshing is the

collection at the present-day of outer spiral arm wrappings in the direction of the

Galactic anti-Center.

In the current state of Galactic observation as it relates to theories of galaxy

formation in general, the feature known as the Monoceros Ring (hereafter MRi) is

generally considered to be the leftover tidal stream from a now-defunct dwarf

satellite galaxy that spent its final epoch traveling on a nearly-circular orbit

closely aligned with the plane of the Milky Way (Peñarrubia et al., 2005), and

some have drawn direct connections between the MRi and the nearby Canis

Major or Argo overdensities, given the discovery of MRi streams both above and

below the plane of the Milky Way disk (Martin et al., 2004; Conn et al., 2005;

Rocha-Pinto et al., 2006). On the other hand, some evidence has suggested that

the stellar populations in the MRi and CMa are indistinguishable from their outer

disk environs, and that the warp and flare of the Milky Way could still be

compatible with the off-plane substructures around Galactic longitude l ∼ 180◦

(Momany et al., 2006; Mateu et al., 2009). Our results support the latter viewpoint,

demonstrating that the MRi is simply the nearby and therefore observable section

of the tightened outer wraps of the Scutum-Centaurus spiral arm that emerges

following the first impact of the Sgr progenitor dwarf. In addition, the general

confusion of weak spiral arms beyond the MRi, as well as the presence of the

outermost wrap of the Perseus arm in the anti-Center, produce a field of streams

qualitatively similar to the multiple tributaries observed in those environs, often
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at significant Galactic latitudes (Grillmair et al., 2008). Note the increasing scatter

in density as a function of height along the anti-Center line-of-sight in the right

panel of Figure 7.2, which betrays the detachment of the outer spiral arms from

the plane of the flaring Milky Way disk.

Our modeled Sgr impact yields many predictions that should be testable with

next-generation observational technologies such as those employed in the third

iteration of the Sloan Digital Sky Survey (SDSS-III; see instruments SEGUE-2 and

APOGEE in Weinberg et al., 2007)). Deep surveys of Galactic longitudes between

l ∼ 30◦ and l ∼ 180◦ will reveal the Monoceros Ring to be the nearby wrap of the

Scutum-Centaurus arm, and still more heroic efforts in that region will discover

the outer wrap of the Perseus arm which encircles the Milky Way at a radius of

∼ 20 − 25 kpc. Generations of astronomers in the indeterminate future will map

precisely the far wraps of the multiple coincident stream-like arms between

l ∼ 240◦ and l ∼ 300◦, and their descendants may even live to watch the Sgr dwarf

cross the Galactic disk plane once again as it creates a new spiral arm at the point

of impact, nearly ten million years from today.
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Dubinski, J., Koranyi, D., & Geller, M. 2003, in IAU Symposium, ed. J. Makino &
P. Hut, 208–237

Durrell, P. R., Ciardullo, R., Feldmeier, J. J., Jacoby, G. H., & Sigurdsson, S. 2002,
ApJ, 570, 119

Durrell, P. R., Harris, W. E., & Pritchet, C. J. 2004, AJ, 128, 260

Erb, D. K., Shapley, A. E., Pettini, M., Steidel, C. C., Reddy, N. A., & Adelberger,
K. L. 2006, ApJ, 644, 813

132



Fardal, M. A., Babul, A., Geehan, J. J., & Guhathakurta, P. 2006, MNRAS, 366, 1012

Faltenbacher, A. & Mathews, W. G. 2005, MNRAS, 362, 498

Feldmeier, J. J. 2006, Planetary Nebulae in our Galaxy and Beyond, 234, 33

Feldmeier, J. J., Ciardullo, R., Jacoby, G. H., & Durrell, P. R. 2004a, ApJ, 615, 196

Feldmeier, J. J., Mihos, J. C., Morrison, H. L., Harding, P., Kaib, N., & Dubinski, J.
2004b, ApJ, 609, 617

Ferguson, A. M. N., Irwin, M. J., Ibata, R. A., Lewis, G. F., & Tanvir, N. R. 2002, AJ,
124, 1452

Ferguson, A. M. N., Johnson, R. A., Faria, D. C., Irwin, M. J., Ibata, R. A., Johnston,
K. V., Lewis, G. F., & Tanvir, N. R. 2005, ApJ, 622, L109

Ferguson, A. M. N. 2007, From Stars to Galaxies: Building the Pieces to Build Up
the Universe, 374, 239
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Soubiran, C., Bienaymé, O., & Siebert, A. 2003, A&A, 398, 141

Stadel, J. G. 2001, PhD thesis, University of Washington
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