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Abstract

Bound orbits have traditionally been assigned to the Large and Small Mag-

ellanic Clouds (LMC and SMC, respectively) in order to provide a formation

scenario for the Magellanic Stream (MS) and its Leading Arm (LA), two

prominent neutral hydrogen (HI) features connected to the LMC and SMC.

However, Hubble Space Telescope (HST) measurements of the proper mo-

tions of the LMC and SMC have challenged the plausibility of bound orbits,

causing the origin of the MS to re-emerge as a contested issue. In this thesis,

a new tidal model is presented in which structures resembling the bifurcated

MS and elongated LA are able to form in a bound orbit consistent with the

HST proper motions. The LMC and SMC have remained bound to each

other only recently in the model despite being separately bound to the

Milky Way for more than 5 Gyr. We find that the MS and LA are able to

form as a consequence of LMC-dominated tidal stripping during the recent

dynamical coupling of the LMC and SMC.

Next, the model is further refined by including the effect of drag from the

Galactic hot halo, and the overall effect on the morphology and kinematics

is explored. To accompany this analysis, the drag effect is also incorporated

into a different tidal model from the literature. We find that the drag has

three effects which, although model-dependent, may bring the tidal forma-

tion scenario into better agreement with observations: correcting the LA

kinematics, reproducing the MS column density gradient, and enhancing the

formation of MS bifurcation. We furthermore propose a two-stage mecha-

nism by which the bifurcation forms. In general, the inclusion of drag has a

variety of both positive and negative effects on the global properties of the

MS and LA, including their on-sky positions, kinematics, radial distances,

and column densities.
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1

Introduction

1.1 Traditional studies of the Magellanic Stream

On a clear night in the southern hemisphere, a careful observer can spot two galaxies

hovering below the plane of the Milky Way. Named the Small and Large Magellanic

Clouds (SMC and LMC respectively), they are the Milky Way’s largest satellite galax-

ies. In visible light, they seem to be isolated; each of the Clouds shines with its own

set of rich star systems, occupying nearby but distinct patches of the sky. But when

observed in the radio portion of the spectrum, a new story emerges. As shown in the

neutral hydrogen (HI) column density map of Figure 1.1 (adapted from Putman et

al., 2003a), the LMC and SMC are interconnected by a complex network of HI gas.

Mathewson et al. (1974) were the first to observe the weak but coherent stream of

gas trailing behind the LMC and SMC, deemed the Magellanic Stream (MS). Later

observations (notably, Putman et al. 1998) firmly established the presence of the Lead-

ing Arm (LA), a gaseous stream extending ahead of the LMC and SMC as they orbit

around the Milky Way. The final notable HI structure of the Magellanic system is the

aptly named Magellanic Bridge, which bridges the gap between the LMC and SMC

(see Figure 1.1).

Even though a host of observations have unveiled the intricate structure and extent

of the MS, LA, and Bridge (e.g., Putman et al. 2003a, Bruns et al. 2005, Stanimirović

et al. 2008, Westmeier et al. 2008, Nidever et al. 2010), the origin of these HI

structures remains the topic of scientific debate. The one point of consensus is that

the MS, LA, and Bridge are the result of a stripping process which tore gas away from
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1. INTRODUCTION

Figure 1.1: Neutral hydrogen (HI) column density map for the Magellanic

system - The vast majority of gas within the Magellanic system remains inside the Large

and Small Magellanic Clouds (LMC and SMC, respectively) as labeled. Tenuous filaments

of gas extend away from the galaxies: trailing behind the orbit is the Magellanic Stream

(MS), and stretching ahead of the orbit is the Leading Arm (LA). The Magellanic Bridge,

which extends between the LMC and SMC, is not labeled in order to reduce clutter.

Adapted with permission from Putman et al. (2003a).
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1.1 Traditional studies of the Magellanic Stream

the gravitational grip of the LMC and/or the SMC. The most popular mechanisms for

providing this stripping process fall into two camps: tidal stripping, which is a purely

gravitational effect during close encounters of galaxies, or ram pressure stripping, which

is a hydrodynamical process involving drag forces. Both of these possibilities have been

explored with detailed numerical modeling as discussed below. It should also be noted

that a more exotic scenario for the origin of the LA has been proposed, involving a

“blowout” of gas from supernova events in the LMC, but so far this scenario has not

been explored in dynamical models (Nidever et al. 2008).

Early computational work focused solely on reproducing the MS as a trailing stream

of gas, and the features of the Bridge and LA were largely ignored. Successful models

were developed for the tidal stripping scenario (e.g., Murai & Fujimoto 1980, hereafter

MF80; Lin & Lynden-Bell 1977; Gardiner, Sawa, & Fujimoto 1994) as well as the ram

pressure scenario (e.g., Meurer et al. 1985, Heller & Rohlfs 1994, Moore & Davis 1994),

even though the physical processes invoked are quite distinct. In the aforementioned

tidal models, the entirety of the MS is assumed to originate in the disk of the SMC.

Particles within the SMC disk are subsequently liberated by strong gravitational en-

counters with the LMC and MW over a long-term (∼9 Gyr in the case of MF80) bound

orbit. In the aforementioned ram pressure models, the MS is coaxed away from the

LMC and SMC after an interaction with a gaseous component of the Milky Way (either

the disk as in Moore & Davis 1994; or the gaseous halo as in Meurer et al. 1985 and

Heller & Rohlfs 1994). The dominant effect of the gas dynamics is to exert a drag force

proportional to the ram pressure encountered during the interaction (Gunn & Gott

1972).

In general, all of these pioneering models were able to account for the on-sky location

and radial velocity profile of the MS, and there was no clear preference for a leading

candidate. The ram pressure and tidal scenarios each had their own unique advantages

and disadvantages. A common criticism of the tidal model was that gravitational

forces would not be able to distinguish between stars and gas within the SMC disk,

and therefore the tidal models would naturally predict a stellar component of the MS.

However, such a stellar component does not appear to exist, despite attempts to observe

it (Guhathakurta & Reitzel 1998). The ram pressure scenario neatly side-steps this

problem because stars are immune to gas dynamical interactions such as ram pressure.

3



1. INTRODUCTION

Accordingly, the trailing streams within the ram pressure models are strictly gaseous

structures.

A solution to this problem for the tidal scenario was provided by Yoshizawa &

Noguchi (2003, hereafter YN03): a purely gaseous MS can be created as long as tidal

forces leave the inner regions of the SMC intact. In their model, YN03 assume that

the SMC disk has a gaseous component extending to 5 kpc and a stellar component

confined to the inner 3 kpc. They find that tidal forces can strip away the outer disk but

are ineffective at removing the inner disk components. This result is of course model

dependent, because a different interaction history could possibly lead to stronger tidal

interactions which would indeed strip away the inner disk. Nevertheless, the YN03

model provides a straightforward solution to one of the major complaints with the

tidal scenario.

The plausibility of the ram pressure scenario was jeopardized by the Putman et al.

(1998) discovery of the LA. Gas clouds on the leading side of the L/SMC orbit were

observed more than a decade prior to this “discovery” (e.g., Mathewson et al. 1974), but

the association of these clouds with the Magellanic system was not firmly established

until Putman et al. (1998) revealed a continuous velocity structure. Because the ram

pressure hypothesis relies on drag forces, only trailing features such as the MS can be

accounted for. The aforementioned ram pressure models fail to explain the presence

of the LA, but such a leading feature is a natural consequence of the tidal scenario,

because tidal forces can strip in both leading and trailing directions (e.g., Toomre &

Toomre 1972).

Accordingly, the tidal scenario provides a simple mechanism which can conceivably

account for all of the HI structures of the Magellanic system. The sophistication of

the tidal model has culminated with Connors et al. (2006), who essentially construct

a high resolution version of the Gardiner & Noguchi (1996, hereafter GN96) model.

These models exhibit the best reproduction of HI morphology and kinematics for the

Magellanic system. The GN96 orbital model resembles that of its predecessors: a long-

term bound state between the LMC, SMC, and Milky Way. Portions of the SMC disk

are stripped away under the influence of the strong tidal fields of the LMC and Milky

Way, thereby accounting for the MS, LA, and Bridge.

Despite the lingering doubt imposed by the existence of the LA, ram pressure models

continue to be explored. Mastropietro et al. (2005; hereafter M05) have constructed
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1.1 Traditional studies of the Magellanic Stream

the most recent and by far the most sophisticated ram pressure model, and it stands as

an important alternative to GN96 and Connors et al. (2006). In the M05 model, the

MS is assumed to originate entirely within the LMC, and in fact the SMC is altogether

ignored. The LMC and Milky Way are modeled self-consistently, i.e., both galaxies are

treated as multi-component ensembles of particles which interact through gravitational

and hydrodynamical forces. This is in contrast to the GN96 and Connors et al. (2006)

models, which adopt fixed potentials for the LMC and Milky Way. M05 find that a

trailing wake resembling the MS can indeed form as a result of ram pressure exerted

by the hot gaseous halo of the Milky Way, but the Bridge and LA remain unexplained

in their model.

Notwithstanding the particular choice of stripping mechanism, any dynamical model

which accounts for the formation of the MS, LA, and Bridge will necessarily be very

sensitive to the past orbital history of the LMC and SMC. In particular, the predictions

of a model will change if the adopted orbit is varied. This is simply because the orbital

evolution determines when and how the LMC, SMC, and Milky Way interact, and at

what efficiency the stripping mechanisms are able to operate. If one is able to constrain

the orbital history via precise values for observational parameters, then the plausible

scenarios for the formation of the MS are likewise constrained. Such observational

parameters include the mass and circular velocity profiles of the LMC, SMC, and Milky

Way, and their relative positions, distances, line-of-sight velocities, and proper motions.

Among these, the proper motions and masses are the least well known, and therefore

stand to place the strongest constraints if precise values can be measured.

The proper motions of the LMC and SMC are poorly understood, and observa-

tional studies have failed to converge on a unique value; instead, there is widespread

disagreement between measurements, and the measurements themselves suffer from

considerable systematic errors (see, e.g., Vieira et al. 2010). Because of this indetermi-

nacy, the early tidal models (e.g., MF80 and GN96) did not adopt measured values for

the LMC and SMC proper motions but instead choose favorable values which allowed

the LMC and SMC to trace through the position of the MS as projected against the

sky. The justification was that the the MS, being a trailing feature, might be an imprint

of the past trajectories of the LMC and SMC as they orbit the Milky Way. Indeed,

this justification was seemingly verified due to the success of the tidal scenario and in

particular the GN96 and Connors et al. (2006) models. The “derived” proper motions
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1. INTRODUCTION

adopted by the tidal models were largely unchallenged by observational measurements,

which were simply too imprecise and discrepant to dispute the method.

1.2 A new observational constraint

The situation changed with the Hubble Space Telescope (HST) measurements of the

proper motions of the LMC and SMC (Kallivayalil et al. 2006a; Kallivayalil et al. 2006b;

hereafter known collectively as K06 or “the HST proper motions”). Using quasars as a

fixed background, K06 carefully monitored the motion of various fields of stars within

the LMC and SMC over a baseline of 2 years. The resulting measurements were of

unprecedented precision, with the quoted standard deviations being less than one third

of the standard deviations of previous measured values (Kallivayalil et al. 2006a). The

measured values themselves are significantly larger than the proper motions assumed

by the popular tidal scenario, implying that the GN96 and Connors et al. (2006)

models are not consistent with all observations despite successfully predicting the HI

structures of the Magellanic system. Piatek et al. (2008) re-analyzed the K06 data and

consequently confirmed the robustness of the K06 measurements. Thus, the traditional

scenarios for the formation of the MS and LA need to be revised or at the very least

reconsidered in response to the new proper motion measurements.

If one naively inserts the HST proper motion values into the traditional tidal sce-

nario (e.g. the GN96 model), the resulting pattern of tidally stripped material does not

resemble the MS or LA at all (Bekki & Chiba 2009). This is because the HST proper

motions drastically change the orbital history of the LMC and SMC, which in turn

alters how material is stripped away from the SMC. In the GN96 model, the present

day velocity of the LMC is small ∼300km s−1 and the past orbit is strongly bound.

In contrast, the K06 study suggests that the present day velocity of the LMC is large

∼380km s−1, implying that a bound orbital history is implausible. Indeed, Besla et al.

(2007) used the HST measurements to argue for a “first passage” scenario in which the

LMC and SMC are passing by the Milky Way for the first time at the present day.

The first passage scenario strongly conflicts with the tidal stripping models, which

rely on long-term bound orbits and multiple close encounters with the Milky Way. The

ram pressure models are also cast into doubt because they too rely on close encounters

with the Milky Way, since ram pressure stripping is most effective at pericenter. Given

6



1.2 A new observational constraint

that the ram pressure and tidal stripping models provide compelling cases for the

formation of the MS, how can these dynamical models be reconciled with the high

precision measurements of K06? Or more generally, how could the MS (and LA and

Bridge) form within a high-velocity orbit consistent with the HST proper motions? This

question provides the motivation for the present study, in which the tidal formation of

the MS within a bound orbit is reconciled with the HST proper motions.

It should be noted that the present study is not a unique solution to the question of

how the MS could have formed in a high-velocity orbit. Bekki (2008) postulates that

there may be a large dark matter halo shared in common between the LMC and SMC.

Assigning more mass to the system in this way allows for the retention of a bound orbital

history, recovering a tidal stripping scenario that is similar to that of the low-velocity

tidal models (e.g., GN96). Also, Besla et al (2010, hereafter B10) have strengthened the

argument for a first passage orbit by constructing a tidal stripping model within such

an orbit. A discussion of the B10 model is given in Chapter 4. The question of how

the MS formed within a high velocity orbit can be potentially sidestepped by claiming

that the HST proper motion measurements are inaccurate albeit precise. This line of

argument is taken up by Bekki (2011a) who suggests that the HST measurements may

suffer from a large systematic error, with the resulting error in the LMC present day

velocity being as large as ∼50 km s−1.

Bekki (2011a) argues further that the more recent measurements of Vieira et al.

(2010) may provide a more reasonable estimate of the LMC and SMC proper motions,

particularly because of the large number of sampled stars. The precision of the Vieira

et al. (2010) proper motions does not rival that of the K06 measured values, but

nevertheless the central values argue for a different orbital history for the LMC and

SMC. In particular, the LMC velocity given by the Vieira et al. (2010) data ∼340 km

s−1 is larger than the adopted value in the traditional tidal models ∼300 km s−1, but it

is considerably smaller than the K06 value ∼380 km s−1. The Vieira et al. (2010) study

certainly allows for the possibility of bound orbits, and in addition, the first passage

scenario is not as strongly favored as in the K06 study.

Taken together, the analysis of Bekki (2011a) and the observations of Vieira et

al. (2010) imply that the worrisome constraints placed on the traditional formation

scenarios for the MS (i.e., the K06 measurements) may indeed be relaxed. Even so,

new dynamical models must be developed which reflect these new measured values

7



1. INTRODUCTION

for the LMC and SMC proper motions. The methodology of the B10 tidal stripping

model differs greatly from that of the traditional tidal models, and in fact the physical

mechanism which drives the tidal interaction (i.e., mutual dynamical friction between

the LMC and SMC) has not been previously considered in formation models of the MS

and LA (see Ch. 4, Discussion). Rather than “reinvent” the tidal scenario as B10 have

done, we endeavor to revise the traditional scenario, believing that these compelling

models (e.g. GN96, Connors et al. 2006) should not be discarded when faced with

the new proper motion values. Růžička et al. (2010) have made a similar attempt to

salvage the traditional tidal scenario, but unfortunately they could not find a model

which satisfactorily reproduced the HI structures of the Magellanic system.

A straightforward way to retain a bound orbit while incorporating the large veloc-

ities implied by K06 is to increase the mass scale of the Milky Way. The total mass of

the Milky Way is only poorly known, with the accepted range being 0.2 − 5.0 ×1012M�

with a favored value of 2.0 ×1012M� (Binney & Tremaine 2008). An important proxy

for the mass of the Milky Way is its circular velocity curve, with larger circular veloc-

ities implying a larger mass for the Galaxy. The traditional tidal models, particularly

GN96 and Connors et al. (2006), adopt a flat rotation curve of amplitude ∼220 km

s−1, which is the standard value at the solar circle as adopted by the IAU (Kerr &

Lynden-Bell 1986). However, recent observations of the circular velocity at the solar

radius suggest much larger values: ∼240 km s−1 from the measurements of masers

by Reid et al. (2009), ∼250 km s−1 from the measured proper motion of Sgr A* by

Reid & Brunthaler (2004), and ∼255 km s−1 from the motions of OB stars in the solar

neighborhood as reported by Uemura et al. (2000). These observational measurements

strongly recommend a revision of the Milky Way mass profile adopted by the traditional

tidal models.

Using the HST proper motion measurements and the updated circular velocity

estimates of Reid & Brunthaler (2004), Shattow & Loeb (2009) compute orbits for

the LMC which remain marginally bound over its lifetime. Their calculations mirror

those of Besla et al. (2007) except for the updated circular velocity value. Due to the

increased mass of the Milky Way, Shattow & Loeb (2009) find that the first passage

scenario is not favored when the circular velocity is allowed to increase by as little

as 15%. Instead, their calculations support a long period (∼6 Gyr) bound orbit as

the most likely scenario for the LMC. By indicating how bound orbits might still be

8



1.2 A new observational constraint

retained, the calculations of Shattow & Loeb (2009) provide an important insight into

the possible reconciliation of the HST proper motions and the MS formation models.

In Chapter 2, we introduce a new tidal model for the formation of the MS, LA,

and Bridge within a bound orbit. The numerical model retains the structure of the

traditional tidal models (e.g., MF80 and GN96) with two important parameter changes:

(1) the adopted proper motions are specific values which fall within the 1-σ error bars of

the K06 measured values, and (2) the circular velocity used to normalize the potential

of the Milky Way is increased from ∼220 km s−1 to ∼250 km s−1. To provide a

fair discussion, we also compare the features of this new model with those of the first

passage B10 model. This chapter has been published in Monthly Notices of the Royal

Astronomical Society under the title “Constraining the orbital history of the Magellanic

Clouds: A new bound scenario suggested by the tidal origin of the Magellanic Stream”.

• Diaz, J. & Bekki, K., 2011, MNRAS, 413, 2015

In Chapter 3, we attempt to improve the realism of the pure tidal model of Chapter

2 by incorporating a weak gas-dynamical effect. In particular, we re-simulate the model

with the inclusion of a drag term which approximates the effect of ram pressure from

the hot halo of the Milky Way. We re-simulate the GN96 model in the same way and

compare the results. There are numerous effects of the drag term, both advantageous,

such as the enhancement of bifurcation within the MS, and disadvantageous, such as

the shortening of the MS. We also provide an argument which suggests that tidal

stripping and ram pressure stripping may be mutually exclusive candidates for the

formation of the MS. This chapter has been accepted for publication in Publications

of the Astronomical Society of Australia under the title “The Effect of Drag from the

Galactic Hot Halo on the Magellanic Stream and Leading Arm”.

• Diaz, J. & Bekki, K., 2011, PASA, 28, 117

In Chapter 4, we provide a general discussion and concluding remarks.
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2

A new bound model for the tidal

formation of the Magellanic

Stream

2.1 Introduction

The Magellanic Stream (MS) is a massive trail of HI gas which lags behind the LMC

and SMC in their orbit about the Milky Way (MW). On the leading side of the orbit is

a network of HI clumps known collectively as the Leading Arm (LA), and in the region

between the LMC and SMC is the Magellanic Bridge. A number of numerical models

have provided a dynamical origin for these gaseous features whereby gas is stripped

away from the SMC disk by tidal gravitational forces: Murai & Fujimoto 1980 (MF80),

Gardiner & Noguchi 1996 (GN96), Yoshizawa & Noguchi 2003, Connors et al. 2006

(C06). In these traditional tidal models, the Magellanic Stream is stripped away ∼1.5

Gyr ago coinciding with a close encounter with the MW.

This formation scenario has recently been cast into doubt by the HST proper motion

study of Kallivayalil et al. (2006a, 2006b): whereas the traditional tidal models rely

on a succession of close encounters between the L/SMC and MW, the HST data seem

to imply that such bound orbits are implausible (Besla et al. 2007). This has led

to a recent proposal that the MS may have formed within a first passage orbit about

the MW (Besla et al 2010, hereafter B10). The conclusion of unbound L/SMC orbits,

however, strongly depends on the adopted profile of the MW halo, as demonstrated

11



2. A NEW BOUND MODEL FOR THE TIDAL FORMATION OF THE
MAGELLANIC STREAM

by Shattow & Loeb (2009, hereafter SL09). SL09 revise the MW mass profile of Besla

et al. 2007 to agree with new measured values of the MW circular velocity and find

that the LMC is most likely bound to the MW with a long (∼6 Gyr) orbital period

(references for the increased value of Vcir are given in Table 2.1). These conclusions

must again be revised if one considers the steep MW mass profile adopted by the tidal

models, i.e., an isothermal sphere.

Here we present a numerical model based upon the traditional tidal model (e.g.,

MF80 and GN96) but with two important differences: we incorporate proper mo-

tions for the LMC and SMC within 1σ of the HST values, and motivated by SL09 we

parametrize the MW isothermal halo with an increased circular velocity of Vcir = 250

km s−1. We retain an orbital scenario in which the LMC and SMC remain bound to the

MW for more than 5 Gyr, and we furthermore demonstrate that structures resembling

the MS, Bridge, and LA can plausibly form within the orbit. Unlike the traditional

models, however, the pericentric passage about the MW in our orbit (also occurring

at ∼1.5 Gyr ago) does not contribute to the tidal stripping of the SMC disk. Instead,

the tidal stripping occurs during the formation of a strong LMC-SMC binary pair ∼1.2

Gyr ago.

Because the present model is somewhat idealized (e.g., neglect of self-gravity, ne-

glect of gas physics, adoption of an isothermal sphere), one should regard the present

work as a stepping stone between the traditional models of the past and the more ro-

bust and realistic models to be developed in the future. We also stress that the latest

proper motion measurements of the LMC, derived from the motions of 3822 stars by

Vieira et al. (2010), implies that the LMC’s present velocity is ∼ 340 km s−1 (±48 km

s−1), which is significantly lower than the earlier result (∼ 380 km s−1) derived from

the motions of only 810 stars by Kallivayalil et al. (2006a). Thus, we may not need to

adopt an LMC velocity as high as that of the present model (∼ 360 km s−1), but we

retain this value in order to demonstrate that the tidal origin of the MS can still be

preserved in a bound orbit with a large LMC velocity.

2.2 Numerical Model

We take our numerical framework from MF80: first, we perform a three-body orbit inte-

gration from the present day to 3 Gyr in the past, using fixed potentials and dynamical

12
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Table 2.1: Observational Constraints

Parameter Chosen Value References

Milky Way

Circular Velocity at solar ra-

dius Vcir (km s−1)

250 Reid & Brunthaler (2004);

Uemura et al. (2000); Reid et

al. (2009); Sirko et al. (2004)

Distance to Suna R� (kpc) 8.5 Gillessen et al. (2009); Reid

et al. (2009)

Velocity of Suna (km s−1) (10.0, 5.2 + Vcir, 7.2) Dehnen & Binney (1998)

LMC

Proper Motion (µW , µN )

(mas yr−1)

(-2.04, 0.48) Kallivayalil et al. (2006)

Line-of-Sight Velocity vsys

(km s−1)

262.2 van der Marel et al. (2002)

Position (α, δ) (degrees) (81.9, -69.9) van der Marel et al. (2002)

Distance Modulus 18.50 Freedman et al. (2001)

SMC

Proper Motion (µW , µN )

(mas yr−1)

(-1.31, -1.27) Kallivayalil et al. (2006)

Line-of-Sight Velocity vsys

(km s−1)

146.0 Harris & Zaritsky (2006)

Position (α, δ) (degrees) (13.2, -72.5) Stanimirović et al. (2004)

Distance Modulus 18.95 Cioni et al. (2000)
a Represented in a galacto-

centric frame (GSR).
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friction; and second, we evolve an exponential disk of 40,000 test particles along the

previously computed SMC orbit. Initial conditions for the orbit integration are taken

from the observational constraints listed in Table 2.1. Because we adopt proper motion

values within 1σ of the HST values, our present-day L/SMC velocities are much larger

than those of the traditional models. For instance, the C06 galactocentric tangential

velocities are 287 km s−1 (LMC) and 255 km s−1 (SMC), compared to our values of

355 km s−1 and 329 km s−1, respectively.

Following the traditional tidal models, the LMC and SMC are represented by Plum-

mer potentials (having scale radii KL = 3 kpc and KS = 2 kpc, respectively), and their

masses are taken to be 2×1010M� and 3×109M�, respectively. These masses are con-

sistent with the observed rotation curves derived by Kim et al. (1998) for the LMC and

Stanimirović et al. (2004) for the SMC. Also following the traditional models, we adopt

an isothermal profile for the MW halo, for which the potential is φ = −V 2
cir ln(r). This

choice allows us to adopt equation 7-23 of Binney & Tremaine (1987) for the dynamical

friction experienced by the LMC and SMC as they orbit through the MW halo. Even

though more realistic MW profiles exist (such as the NFW halo of Navarro et al. 1996),

we purposely mimick the numerical framework of the traditional tidal models in order

to demonstrate that the conflict with the HST proper motion data can be resolved by

a simple change of parameters.

We conducted a large parameter space search over a range of values for Vcir and

the proper motions µN µW of the LMC and SMC, with the goal of finding models

which adequately reproduced the MS and LA. We did indeed find a number of strong

candidates, and the values of Table 2.1 parametrize a representative choice out of this

group. Accordingly, the results of our study are not tied down to these exact parameter

choices but are valid over a flexible range. We could not find a model which adequately

reproduced the MS or LA for Vcir = 220 km s−1, even though the traditional tidal

models adopt this value. Instead, we find that the MS and LA are more faithfully

reproduced when adopting increased Vcir values, agreeing with the recent work by

Růžička et al. (2010). The present model incorporates a value of Vcir = 250 km s−1,

which is supported by a number of recent observational studies (see Table 2.1).
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Figure 2.1: Orbital history of the LMC and SMC - Separations between the LMC,

SMC, and MW during their 3 Gyr orbital interaction (top panel), and the tidal forces

experienced by the SMC (bottom panel).
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Figure 2.2: On-sky distribution - (left panel) HI observations of Putman et al (2003)

(b < −15◦) and Bruns et al (2005) (b > −15◦). The LMC (red) and SMC (green) are

shown. (right panel) Final test particle distribution of our model as projected against the

sky. After evolving through the 3 Gyr orbital interaction, particles either remain in the

SMC disk (green; i.e. within 4 kpc of the SMC), are stripped away (black), or are captured

by the LMC (red; i.e., within 6 kpc of the LMC).
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2.3 Results

The LMC and SMC remain tightly bound to the MW in our model (see Fig 2.1, top

panel) with a short orbital period of ∼1.5 Gyr. This bound orbit is a consequence of

the steep MW mass profile implied by our adopted isothermal halo. Within 50 kpc (i.e.,

the closest approach of the LMC) the enclosed mass is ≈ 0.7 × 1012M�, and within

150 kpc (i.e., approximately the farthest distance of the LMC) the enclosed mass is

≈ 2.2 × 1012M�. This MW mass profile is not ruled out by observations because

constraints on the MW halo do not exist out to 160 kpc, which is the furthest extent of

the LMC and SMC orbits in our model (see Figure 2.1). Gnedin et al. (2010) provide

observational constraints out to 80 kpc, and our MW mass is reasonable albeit high in

comparison with their results to that radius.

The binary state of the LMC and SMC is a recent phenomenon in our model,

occurring only within the last ∼1.6 Gyr. The LMC and SMC have executed two close

passages in that time, the first 1.2 Gyr ago (coming within 6.2 kpc of each other) and

again 0.25 Gyr ago (4.6 kpc). These close encounters exposed the SMC disk to strong

LMC tidal forces (see Fig 2.1, bottom panel) which stripped away the MS and LA from

the SMC disk at the first encounter (t = −1.2 Gyr), and which formed the Bridge after

the second encounter (t = −0.25 Gyr). From Fig 2.1 it is clear that the LMC dominates

the tidal field during the stripping epoch, in contrast to past models in which the MW

also participates in the stripping process (e.g., GN96, C06).

By integrating the orbit back to 5.5 Gyr ago, we find the LMC and SMC each

independently stay within 160 kpc of the MW, whereas the LMC-SMC separation

exceeds 200 kpc. This is suggestive of a scenario in which the LMC and SMC may have

originally formed as independent satellites of the MW and were furthermore separated

by large distances at the time of formation (Bekki et al. 2004). In this scenario,

their subsequent orbital evolution through the MW halo gradually brought them closer

together until the LMC was able to capture the SMC into its orbit and form a tightly

bound binary pair. In our model, the onset of this binary pair provides the physical

mechanism for the formation of the MS.

As seen in Figure 2.2, our simulated MS exhibits good positional agreement with

observations, particularly the curvature at its base and the slender extent across ∼100◦

degrees in the sky. More that 95% of the particles in the MS originate beyond 3 kpc
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Figure 2.3: Color code to highlight stripped components - Color-coding which

highlights the individual components of the final test particle distribution of the fiducial

model. The particles constituting the MS (blue) and the two branches of the LA (green

l > 285◦; red l < 285◦) are shown separately. All other particles are colored black.
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Figure 2.4: A view of the SMC disk before tidal disruption - Color-coding of the

undisrupted SMC disk at t = −1.23 Gyr, indicating the particles which will eventually

constitute the MS (blue) and the two branches of the LA (green l > 285◦; red l < 285◦).

All other particles are colored black. The bounding box has a vertical dimension of 16 kpc.
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in the initial SMC disk, where stellar populations are thought to be low (Yoshizawa

& Noguchi 2003). We accordingly interpret our MS as being strictly gaseous. The

approximate ratio of particles in the MS as compared to the LA is two-to-one for our

model, although observations indicate a mass ratio of four-to-one (Bruns et al. 2005).

As discussed in the next section, interactions with the MW hot halo may help to resolve

this discrepancy.

At positive galactic latitudes b > 0◦, the position and extent of the LA provides

a crude but promising correspondence with observations. In fact, our model suggests

a new interpretation of the LA: rather than being a single fractured structure (C06),

the LA may be composed of two separate branches with distinct origins. One branch

(l > 285◦, colored green in Figure 2.3) of the LA originates from a similar region of the

disk as the MS, whereas the other branch (l < 285◦, red in Figure 2.3) is pulled from

the outermost part of the SMC disk. The color-coding of Figure 2.3 applies to Figure

2.4 as well, which displays the SMC disk right before it is disrupted at t = −1.23 Gyr.

The discrepancy in density of the two LA branches can be attributed to the fact that

the low-density branch ((l < 285◦, red) arises from a much more tenuous region of the

SMC disk, seen at left in Fig 2.4.

During the past 0.3 Gyr, both branches of the LA are rapidly stretched to positive

galactic latitudes. It is clear that the MW drives this process: the elongation occurs in

the leading direction of the L/SMC orbit about the MW, and moreover it occurs as the

MW pericenter is approached. This process transfers considerable kinetic energy to

the particles of the LA, manifested as large galactocentric velocities (Fig 2.5). Though

the LA velocity profile is offset from observations by as much as 150 km s−1, interactions

with the hot halo may be able to mitigate the discrepancy, as discussed in section 2.4.

As first noted by Putman et al. (2003, hereafter P03), the Magellanic Stream

possesses an intertwining filamentary structure across its entire length with a number

of obvious spatial bifurcations. Such substructure within the MS is not exhibited in the

on-sky projection of particles in our model (Figs 2.2 and 2.3), but it does indeed appear

within the three-dimensional distribution of particles. We have provided an animation

as supplementary online material which makes this point clear (see final section of this

chapter) and which furthermore reveals that the MS is composed of two bifurcated

filaments. These filaments are not identifiable in Figs 2.2 and 2.3 simply because the

on-sky projection provides an unfavorable point of view. As discussed below, the MS
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bifurcation in our model is in fact an imprint of structures which formed originally

within the SMC disk.

As noted earlier, our model (hereafter, the fiducial model) follows the evolution of

the SMC disk from t = −3 Gyr (when it is completely undisturbed) to t = 0 Gyr

(when the MS, LA, and Bridge have fully formed). If we instead place an undisturbed

SMC disk into the orbit at t = −1.23 Gyr and let it evolve to the present day, we

can effectively remove the influence of the interactions previous to t = −1.23 Gyr. In

particular, the MW pericentric passage occurring 1.5 Gyr ago may be removed from

the orbital dynamics in this way. The resulting test particle distribution is shown at

left in Fig 2.6 and the corresponding projection for the fiducial model is shown at right

in Fig 2.6.

Remarkably, the global features of our fiducial model are preserved in the t = −1.23

Gyr model, including the positions, orientations, densities, and velocities of the MS,

LA, and Bridge. This nicely verifies what we stressed previously: the MW pericenter

at t = −1.5 Gyr does not contribute to the formation of the MS. Noticeably different

in this new model, however, is a uniform distribution of particles within the MS. Since

the interactions subsequent to t = −1.23 Gyr are not able to induce bifurcation within

the MS, we must conclude that the bifurcation in our fiducial model was created prior

to t = −1.23 Gyr, when the SMC disk was still fully intact.

Before t = −1.23 Gyr, we see from Fig 2.1 that the SMC disk was influenced by

comparably weak MW and LMC tidal fields. Inspecting the state of the SMC disk at

t = −1.23 in Fig 2.4, we find that these weak tidal fields are indeed able to disturb the

disk without disrupting it, creating intricate tidal features and warps. In particular,

the region of the SMC disk which eventually constitutes the MS (i.e. colored blue in

Fig 2.4) exhibits non-uniform densities across a sharp ridge. These complex structures

are subsequently imprinted into the MS when it is stripped away from the SMC disk,

providing the seed for the bifurcated filaments in the fiducial model. Likewise, the

model which avoids this epoch of weak tidal fields accordingly imprints a uniform

distribution of particles into the MS.
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2.4 Discussion and Conclusions

We find that a simple change of parameters permits a new formation scenario for the

Magellanic Stream within the framework of the traditional tidal models. In particular,

the MS can suitably form in a bound orbit about the Milky Way via LMC-dominated

tidal stripping of the SMC disk. The B10 model supports a similar stripping mechanism,

although they adopt an unbound orbit about the MW. Because both bound (this work)

and unbound (B10) orbital scenarios appear plausible, the formation of the MS may

not supply a strong condition on whether the L/SMC are bound to the Milky Way.

Nevertheless, our bound model suggests that the presence of the Milky Way has

two important impacts: first, the strong MW tidal field during the most recent MW

pericentric passage is able to elongate the LA to b ≈ 30◦; and second, the combined

weak tidal fields of the MW and LMC from t = −3 Gyr to t = −1.2 Gyr are responsible

for creating bifurcated filaments within the MS. Because a first passage orbit relegates

the MW to a peripheral role, the B10 model failed to reproduce these two features.

Moreover, if the observed bifurcation of the Magellanic Stream (P03) can indeed be

linked to the tidal field of the MW prior to the epoch of stripping, an obvious conflict

arises with the first passage scenario. We unfortunately cannot assess such claims

here because the present model is too simple (e.g., test particle method, neglect of gas

physics) to accommodate an intricate analysis of the MS.

In our subsequent work (Diaz & Bekki 2011b, Chapter 3) we have overcome this

simplicity by extending the present model to include self-gravity and a gas-dynamical

drag term. The drag is proportional to the ram pressure encountered by the particles

of the MS and LA as they orbit through the gaseous MW hot halo (Gardiner 1999).

We find that the drag force is able to reduce the total number of particles in the LA

and retard their velocities, thereby mitigating the discrepancy with observations for the

MS-to-LA mass ratio and the velocity profile of Fig 2.5, respectively. Additionally, we

find that the presence of drag enhances the on-sky bifurcation of the MS by reducing its

velocity dispersion. Though this follow-up study is only preliminary, it suggests that

our model exhibits a number of promising features which deserve deeper investigation.

In particular, a fully hydrodynamical treatment may help illuminate how the LA is

able to evolve from a continuous tidal feature into a discrete set of clumpy cloudlets

(Bruns et al. 2005).
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Figure 2.5: Radial velocity profile - Galactocentric radial velocities of our test particles

plotted against Magellanic longitude (a coordinate which runs parallel to the MS; see

Wakker 2001 for definition). The red and green particles are those within the LMC and

SMC, respectively, and the particles at right (left) constitute the MS (LA). Circles represent

observational data sampled from Bruns et al. (2005).
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Figure 2.6: Structure within the MS - Three-dimensional distribution of test particles

for the model which evolves from t = −1.23 Gyr (left), and for the fiducial model which

evolves from t = −3 Gyr (right). The red and green particles are those within the LMC

and SMC, respectively, and the lower and upper features are the MS and LA, respectively.

Structure within the MS is evident for the model at right and noticeably absent in the

model at left. The bounding box has a vertical dimension of 170 kpc.
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Although we chose an isothermal MW halo to purposefully imitate the traditional

tidal models, this choice threatens the credibility of our model. The isothermal halo

produces a steep mass profile which artificially ensures that the rotation curve of the

MW remains flat. These conditions are not very realistic, especially at the large radii

(50 kpc to 150 kpc) probed by the LMC orbit about the MW. A more reasonable choice

for the MW halo is, for instance, the NFW halo adopted by SL09. As a consequence,

the SL09 orbits are more plausible: they are bound but with considerably longer periods

about the MW (∼6 Gyr versus ∼1.5 Gyr in our model).

As discussed in B10, the traditional scenario for the formation of the MS (e.g.,

GN96) is incompatible with these long-period orbits. However, we have proposed a

stripping mechanism which is independent of the MW pericenter and in principle does

not conflict with the long-period orbits of SL09, i.e., strong tidal forces associated with

the formation of a recent LMC-SMC binary pair. In this sense, our proposed MS

formation scenario will likely survive even when the present model is replaced with

more realistic MW halos and more plausible orbits.

While our model and the B10 model both support an LMC-dominated stripping

mechanism, there is a clear difference in the supplementary role played by the MW. In

our bound model, the MW mediates the binary action of the LMC-SMC pair, guiding

them into a recently formed short-period orbit. In the unbound B10 model, the binary

action of the LMC and SMC is predetermined as a two-body system in isolation of the

MW. The particular LMC-SMC orbit of the B10 model is furthermore curious in that

the SMC is presently approaching the LMC. This is in apparent contradiction with the

observed LMC-SMC relative velocity (Kallivayalil et al. 2006b).

Our orbital model - in particular the formation of the recent LMC-SMC binary

pair - may provide insights into a number of outstanding research questions. Harris &

Zaritsky (2009) have determined that the star formation histories of the LMC and SMC

are coupled, with two correlated epochs of star formation occurring ∼2 Gyr ago and

∼0.5 Gyr ago. Although the timing of the two close LMC-SMC passages in our model

are not exactly consistent with the timing of these burst epochs, the present study may

well imply that such starbursts could be associated with two strong tidal interactions

between the LMC and SMC during their recent dynamical coupling. Our orbital model

may also naturally explain why star formation fell into a quiescent epoch from 12 Gyr
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to 5 Gyr ago (Harris & Zaritsky 2009) because the LMC and SMC were separated by

large distances and were unable to induce star formation in their respective disks.

The formation of a recent LMC-SMC binary pair has also been proposed by Bekki

et al. (2004) to explain the unique distribution of ages among globular clusters of the

LMC. Most of the LMC globular clusters were formed either at ancient times (∼13

Gyr ago) or at recent times (< 3 Gyr ago) (Da Costa 1991). This puzzling ∼10 Gyr

age gap was explained by Bekki et al. (2004) by invoking a recent epoch of globular

cluster formation induced by strong interactions between the LMC and SMC. Though

the orbital model of Bekki et al. (2004) is inconsistent with HST proper motion data,

our present model indicates that a similar orbital scenario is still possible.

Drawing upon the framework of the traditional models, we have developed a well-

constrained tidal model which reconciles the latest proper motion data (e.g. Kallivayalil

et al. 2006a, 2006b; Vieira et al. 2010) with the formation of the Magellanic Stream

in a bound orbit. Our model furthermore suggests that the LMC and SMC may have

been separate entities when they formed, and that many of their observed properties,

including the existence of the MS and LA, can be attributed to their recent activity as

a binary pair.

Even though the LMC velocity adopted by the traditional tidal models (e.g., ∼ 300

km s−1 for GN96 and C06) are inconsistent with the HST proper motion data, they

are still valid to within 1-σ error of the LMC velocity ∼ 340 ± 48 km s−1 implied by

Vieira et al. (2010). Taken together with our present model, these results indicate

that bound orbits for the LMC and SMC are still viable in self-consistently explaining

the properties of the MS and LA. Furthermore, we have shown that the MW circular

velocity adopted by the traditional models Vcir = 220 km s−1 must be increased in order

to retain a bound orbital history. Růžička et al. (2010) come to a similar conclusion,

thus providing another piece of evidence that the higher velocities of the LMC and SMC

may still be consistent with a bound MS formation scenario. Lastly, these tidal models

rely on the key assumption that the MS originated in the SMC disk, and the recent

abundance study of Fox et al. (2010) provides a strong observational justification for

this assumption: the low metallicity at the tip of the MS is consistent with metallicities

observed in the SMC disk but not the LMC.
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2.5 MS Bifurcation

As supplementary online material (available through the MNRAS website) we have pro-

vided an animation file a1.mp4 which gives the three-dimensional locations of particles

in the MS and LA for our fiducial model (at right) and for the model which evolves from

t = −1.23 Gyr (at left). The animation is able to depict three-dimensional positions by

rotating the test particle distributions through a full 360◦. Figure 2.6 is adapted from

a single frame of the animation.

The bifurcation of the MS in our fiducial model is readily identifiable in the anima-

tion. At various angles of rotation, the MS clearly splits into two separate filaments.

This bifurcation unfortunately does not map directly to the on-sky projection and thus

is not visible in Figures 2.2, 2.6, or 2.3.

The model which evolves from t = −1.23 Gyr exhibits the same spatial and kine-

matical features as our fiducial model, and the animation shows this clearly for the

spatial distributions of the MS, LA, and Bridge. Remarkably, the animation shows

that only difference between the two models is the substructure of the MS. Whereas

the MS of the fiducial model is clearly bifurcated, the MS of the model which evolves

from t = −1.23 Gyr exhibits a uniform distribution of particles. We accordingly inter-

pret the MS bifurcation to be the result of weak tidal interactions between t = −3 Gyr

and t = −1.23 Gyr when the SMC disk was still intact.
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3

Incorporating Weak Ram

Pressure

3.1 Introduction

The Magellanic Stream (MS) is a massive trail of neutral hydrogen (HI) gas which

forms a well-confined arc across more than 100 degrees in the sky. The Leading Arm

(LA), which is composed of a number of discrete HI branches, stretches oppositely to

the MS and leads the Large and Small Magellanic Clouds (LMC and SMC, respectively)

in their orbit the Milky Way. There are only two well-studied mechanisms which could

have formed the MS and LA by removing gas from the LMC and/or SMC: ram pressure

stripping from the Galactic hot halo (e.g., Meurer et al. 1985; Heller & Rohlfs 1994;

Mastropietro et al. 2005), or tidal stripping from the gravitational interaction between

the LMC, SMC, and Milky Way (e.g. Murai & Fujimoto 1980; Gardiner & Noguchi

1996, hereafter GN96; Connors et al. 2006).

Both scenarios have their strengths and weaknesses, but because the existence of

the LA favors a tidal origin (Putman et al. 1998), the tidal models appear more capable

of reproducing the global morphology and kinematics of the system as a whole. The

pure tidal scenario is nevertheless naive because it ignores the effect of the Galactic

hot halo after the formation of the MS and LA. Regardless of the disputed role that

the Galactic hot halo may have played in the formation of the MS and LA, it is widely

accepted that the hot halo has influenced the gas subsequent to its removal from the

L/SMC disk. By ignoring these gas-dynamical effects on the MS and LA, the pure
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tidal scenario is guilty of a potentially major oversight.

There are a host of observations and simulations which corroborate the hydrody-

namical interaction of the hot halo with the MS and LA on small scales (see discussion

in section 3.5), but tracing the impact of the hot halo on global scales is less straight-

forward. That is, it is difficult to asses what impact, if any, the hot halo has made

on (1) the morphology, (2) the kinematics, (3) the radial distance profile, and (4) the

column density gradient of the MS and LA. This ambiguity stems from two sources:

not only are the properties of the hot halo (e.g. temperature, density) poorly under-

stood, but the formation and evolution of the MS and LA – and therefore also their

past interactions with the hot halo – are the subject of debate.

In the present study, we assess the impact of the hot halo on the global properties

of the MS and LA by studying two specific tidal models: the GN96 model, which is

generally considered to be the traditional tidal scenario; and the Diaz & Bekki (2011a,

hereafter DB11) model presented in Chapter 2, which is based upon the increased

L/SMC velocities suggested by recent proper motion measurements (Kallivayalil et al.

2006). The LMC and SMC in the GN96 model have much smaller orbital velocities

(∼300 and ∼250 km s−1 at the present-day, respectively) as compared to the DB11

model (∼360 and ∼330 km s−1), but the new proper motion estimates of Vieira et

al. (2010) imply that both models are valid albeit at opposite extremes of the 1-σ

limit. Accordingly, the present study covers two extreme cases for the formation and

evolution of the MS and LA: a low velocity model (GN96) and a high velocity model

(DB11).

As described in section 3.2, our method is to re-simulate the GN96 and DB11 models

with the insertion of a drag term into the equations of motion. We construct this drag

to be proportional to the ram pressure that would be experienced by the MS and LA

as they plunge through the hot halo. In this way, we can compare the pure tidal model

with a “tidal plus drag” model, and thereby isolate any global effects of the hot halo.

While the GN96 and DB11 models are successful in reproducing many global properties

of the MS and LA, they share a common fault (as with every other pure tidal model

to date): the predicted line-of-sight velocities of the LA are significantly greater than

observed, by as much as ∼150 km s−1 (Bruns et al. 2005).

In fact, our original motivation in undertaking the present study was to determine

whether a drag force induced by the hot halo could bring the predicted LA kinematics
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into better agreement with observations. This is a particularly interesting problem in

the specific context of the GN96 and DB11 models, because their predicted LA’s exhibit

morphological and kinematical differences. As discussed in section 3.3, we find that drag

is indeed able to reduce the discrepancy with observation for both models, although it

is accompanied by an assortment of other effects. For instance, even though the LA

kinematics improve, the on-sky position changes. We discuss these various effects in

the context of the “best” models we could find, both for the GN96 model (section 3.3.1)

and the DB11 model (section 3.3.2). Not surprisingly, the best drag model for GN96

requires a different hot halo parameterization than the best model for DB11.

Although we do not present an extensive parameter study for different configura-

tions of the hot halo, we provide a brief discussion in section 3.4. In particular, we

determine that our parameter values for the “best” models are approximately an or-

der of magnitude smaller than the values at which the L/SMC disks are altered by

drag. Unfortunately, our parameterization of the hot halo does not permit an exact

determination of gas density (see section 3.2), but we use the ram pressure stripping

model of Mastropietro et al. (2005) to suggest what densities might be implied by our

parameters. As a consequence, we conclude that ram pressure stripping cannot occur

at the hot halo densities utilized in our best models.

Also in section 3.4, we determine the parameter values at which the MS and LA

are unable to survive against drag: the LA sinks to the Galactic center, and the MS

remains confined in the SMC disk. Interestingly, these values are comparable but

slightly smaller than the values required for altering the disks by drag. Accordingly,

we suggest that gaseous features having a tidal origin cannot survive at the large hot

halo densities required for ram pressure stripping. In other words, we propose that

tidal stripping and ram pressure stripping are mutually exclusive candidates for the

formation of the MS and LA.

Though the present work focuses on two specific tidal models for the origin of the

MS (i.e., GN96 and DB11), it should be noted that there exist other possible models

within the tidal formation scenario. In particular, Besla et al. (2010) argue that the MS

may have been formed during a first infall orbit, in contrast to the tightly bound orbits

of GN96 and DB11. Similar to GN96 and DB11, the Besla et al. (2010) model does

not include interactions with the Milky Way’s hot halo, although SPH gas dynamics is

employed for the LMC and SMC disks. We do not include a first infall scenario into
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the present study for several reasons: first, hot halo interactions in a first infall orbit

will occur over shorter timescales and would therefore have a diminished effect; second,

the bifurcation of the MS is not reproduced in the Besla et al. (2010) model, but it is

an important property of the DB11 model which is sensitive to the presence of drag,

as described in section 3.3.2; and third, the on-sky position of the LA in the Besla et

al. (2010) model is incorrect, which would undermine an analysis of the effect of drag

on LA kinematics.

3.2 Numerical Method

For detailed descriptions of the numerical models that we presently consider (GN96

and DB11), we refer the reader to the original papers. Each of the models is com-

posed of two components: first, backwards orbit integration with constraints given by

present-day orbital parameters; and second, N-body evolution of the SMC disk on the

previously computed orbit. It should be noted that the original DB11 model is based

on test particles, but in this study we have extended the model to an N-body approach.

Interestingly, the test particle version (original DB11 paper) and the N-body version

(this study) are only marginally different in their global properties. Our re-simulation

of the GN96 model is identical to the original version, except for having a higher mass

resolution. The re-simulations of GN96 and DB11 will hereafter be referred to as the

pure tidal models.

Our pure tidal models are based on an N-body approach similar to those adopted in

previous studies of the evolution of the SMC (e.g., Connors et al. 2006; Bekki & Chiba

2009). Since the details of our numerical method are given in our previous papers (e.g.,

Bekki & Chiba 2009), we describe it only briefly here. We consider that the SMC has

a collisionless disk and a dark matter halo before tidal interaction with the LMC and

Milky Way. We construct the disk to mimic the distribution of gas, and even though

the disk particles are collisionless, we hereafter refer to them as “gas particles.” The

disk follows an exponential profile with a scale-length of 1.5 kpc and a truncation radius

of 7.5 kpc, and the total number of particles is 105 with a total mass of 1.5 × 109M�.

The dark matter halo is also composed of 105 collisionless particles having a total

mass of 1.5×109M�, and it follows an NFW profile truncated at 7.5 kpc (Navarro et al.

1996). The gravitational softening length in each simulation is set to be 110 pc. Gas
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dynamics, star formation processes, and chemical evolution included in our previous

simulations of the LMC and SMC (Bekki & Chiba 2005; 2009) are not included in the

present study. In our future papers, we will incorporate these three physical processes

into a more sophisticated simulation in order to discuss how they each play a role in

the formation of the MS. However, our present interest is limited to understanding how

drag from the Galactic hot halo can change the results of the pure tidal models.

Our next step is to change the dynamics of the pure tidal models by incorporating

a drag term. The deceleration due to drag is proportional to the ram pressure that

the hot halo exerts on the orbiting gas clouds (e.g., MS and LA). This ram pressure is

expressed as

P = ρv2, (3.1)

where ρ is the density of the hot halo, and v is the magnitude of the relative velocity

between the gas cloud and the hot halo (Gunn & Gott 1972).

The density profile of the hot halo is poorly understood, which in principle would

allow considerable freedom in defining ρ, but imposing hydrostatic equilibrium between

the hot halo and the underlying dark matter would reduce the range of possible profiles

for ρ. In the fully hydrodynamical simulations of Crain et al. (2010), the gradient of hot

halo density is observed to be steeper than that of the underlying dark matter profile,

which in turn suggests that hydrostatic equilibrium may not necessarily imply a strict

match of density profiles. For convenience we choose to match our hot halo density to

that of the Galactic dark matter distribution of the pure tidal models. Gardiner (1999)

has previously studied the effect of drag on the GN96 model, but his adopted hot halo

follows a markedly different profile than the dark matter halo, which is improbable

though not impossible.

In GN96 and DB11, the Milky Way is assigned a logarithmic potential of the form

φ = −V 2
cir ln(r), with Vcir = 220 km s−1 for GN96 and Vcir = 250 km s−1 for DB11.

This choice of potential corresponds to an isothermal dark matter halo, for which the

density profile is spherically symmetric and falls off as ∼r−2. We therefore take the

density of the hot halo to be

ρ(r) =
ρo

1 + ( r
rc

)2
, (3.2)

where ρo is the central density and rc is the core radius (e.g., Westmeier et al. 2010).

Because the hot halo is tenuous, the value of ρo is negligibly small when compared to
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the density of the Galactic dark matter halo. For this reason, the gravitational influence

(i.e., total mass) of the hot halo can be safely ignored. We may also disregard the core

radius rc, because varying rc within reasonable values has only a marginal effect at the

distances of the LMC and SMC (∼ 50 − 60 kpc). For our study, we take rc = 1.0 kpc

for convenience.

In order to incorporate (3.1) into the equations of motion, we must know the area

A of the cloud which is experiencing the ram pressure. The deceleration of this cloud

will then be

~a(r,~v) = − α

1 + r2
v~v, (3.3)

where α is a catch-all parameter (Meurer et al. 1985; Heller & Rohlfs 1994) equal to

α =
ρoACD

m
. (3.4)

The drag efficiency CD is of order unity, and m designates the mass of the cloud.

To include the effect of drag in our simulations, we may simply insert (3.3) into the

equations of motion for every gas particle. The magnitude of this drag term depends

on the value of α, which may be tuned as a free parameter. Unfortunately, because

the simulation utilizes point masses, the cross-sectional area A becomes meaningless.

It is furthermore unreasonable to assume a certain value for A, because in reality, the

value of A will vary from cloud to cloud depending on local hydrodynamical properties.

Consequently, equation (3.4) implies that α is a degenerate quantity: for a given value

of α, the hot halo density parameter ρo cannot be uniquely determined. Nevertheless,

in section 3.4 we provide an argument on how to understand the value of α in terms of

hot halo density.

Because the foregoing methodology is only an approximate scheme for handling the

interaction between the MS and the hot halo, a number of important hydrodynamical

features are overlooked, such as the presence of bow shocks, cloud ablation, ionization,

and phase mixing (Bland-Hawthorn et al. 2007; Heitsch & Putman 2009). We suggest

that these features affect the MS on a local scale (i.e., affecting individual clouds)

in contrast to the global scales which occupy our interest in the present work. In

particular, our methodology adequately captures the evolution of global properties

such as the variation of radial distances, column densities, and velocities along the MS

and LA.
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3.3 The Effect of Hot Halo Drag

It is difficult to constrain three dimensional orbits within a self-consistent hydrody-

namical model, and although future work may lead to such a model, we presently take

the more efficient route of introducing a drag term to approximate the hydrodynamics.

This same method has been adopted previously to treat interactions between the MS

and the hot halo (e.g., Meurer et al. 1985; Heller & Rohlfs 1994; Gardiner 1999).

3.3 The Effect of Hot Halo Drag

3.3.1 GN96 Model

The top panel of Figure 3.1 shows the orbital separations of the LMC, SMC, and Milky

Way in the GN96 model. The MS and LA are pulled out of the SMC disk ∼1.5 Gyr

ago, coinciding with a pericentric approach about the Milky Way. The inclusion of

drag does not affect this formation scenario; rather, it affects the subsequent evolution

of the MS and LA from ∼ 1.5 Gyr ago to the present day. In Figures 3.2, 3.3, 3.4, and

3.5, we compare the results of the pure tidal model with the case of incorporating drag.

For our drag model, we have chosen α = 0.3.

From Figure 3.2, it is clear that the position of the MS does not change in response

to drag. However, the position of the LA changes significantly: the particles at the tip

of the LA are dispersed into a long arc which wraps around the sky. The tip of this

drag-induced arc appears to approach the position of the MS around galactic longitude

l = 45◦, but this is an artificial consequence of the on-sky projection. We will discuss

this point later, but for now we mention briefly that despite the on-sky appearance,

the new tip of the LA in the drag model is actually separated from the MS by large

distances (see bottom panel of Figure 3.4). The observed LA does not have such a

dispersed morphology (Bruns et al. 2005), and therefore we consider this drag-induced

effect to be undesired.

In the top panel of Figure 3.3, we plot the kinematics of the MS and LA in the

pure tidal model of GN96, and we compare this against observational data from Bruns

et al. (2005). The MS (at Magellanic longitudes lM > 0◦) follows a descending trend

in velocity, whereas the velocities of the LA (lM < 0◦) follow a slightly descending

yet comparatively flat distribution. As seen in the bottom panel of Figure 3.3, the

inclusion of drag does not alter the kinematics of the MS. In contrast, the kinematics

of the LA between −75◦ < lM < 0◦ are significantly improved under the influence of
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Figure 3.1: Orbital histories for the two models - Separations between the LMC,

SMC, and Milky Way during their 3 Gyr orbital interaction for the GN96 model (top

panel) and DB11 model (bottom panel).
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l=0°l=180°

l=90° l=90°

l=270° l=270°

b=–60° b=–60°b=–30° b=–30°

Figure 3.2: On-sky distribution with and without drag: GN96 - Present-day

distribution of gas particles for the pure tidal GN96 model (left panel) and the GN96

model with drag (right panel). The on-sky projection is given in galactic coordinates (l,b).
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drag. Whereas the pure tidal model over-predicts the velocities by as much as ∼ 150

km s−1, the drag model provides a very encouraging agreement with observations.

However, beyond this range (i.e., for lM < −75◦), there is an obvious disagreement

with observations, as the LA should not extend into this region.

Figure 3.4 indicates the Galactic radial distances of the particles of the MS and LA

as a function of Magellanic longitude. In the pure tidal model (top panel), the radial

distances along the MS increase from ∼50 kpc near the SMC ( lM ≈ 0◦) to ∼200 kpc at

the MS tip ( lM ≈ 150◦). The radial distances along the LA also exhibit an increasing

trend, from ∼40 kpc at the base of the LA to ∼75 kpc at its tip (lM ≈ −100◦). The

drag model (Figure 3.4, bottom panel) maintains this increasing trend for the MS, but

the change in the LA is dramatic, as the LA is forced to sink to much smaller Galactic

radii. The drag-induced sinking of the LA clarifies that the apparent on-sky proximity

to the MS (Figure 3.2, right-hand panel) is merely a projection effect. The MS lies at

far greater distances (> 40 kpc) than the LA (∼15 kpc) between 50◦ < lM < 150◦. Due

to their large separation, we can assert that the LA and MS arrived at similar locations

in the sky (l ≈ 45◦) via independent paths of evolution.

Unfortunately, there are no direct observational methods available which can de-

termine distances along the MS and LA. Consequently, we cannot fully assess whether

the inclusion of drag produces a “positive” effect on the predicted radial distances of

the pure tidal models. However, one data point (which is not shown in Figure 3.4)

does exist: McClure-Griffiths et al. (2008) determined the kinematic distance to one

cloud of the LA which has impacted the Galactic HI disk. They determined a Galactic

distance of ∼ 17 kpc for the cloud, which should be located around lM ≈ −16◦. This

distance is significantly less than the predicted distances of the pure tidal model, but

because the inclusion of drag makes the LA sink to lower radii, there is a promising

indication that drag may reduce the discrepancy with observation.

Even though drag does not alter the trend in radial distance for the MS, there

is nevertheless a tangible effect on the MS in Figure 3.4. In the drag model (bottom

panel), the MS contains three distinct radially separated filaments. Two of the filaments

are obvious, and the third is located at a distance of ∼70 kpc between 25◦ < lM < 50◦.

The filaments also exist in the pure tidal case (top panel), but the presence of drag

allows these structures to become more readily identifiable. We stress that the hot halo

drag does not create these MS filaments. Instead, the drag plays a supplemental role
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Figure 3.3: Radial velocity profile with and without drag: GN96 - Galactocentric

radial velocities of gas particles for the pure tidal GN96 model (top panel) and the GN96

model with drag (bottom panel). The LA is found at Magellanic longitudes lM < 0, and

the MS at lM > 0. See Wakker (2001) for definition of Magellanic longitude lM. Circles

represent observational data sampled from Bruns et al. (2005).
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Figure 3.4: Radial distances with and without drag: GN96 - Radial distances to

the gas particles of the pure tidal GN96 model (top panel) and the GN96 model with drag

(bottom panel). The distances are calculated in a galactocentric frame. The LA is found

at Magellanic longitudes lM < 0, and the MS at lM > 0.
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by reducing the velocity dispersion of the MS, which then allows self-gravity to enhance

the growth and separation of the filaments. We find that the MS velocity dispersion

changes by ∼14.0% under the influence of drag, which is small enough to retain the

overall morphology of the MS and yet large enough to encourage the growth of distinct

filaments.

In Figure 3.5 we plot the number of particles in the MS and LA as a function of

Magellanic longitude. The pure tidal model (solid line) exhibits two pronounced peaks

in the number of particles, one at the tip of the MS and another at the tip of the LA.

The peak at the tip of the MS (100◦ < lM < 150◦) strongly disagrees with observations.

The column density of the MS (which is the observational analogue of “particle count”)

is actually observed to be gently declining from its base to its tip (Putman et al. 2003a),

meaning that the tip of the MS should have a low particle count. Indeed, the prediction

of a plume of particles at the MS tip is one of the main criticisms against the GN96

model.

The MS particle count changes significantly under the influence of drag (Figure 3.5,

dashed line): the peak at the MS tip is completely removed, and the profile along the

MS becomes gently declining. The inclusion of drag therefore resolves an unwanted

feature of the GN96 model and improves the agreement with observation. The drag is

able to achieve this by shortening the main filament of the MS (i.e., the highest density

filament in Figure 3.4). Comparing the top and bottom panels of Figure 3.4 clearly

reveals this shortening. Drag is also able to reduce the peak at the tip of the LA,

though only slightly. It is shifted to a different position on the sky, which, as stated

earlier, does not correspond to any observed HI features of the Magellanic system.

3.3.2 DB11 Model

The bottom panel of Figure 3.1 shows the orbital separations of the SMC, LMC, and

Milky Way in the DB11 model. The orbits of the LMC and SMC appear similar to

those of GN96 (top panel of Figure 3.1), especially because a pericentric passage about

the Milky Way ∼1.5 Gyr ago occurs in both models. But in the case of DB11, this

close encounter does not contribute to the removal of the MS and LA from the SMC

disk. Instead, the recent formation of a strong LMC-SMC binary pair ∼1.2 Gyr ago

provides the responsible stripping mechanism. Additionally, the SMC and LMC have

greater orbital energies in the DB11 model due to the adoption of recent proper motions
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Figure 3.5: Density along the MS and LA: GN96 - Total number of particles in the

pure tidal GN96 model (solid line) and the GN96 model with drag (dashed line) plotted

as a function of Magellanic longitude.
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(Kallivayalil et al. 2006; Vieira et al. 2010). A bound orbit is retained by virtue of

assigning a greater circular velocity and therefore greater mass to the Milky Way.

In Figures 3.6, 3.7, 3.8, 3.9, and 3.10 we compare the properties of the DB11 pure

tidal model with our best “tidal plus drag” model. For the inclusion of drag we choose

α =0.6, which is twice the value chosen for the case of GN96. It is not surprising that

the DB11 model requires a greater value for α, because the initial kinetic energies of

the MS and LA are greater in DB11 as compared to GN96. This fact is attributed

to the difference in formation mechanisms and also the difference in orbital energies of

the SMC. Consequently, a greater drag force must be employed in order to significantly

alter the positions, kinematics, etc. of the MS and LA, which explains the need for a

larger value of α.

Figure 3.6 gives the on-sky projection of the MS and LA in the pure tidal model

(left-hand panel) and in the model which incorporates drag (right-hand panel). Figure

3.7 gives a zoomed-in view of the MS in each of these models. From these figures, we

can discern a variety of both positive and negative effects of drag. An obvious negative

effect is the shortening of the MS, which is particularly worrisome because the MS in

the DB11 pure tidal model is already too short (∼100◦) in comparison with the most

recent observational estimate (∼ 140◦; Nidever et al. 2010). The inclusion of drag only

worsens the situation by shortening the MS by a further ∼ 20◦. Another obvious effect

of the drag is the destruction of two tenuous structures. One of the LA branches is

unable to survive against drag, which of course is undesired. However, the drag also

destroys a thin strand of particles running parallel to the MS, which must be considered

an improvement of the model because the strand does not correspond to any observed

HI features.

Perhaps the most compelling aspect of the DB11 drag model is the prominent

bifurcation of the MS (highlighted in Figure 3.7, right panel), which corresponds very

closely to the position and extent of the observed MS bifurcation (Putman et al. 2003a).

We stress that the hot halo drag is not responsible for creating the bifurcated filaments.

Instead, we propose the following two-stage formation scenario for the MS bifurcation:

first, filamentary structure within the MS is created through tidal interactions alone

(see original DB11 paper); and second, drag is able to reduce the velocity dispersion

within the MS (by ∼ 17.4% for DB11), which enhances the growth and separation of

the filaments under self-gravity. Whether the enhanced filamentary structure of the
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l=0°l=180°

l=90° l=90°

l=270° l=270°

b=–60° b=–60°b=–30° b=–30°

Figure 3.6: On-sky distribution with and without drag: DB11 - Present-day

distribution of gas particles for the pure tidal DB11 model (left panel) and the DB11

model with drag (right panel). The on-sky projection is given in galactic coordinates (l,b).
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l=0°l=180°
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Figure 3.7: Enhancement of MS bifurcation - The same as Figure 3.6 but showing

only the MS. The MS exhibits a clear bifurcation in the DB11 model with drag (right

panel).
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MS is able to appear as an on-sky bifurcation becomes a model-specific issue. In the

GN96 model for instance, drag is able to enhance the MS filaments without producing

a clear bifurcation. On the other hand, essentially the same physical mechanisms are

able to convincingly reproduce the MS bifurcation within the DB11 model.

Figure 3.8 shows the kinematics of the MS and LA as a function of Magellanic

longitude lM, and a comparison with observational data is provided by the red circles

(Bruns et al. 2005). The kinematics of the MS (lM > 0◦) in the pure tidal model (top

panel) exhibit a strong agreement with the data, except for a single tenuous strand

which sticks out horizontally from the main body of the MS. As stated previously, this

strand does not correspond to any observed HI features of the system. As desired,

the hot halo drag is able to destroy this strand of particles, which can be verified in

the bottom panel of Figure 3.8. Other than this, the kinematics of the MS are largely

unaltered by drag, despite the aforementioned shortening of the MS.

The kinematics of the LA (lM < 0◦) improve significantly in response to drag. The

LA of the pure tidal model (top panel of Figure 3.8) exhibits a sharply rising trend

in contrast to the observed profile which is flat or perhaps slightly decreasing. The

disagreement with observation is severe, with a discrepancy of as much as ∼150 km

s−1. The drag is able to decrease these LA velocities and recover a strong agreement

with observations between −50◦ < lM < 0◦ (Figure 3.8, bottom panel). However, there

are a few data points surrounding lM = −50◦ which are not reproduced in the drag

model, indicating the need for further improvement of the model. Additionally, the

upward trend in the LA kinematics is made only slightly more shallow in response

to drag, whereas a flat profile may be preferred. Nevertheless, the inclusion of drag

provides a considerable improvement on the LA kinematics.

The Galactic radial distances of the MS and LA are plotted as a function of Mag-

ellanic longitude in Figure 3.9. Unlike the GN96 model, the LA does not sink to

considerably lower Galactic radii in response to drag. The drag does indeed pull the

LA in the DB11 model to smaller radii, but the change is on the order of only ∼5

kpc. Much higher values for α are needed to cause the radial distance of the LA to

significantly decrease, which puts the model at odds with the observation of McClure-

Griffiths et al. (2008; see section 3.3.1). The radial profile of the MS is also largely

unchanged by drag. Once again, the most obvious effect discernible in Figure 3.9 is the

shortening of the MS and the destruction of the strand which rises beyond 200 kpc.
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Figure 3.8: Radial velocity profile with and without drag: DB11 - Galactocentric

radial velocities of gas particles for the pure tidal DB11 model (top panel) and the DB11

model with drag (bottom panel). The LA is found at Magellanic longitudes lM < 0, and

the MS at lM > 0. See Wakker (2001) for definition of Magellanic longitude lM. Circles

represent observational data sampled from Bruns et al. (2005).

47



3. INCORPORATING WEAK RAM PRESSURE

 0

 50

 100

 150

 200

-150 -100 -50  0  50  100  150

R
a

d
ia

l 
d

is
ta

n
c
e

 (
k
p

c
)

Magellanic Longitude (degrees)

 0

 50

 100

 150

 200

R
a

d
ia

l 
d

is
ta

n
c
e

 (
k
p

c
)

Figure 3.9: Radial distances with and without drag: DB11 - Radial distances to

the gas particles of the pure tidal DB11 model (top panel) and the DB11 model with drag

(bottom panel). The distances are calculated in a galactocentric frame. The LA is found

at Magellanic longitudes lM < 0, and the MS at lM > 0.
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In Figure 3.10 we plot the particle count of the MS and LA as a function of Magel-

lanic longitude. The DB11 pure tidal model (solid line) exhibits “plateaus” in contrast

to the peaks of the GN96 model. The impact of drag (dashed line) on the particle

count of the MS is in fact opposite to the case of GN96, because the drag actually cre-

ates a peak in the particle count. Considering the observation of a low density MS tip

(Putman et al. 2003a), this effect of drag on the DB11 model is very much unwanted.

In contrast, drag has a desired effect on the particle counts of the LA. The DB11 pure

tidal model has a ratio of around two-to-one for particles in the MS as compared to

the LA, but observations imply a more likely ratio of around four-to-one (Bruns et al.

2005). By reducing the total particle count of the LA by more than half (Figure 3.10),

the presence of drag is able to bring the total mass ratio between the MS and LA closer

to the observed quantity.
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Figure 3.10: Density along the MS and LA: DB11 - Total number of particles in the

pure tidal DB11 model (solid line) and the DB11 model with drag (dashed line) plotted as

a function of Magellanic longitude.
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3.4 Understanding α

3.4.1 Association with Hot Halo Density

In the previous section, we found reasonably good “tidal plus drag” models for the

values of α = 0.3 (for GN96) and α = 0.6 (for DB11). Even though α essentially scales

the density of the hot halo, we have explained in section 3.2 that a given value for α does

not correspond to a unique value of the hot halo density. The straightforward way to

circumvent this problem is to utilize self-consistent hydrodynamical simulations, which

would permit the hot halo density to be an independent parameter. This approach is

of course beyond the scope of the present study. Instead, we provide a comparison with

the results of Mastropietro et al. (2005, hereafter M05) in order to better understand

the meaning of our adopted α values.

The ram pressure stripping model of M05 is a robust study of the hydrodynamical

and gravitational interaction of the LMC with the Milky Way. As the LMC plunges

through the Milky Way halo, M05 find that ram pressure is able to strip away gas from

the LMC into a long trailing stream which resembles the MS. In order to create this

stripping of the LMC disk, M05 adopt an NFW profile (Navarro et al. 1996) for the

hot halo with a density of 8.5×10−5 cm−3 at 50 kpc. In comparison, the present study

adopts an isothermal profile for the hot halo with a density that is concealed in the

physically ambiguous parameter α. Nevertheless, if we can determine the α values for

which the LMC disk is altered by drag, we can associate these values with the densities

of M05 as a rough approximation.

In order to isolate the effect of drag on the LMC disk, we perform an idealized

simulation in which the LMC plunges face-on along the z-axis toward the Milky Way.

We remove the presence of the SMC and we enforce equation (3.3) to operate in the

z-direction only. We stop the simulation once the LMC arrives at the present-day

distance of ∼50 kpc, and we inspect the state of the disk for different values of α.

Because our treatment is not hydrodynamical, we do not observe an elegant trail of gas

as in M05. Instead, we find that increasing the value of α has two effects. First, the

positions of the disk particles are incrementally pushed further away from the LMC,

and second, the disk succumbs to bending, particularly at its edges.

We find that the above two effects give a pronounced deviation from the morphology

of the drag-free disk for values of α > 4.0. This result is largely independent of the
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range of LMC velocities explored in this study: both large velocities ∼360 km s−1 (e.g.

DB11) and small velocities ∼300 km s−1 (e.g. GN96) give a similar threshold value

of α ≈ 4.0. We assume that ram pressure stripping cannot occur for smaller values of

α, and we therefore provide a rough association of α ≈ 4.0 with the M05 density of

8.5 × 10−5 cm−3 at 50 kpc.

The above estimate is a lower bound, for two reasons. First, α ≈ 4.0 gives the

threshold value at which drag begins to alter the disk, but larger values are necessary

to create robust stripping akin to M05. And second, the NFW hot halo profile adopted

by M05 falls off as r−3, whereas our adopted isothermal halo falls off as r−2. Thus, even

though we compare with the M05 density at r = 50 kpc, the LMC in our simulation

is subjected to higher densities at r > 50 kpc, and the effect of drag is overestimated

with respect to M05.

The best “tidal plus drag” models of the previous section utilize values of α which

are approximately an order of magnitude less than α ≈ 4.0. Accordingly, we suggest

that these best models correspond to hot halo densities of ∼ 10−5 cm−3 or less.

3.4.2 Exclusivity of Tidal and Ram Pressure Origin

When we simulate the SMC (rather than the LMC) plunging toward the Milky Way

along the z-axis, we find that the threshold value for altering the SMC disk according

to the aforementioned criteria is α ≈ 3.0. Because this is less than the threshold value

for the LMC, we conclude that the SMC should be stripped via ram pressure if the

conditions for stripping the LMC are satisfied. This makes sense because the SMC is

less massive and is therefore less able to oppose the ram pressure exerted on its gas

from the hot halo. The M05 model is curious in this context, because it completely

ignores the SMC, even though their model would likely support ram pressure stripping

of the SMC disk. Accordingly, we suggest that the MS formation scenario proposed by

M05 should be revised to include contributions from the SMC gas.

The threshold value α ≈ 3.0 for the SMC disk is significantly higher than the α

values of the best “tidal plus drag” models in section 3.4. In fact, the respective values

differ by an order of magnitude. We therefore suggest that the hot halo densities in

our best models are too small to support ram pressure stripping of the SMC disk. This

“suggestion” can be made an “assertion” if we adopt a full hydrodynamical treatment,
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and this will be the subject of future work. Nevertheless, we need not abandon the

present models in order to expand upon this idea.

For instance, consider two of the effects discussed in section 3.3: the sinking of the

LA to lower Galactic radii (evident in the GN96 model), and the shortening of the

MS (evident in the DB11 model). Both of these effects increase in magnitude as α

increases, and even though it is not immediately clear from section 3.3, both the GN96

model and the DB11 model suffer each of these effects. At certain values of α, the effect

is so pronounced that the MS and LA are no longer identifiable. Indeed, these tidal

structures are “destroyed” under the influence of drag: the MS progressively shortens

until it becomes confined to the SMC disk, and the LA sinks deeper and deeper into

the Galactic potential until much of it settles at the Galactic center.

For the DB11 model, we find that the MS and LA are destroyed under drag at a

value of α ≈ 2.0, whereas the MS and LA in the GN96 model are destroyed at even

smaller values of α. This suggests that the hot halo densities which disrupt the MS

and LA are dangerously close to the densities of our “best” models, possibly within a

factor of only ∼ 3. This is not encouraging, as it implies that the MS and LA cannot

survive in moderately dense ∼ 5 × 10−5 cm−3 hot halos. This estimate is particularly

disquieting in the context of our previous suggestion that our best models require a

hot halo of density ∼ 10−5 cm−3 in order to correct the LA kinematics, etc. It would

appear that “fine-tuning” is necessary, which threatens the robustness of our models.

Though the MS and LA are destroyed for α ≈ 2.0, we stated previously that ram

pressure stripping could occur for values as low as α ≈ 3.0 and α ≈ 4.0 for the SMC

and LMC, respectively. Thus, our results suggest that the structures which originate

from tidal stripping are unable to survive at the hot halo densities required for ram

pressure stripping. If true, this means that tidal stripping and ram pressure stripping

are mutually exclusive candidates for the formation of the MS and LA, because they

require incompatible densities for the hot halo. We can now assemble our knowledge of

α and its effect on the MS and LA into Table 3.1, which organizes the various MS (and

LA) formation scenarios as a function of α and the suggested hot halo density. The

suggested densities of Table 3.1 are taken at a distance of 50 kpc, and the estimates

are based on our comparison with the results of M05.
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Table 3.1: Dependence of MS formation scenarios on α.

α ρ(50 kpc) (cm−3) Implied Model

0 0 Pure tidal stripping model (e.g., GN96; DB11)

0.3-0.6 ∼ 10−5 or less Tidal plus drag model (e.g., this study)

2.0 ∼ 5 × 10−5 Upper limit for survival of tidal features against drag

4.0 ∼ 10−4 Ram pressure stripping model (Mastropietro et al. 2005)

3.5 Discussion and Conclusions

In this study we have analyzed the effect of hot halo drag on the global properties

of the MS and LA, specifically in the context of the GN96 and DB11 tidal formation

scenarios. We have found that the drag creates a variety of both desired and undesired

effects. Comparing between the GN96 and DB11 cases, we furthermore find that the

impact of drag isn’t always consistent. For instance, the peak in particle density at the

MS tip is either removed by drag (GN96 case) or created by drag (DB11 case). This

suggests that our conclusions on the effect of drag are unfortunately model-dependent.

Nevertheless, our models agree on a few basic points. For instance, the LA kinemat-

ics can be improved upon without significantly altering the morphology and kinematics

of the MS. In the GN96 case, the global properties of the MS remain largely unchanged,

with only its column density being altered significantly. In contrast, the drag forces the

LA to sink to smaller Galactic radii, and the kinematics and on-sky position of the LA

both change drastically. In the DB11 model, drag causes the LA kinematics to agree

much better with observations while the MS kinematics are negligibly adjusted. We

accordingly arrive at the conclusion that drag is able to influence the LA more strongly

than the MS in our models.

Regardless of the specific model, we can assert that the hot halo drag will always

impact the LA more strongly than the MS. The reason is two-fold: the LA has a larger

velocity than the MS when it is stripped from the SMC disk, and the LA probes denser

regions of the hot halo. The hot halo density ρ will of course decrease with radius,

and in the present study we have taken the specific case of an isothermal profile in

equation (3.2). Observations indicate that the LA resides at small Galactic radii ∼17

kpc (McClure-Griffiths et al. 2008), whereas the MS is traditionally assumed to lie at

larger distances of ∼55 kpc (e.g., Putman et al. 2003a; Bruns et al. 2005). Additionally,
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our results in Figures 3.4 and 3.9 suggest that the LA originates at smaller Galactic

radii than the MS. Accordingly, the LA is embedded in a higher density region of the

hot halo and will suffer an increased ram pressure by an increase of ρ in equation (3.1).

Because the LA leads the orbit of the SMC, it will naturally have larger galactocen-

tric velocities than the MS during its evolution. That is, in the process of elongating

away from the SMC disk, the trailing features (i.e., the MS) must develop smaller or-

bital velocities than the SMC, whereas leading features (i.e., the LA) must have larger

orbital velocities than the SMC. The velocity relative to the hot halo can indeed be

taken as the galactocentric (i.e. orbital) velocity of the MS and LA. Equation (3.1)

indicates that the ram pressure scales as the square of the galactocentric velocity v2,

and therefore the LA is subjected to greater drag than the MS as soon as it separates

from the SMC disk.

In the GN96 model, the LA is dragged to very small Galactic radii (∼20 kpc and

less). As stated in section 3.3, the new on-sky position of the dispersed LA does not

correspond to any HI features of the Magellanic system, but we suggest that it may

possibly correspond to other HI features of the Milky Way. For instance, the distance,

on-sky location, and velocity of the High Velocity Cloud Complex C are reasonably close

to that of the dispersed LA in the GN96 drag model (Wakker 2001). The suggestion

that Complex C may have formed from in-falling HI gas is not new (Wakker et al.

1999), but its possible association with the Magellanic Clouds and specifically the LA

has not been previously explored. More extensive modeling should be able to indicate

whether this formation scenario for Complex C is worthy of serious consideration.

The radial distance to the LA is constrained by only one data point, which was

derived from an interaction of the LA with the Galactic disk (McClure-Griffiths et al.

2008). The data point may have a large and furthermore unknown error bar, as the

kinematic distance of ∼17 kpc is only as accurate as the adopted Milky Way rotation

curve. A distance of ∼17 kpc is much less than the distances to the LA as predicted by

the pure tidal models. We have found that hot halo drag is able to reduce though not

resolve the discrepancy. Future models should be motivated by the work of McClure-

Griffiths et al. (2008) by incorporating the possibility of impacts between the LA and

Milky Way disk, which would almost certainly have a significant impact on the LA

morphology and kinematics (Bekki et al. 2008).
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Though the origin of bifurcation within the MS has been the subject of specula-

tion in the past (Putman et al. 2003a), we have presented a numerical model which

convincingly reproduces the bifurcation from the interplay of gravitational and drag

forces. Moreover, we have proposed a formation mechanism which is sensitive to the

magnitude of drag. Without drag, the velocity dispersion of the MS is too large for the

internal structure to condense into distinct filaments, and with too much drag, the MS

itself is unable to survive. The MS bifurcation may therefore be a sensitive probe of

the magnitude of drag induced by the hot halo. Alternatively, radiative cooling of the

gas by internal gas dynamics may also help to form the filamentary structures without

invoking external drag effects. Even though the DB11 drag model reproduces the MS

bifurcation, it also exhibits a number of obvious flaws, including the shortening of the

MS and the undesired peak in particle density at its tip. Accordingly, our DB11 drag

model does not provide a complete understanding of the formation and evolution of the

MS. Nevertheless, the model is highly suggestive of the relevant physical mechanisms

which have shaped the MS.

The survival of the MS and LA against drag is a critical issue which informs the

density estimates of Table 3.1. We must point out, however, that these estimates (and

more generally, the entire discussion of section 3.4) depends on the particular hot halo

density profile that we have adopted. If we instead choose a profile with a steeper

slope at large radii, for instance the NFW profile, then the MS will be able to survive

at greater values of the scale density ρo (i.e., greater values of α). Accordingly, the

conclusions of section 3.4 are model-dependent, relying in particular on our choice of

an isothermal hot halo.

Even though the NFW profile may be more realistic, choosing anything other than

an isothermal profile for the hot halo would violate the condition of hydrostatic equi-

librium in the present study. That is, our profile for the hot halo is predetermined

by the profile of the dark matter halo utilized in the pure tidal models. In order to

properly study the evolution of the MS and LA in an NFW hot halo, we would need a

tidal formation model which utilizes an NFW dark matter halo. The effect of hot halo

drag in such a model may very well differ from the results of the present study, and

developing such a model will be the subject of future work.

The influence of the hot halo on the MS and LA is governed by a variety of gas-

dynamical interactions, but the present study has simply assumed that the dominant
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effect is ram pressure drag. Drag may indeed enforce the greatest changes in the

global properties of the MS and LA, but the simple insertion of a drag term cannot

fully address the complex interactions between the hot halo and the MS and LA. For

instance, neutral gas clouds can attain a multiphase structure via hydrodynamical

interactions with the hot halo (Wolfire et al. 1995; Heitsch & Putman 2009), and both

the LA and the tip of the MS are observed to have such a multiphase structure (Bruns

et al. 2005; Stanimirovic et al 2008). Moreover, the column density distribution of the

MS and LA are distinctly noncontinuous: the tip of the MS spreads out into fork and

filaments (Nidever et al. 2010), and the HI clouds of the LA are disjointed and clumpy

(Bruns et al. 2005). This suggests a small-scale shaping mechanism which is ignored

in the present study, such as thermal instabilities induced by hot halo interactions

(Stanimirovic et al. 2008).

In addition, Westmeier & Koribalski (2008) have found a large number of compact

HI clouds that appear to be condensations of a largely ionized filament running along-

side the MS. The ionization of this purported filament, as well as the modest ionization

of the MS itself, may plausibly be traced to collisions with hot halo gas (Sembach et al.

2003). Such collisions may also explain the surprisingly large H-α emission observed

within the MS (Putman et al. 2003b). Bland-Hawthorn et al. (2007) have shown

that the hot halo can slow down and disrupt the clouds of the MS as a prerequisite

condition for inducing H-α emission at shock fronts. It is therefore clear that the hot

halo interacts with the MS and LA across a much more complex range of physics than

considered in the present study.

Nevertheless, we have shown in the present study that the global properties of the

MS and LA can change significantly under the influence of drag from the hot halo. We

have utilized the insertion of a simple drag term in our study, but a fully hydrodynamical

treatment is needed in order to better understand the complete influence of the hot

halo on the MS and LA. We have shown that the tidal formation scenario can improve

under the influence of drag, and we have also proposed a two-stage mechanism by which

the MS bifurcation can forms. Because these features are sensitive to the presence of

drag, our results indicate that future modeling of the formation of the MS and LA will

require a synthesis of tidal and drag forces. In addition, our work suggests that the

density of the hot halo may be constrained by considering the influence on the global

properties of the MS and LA.
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Discussion

In a larger context, the present work stands to contribute to the scientific debate on the

origin of the Magellanic Stream (MS) and the orbital history of the Large and Small

Magellanic Clouds (LMC and SMC, respectively). Of particular interest is the debate

on whether the LMC has executed only one or perhaps multiple passages about the

Milky Way. The present work contributes to the argument that the LMC and SMC

may have been close companions of the Milky Way over many orbital periods, despite

the observational evidence which appears to suggest otherwise (i.e., the HST proper

motion measurements). Consequently, this work also suggests that the traditional tidal

scenario for the formation of the MS is still generally viable. In particular, despite the

Besla et al. (2007) calculations, the present model provides a scenario in which the MS

and Leading Arm (LA) can form under strong tidal stripping of the SMC within a bound

orbit. This is perhaps the lasting impact of this work, because the bound scenario was

previously in jeopardy of being discarded by much of the research community.

The present work diverges from the traditional tidal scenario, however, in the actual

orbital mechanism at work. In the traditional scenario (e.g., GN96), the MS and LA

are pulled from the SMC during a close passage between the SMC, Milky Way, and

LMC. In the present model, a close encounter with the Milky Way does not contribute

directly to the stripping process. Instead, the stripping mechanism is provided by

strong LMC tidal forces during the dynamical coupling of the LMC and SMC. That is,

the inception of their recent binary pair ignites the formation of the MS and LA. This

new scenario provides a natural timescale for the origin of the MS, coinciding with a

very specific physical process. This is in contrast to the traditional scenario, where the
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bound orbit leaves it unclear why the SMC suffered tidal stripping only within the last

2 Gyr and not at an earlier epoch. In the present model, it is obvious why the MS and

LA did not form at early epochs: the SMC was safe from the tidal field of the LMC

at early times, because the two galaxies were orbiting independently within the halo of

their parent galaxy, the Milky Way.

The present model is certainly not immune to criticism, as it inherits a number of

the objections to the traditional tidal scenario. For instance, the infinite mass model of

the isothermal sphere may not be a realistic way to represent the Milky Way. Indeed,

it may be argued that the predictions of the model, and those of its tidal predecessors,

are dependent on the adoption of an isothermal sphere. Even though our mass profile

for the Milky Way is not entirely ruled out by observations (e.g., Gnedin et al. 2010),

it is nevertheless true that the bound orbits of the LMC and SMC are a consequence of

the large mass model adopted for the Milky Way. If we were to adopt a low mass NFW

halo for the Milky Way, as done in Besla et al. (2007), we would not find a strong set

of bound orbits with which to explore traditional MS formation scenarios. Our intent

was to mimic the numerical framework of previous studies (e.g., GN96), in order to

see if the traditional scenario could be salvaged. Now that we have found a positive

result, there is no reason to limit future studies to the singular isothermal sphere. In

particular, it would be beneficial to explore finite mass models such as the NFW halo.

It is not just the adoption of an isothermal halo but also our parameterization of

it which leads to the large mass for the Milky Way. The traditional tidal models (e.g.,

GN96) parametrize the isothermal sphere with a circular velocity of ∼220 km s−1, but

guided by various observations, e.g., Reid et al. (2009), Reid & Brunthaler (2004),

Uemura et al. (2000), we parametrized the Milky Way halo with a circular velocity of

∼250 km s−1. At first glance, it would seem that the adoption of this updated value

would lend credence to our model, especially because Shattow & Loeb (2009) performed

their calculations under the same parameter change, but there are numerous caveats.

Principally, it must be stressed that the observations of Reid et al. 2009, Reid &

Brunthaler 2004, and Uemura et al. 2000 pertain to the circular velocity at the solar

circle. In the isothermal halo, however, the circular velocity curve is fixed at a single

value for all radii. Scaling the potential to the new circular velocity of ∼250 km s−1 is

certainly justified at small radii near the Sun (∼8-10 kpc), but it is perhaps unrealistic

at the large radii probed by the LMC and SMC (∼50-150 kpc).

58



Additionally, the kinematics of the solar neighborhood are influenced by several

components of the Milky Way, including the disk, the bulge, and the halo. A rescaling

of the circular velocity at the solar radius should be reflected by the collective effect of

all three of these components, but we have neglected the disk and bulge in the present

work. Without being able to allocate mass to the disk and bulge, we have perhaps

overfed the Milky Way halo in the process of rescaling the circular velocity. It is clear

that a more realistic treatment of the Milky Way should employ not only a halo with

finite mass, but also a disk and a bulge. This is done, for example, in the work of Besla

et al. (2007) and Shattow & Loeb (2009).

The following argument provides a way to diffuse, but not entirely solve, the con-

ceptual problems associated with rescaling the isothermal halo. The dynamics of the

LMC and SMC should not be significantly influenced by the disk and bulge, or rather,

by the particular mass distribution at the small radii occupied by the disk and bulge.

This is because the LMC and SMC orbit at such large radii that they cannot “see” the

individual components of the Milky Way at small radii. Seen from these large radii,

incorporating the overall effect of the disk and bulge is approximated by tucking more

mass into the halo near the solar radius. Thus, rescaling the isothermal halo should

not inappropriately distort the dynamics of the LMC and SMC at large radii.

Because the present model relies on a bound orbital history, it is important to

highlight the aspects of the model which arise uniquely because of the bound orbit.

If we could know the exact role of the Milky Way during the formation of the MS

and LA in the model, then we could make assertive predictions about how the bound

orbit is manifested in the observable features of the system. This is a challenging

and perhaps intractable task, because the complicated three-body dynamics cannot be

easily disentangled. Instead, we can make broad comments by comparing our bound

model to the first passage model of Besla et al. (2010, hereafter B10). Two exciting

features of our model which are absent in the B10 model are: 1) filamentary structure

within the MS, which enhances to a clear bifurcation under a weak drag force, and

2) an extended LA structure composed of two distinct branches. As detailed in the

previous chapters, the Milky Way plays an important role in determining both of these

features within our model, and thus we suggest that the observed bifurcation of the

MS and the long extent of the multi-branch LA are imprints of a bound orbital history.

It is difficult to raise this suggestion to the level of an assertion, especially in light of
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alternative mechanisms such as the blowout hypothesis of Nidever et al. (2008), but

this task will be the focus of future work.

The present work also attempts to gauge the effects of gas dynamics, particularly a

weak ram pressure, on the tidal formation scenario for the MS. Rather than being the

dominant interaction (as for, e.g., Mastropietro et al. 2005), we find that ram pressure

is able to modestly adjust the predictions of the tidal models. We have not considered

the effects of internal gas dynamics, that is, collisional physics of the SMC disk, but

such a study would complement the analysis of Chapter 3 by expanding the scope of

the pure tidal models presented here. As reported in the previous chapter, we have

found an assortment of both positive and negative effects produced by the weak drag.

For instance, even though the kinematics of the LA are brought into closer agreement

with observations, one of the LA branches is destroyed under the influence of drag.

Also, perhaps the most exciting effect of incorporating drag is the appearance of the

on-sky MS bifurcation due to an enhancement of its filamentary structure. At the same

time, however, the drag shortens the MS, which is an altogether disappointing result,

considering the recent observational evidence that the MS is even more extended than

previously believed (Nidever et al. 2010).

At this point, it is important to discuss adopted methodology of incorporating a

drag term into the equations of motion. Even though the method has been used by

previous authors (e.g., Meurer et al. 1985, Heller & Rohlfs 1994, Gardiner 1999), its

validity has not been confirmed by cross-checking against fully self-consistent methods.

The ambiguity of the degenerate parameter α is particularly a concern. Unfortunately,

self consistent methods are inaccessible without reconstructing the present model, and

thus we are not able to test the validity of our method. Furthermore, we cannot

be sure if the predictions of the present model will be preserved once it is cast in a

self-consistent setting (i.e., treating the Milky Way and LMC as ensembles of particles

rather than fixed potentials). Constructing such a self-consistent model would of course

lead to an improvement of the model, and it would also allow for a realistic treatment

of hydrodynamics, but such an endeavor is well beyond the scope of the present study.

As it stands, we can only suggest that the adopted methodology gives an approximate

description of the effect of ram pressure on the tidal formation scenario. And notwith-

standing the veracity of the method, the results of Chapter 3 provide a number of truly

exciting ideas that give a sense of direction to future work.
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The ultimate goal of future work is to develop a fully self-consistent model of the

LMC, SMC, and Milky Way in which (1) the HI structures of the Magellanic system

are reproduced, (2) the orbits of the LMC and SMC are consistent with observational

constraints, and (3) the physical properties of the LMC and SMC are reproduced,

including their star formation histories. The only self-consistent simulation developed

thus far for the formation of the MS is Mastropietro et al (2005), though they completely

neglect the existence of the SMC. This model is in jeopardy for a number of reasons.

First, the LA and Bridge remain unexplained. Second, the tip of the MS has been

observed to have a low metallicity consistent with an SMC origin (Fox et al. 2010). This

finding supports the tidal scenario, which assumes the MS originates within the SMC,

and threatens the Mastropietro et al. (2005) model, which assumes an LMC origin

for the MS. Third, Crain et al. (2010) determine that the density profiles of the hot

halos of Milky Way-type galaxies are actually shallower than that of the dark matter.

Thus, the expected hot halo density is smaller, perhaps by an order of magnitude, than

assumed in the Mastropietro et al. (2005) model. If adjusted to reflect the Crain et

al. (2010) hot halo models, the ram pressure stripping scenario might not be able to

convincingly create a strong trailing stream resembling the MS.

It would be prudent to consider the crucial observations that may be able to dis-

criminate among the various theoretical models for the MS. One such observation is the

measurement of metallicity for the gas clouds that constitute the MS and LA. However,

making a global map of metallicity for these gas clouds is quite challenging: whereas

HI maps can be constructed from direct radio emission, metallicity measurements must

be observed as absorption spectra along sight lines to background quasars. Fox et al.

(2010) have provided metallicities of the MS tip along a few sight-lines, but so far no

other measurements have constrained the metallicity of the MS. If a large number of

sight-lines could be obtained - that is, if a global map of metallicity for the MS and LA

could be constructed - then a number of models for the formation of the MS could be

tested. Tidal models (e.g., this work, Connors et al. 2006, Besla et al. 2010) assume

that the MS and LA originated from within the SMC, whereas the modern ram pressure

model (i.e., Mastropietro et al. 2005) assumes an origin within the LMC. Because the

vigorous star formation history of the LMC has significantly enriched its interstellar

medium, gas originating from the LMC should be more metal-rich as compared to the

gas that originates in the SMC. Fox et al. (2010) have provided the first indication
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that the MS gas originated from the SMC and not the LMC, possibly ruling out the

Mastropietro et al. (2005) model, but more data is needed to solidify this conclusion.

The measurement of metallicity is also a critical probe of the scenario proposed by

Nidever et al. (2008). In their hypothesis, the two intertwining filaments of the MS have

distinct origins: one originates from the LMC, the other from the SMC. Nidever et al.

(2008) further suggest that the LMC filament could have been created as a blowout of

gas following the violent burst of star formation in the 30 Doradus region. That is, the

star formation could have precipitated the expulsion of the LMC interstellar medium

in the form of an MS filament. One could provide a simple test for this scenario by

measuring the metallicities of the two separate MS filaments. If the filaments have

distinct origins, then they should have very different metallicities corresponding to the

large difference in metallicity between the LMC and SMC. Such observations have not

yet been conducted but would provide an important insight into the origin of the MS

and the nature of its filamentary structure.

Additionally, Nidever et al. (2008) posit that the blowout of gas from 30 Doradus

could have also created the LA. This is in contrast to the prevailing interpretation of

the LA as tidal material stripped from the low metallicity outskirts of the SMC. Ac-

cordingly, measurements of metallicity along the LA could discriminate between these

two competing hypotheses: if the LA is found to be metal-poor, the tidal hypothesis

would be bolstered, but if the LA is found to be metal-rich, the blowout hypothesis

from the LMC would be favored. It is important to note that the Nidever et al. (2008)

hypothesis can still be consistent with ram pressure or tidal mechanisms, because the

blowout of gas merely provides a way of escaping the potential of the host galaxy, and

tides and/or ram pressure can then be invoked to determine the subsequent evolution

of the gas. In this light, the blowout hypothesis may be able to fuse with tidal models

and/or ram pressure models in the future.

Another possible observational test to discriminate among different MS formation

scenarios is the possible detection of tidal streams of stars from the LMC and SMC.

Bekki (2011b) has suggested that the accretion of the LMC onto the Milky Way could

have formed a trail of stellar debris if the LMC originally possessed a diffuse stellar

halo. Moreover, the particular characteristics of this stream would differ depending

on when the LMC was accreted. If the LMC has interacted strongly with the Milky

Way for more than 4 Gyr, the diffuse stream should appear as a complete polar ring.
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On the other hand, if the LMC was accreted only recently as in the first passage

scenario (Besla et al. 2007), the stellar stream would be truncated and would not form

a complete ring. Therefore, detections of tidally stripped stars may provide insight

into the orbital histories of the LMC and SMC and help to discriminate between the

bound hypothesis (e.g., this work, Connors et al. 2006) and the first passage scenario

(e.g., Besla et al. 2010, B10). Deep photometric measurements have recently confirmed

that the stellar components of the LMC and SMC are much more tidally evolved than

previously appreciated (e.g., Saha et al. 2010; Nidever et al. 2011). More data must be

collected, however, to test the notion of a diffuse stream proposed by Bekki (2011b).

The first passage B10 model provides a self-consistent interaction between the LMC

and SMC, but the Milky Way remains a fixed potential. The model relies heavily on a

mechanism which is present only in the self consistent case: dynamical friction between

the LMC and SMC. If fixed potentials are used, the mutual dynamical friction between

the Magellanic Clouds is either absent, as in the present work, or must be included via

an approximate formula, as in Bekki & Chiba (2005). In the B10 model, the adopted

masses for the LMC and SMC are about an order of magnitude larger than the values

of the present work. Consequently, the dark matter halos of the galaxies are quite

massive and extended, and the rampant dynamical friction causes the SMC to sink

rapidly toward the LMC. The strong tidal field of the LMC then ensnares the SMC

and strips away a trailing and leading tidal arm. After the tidal arms have formed,

the LMC-SMC pair is sent around the Milky Way (a fixed NFW potential) for a first

passage.

Aside from comparisons of the stripped material against HI observations, the main

problem with the B10 model is the reproduction of the correct orbital parameters.

When using fixed potentials as in the present work, the orbits can be easily constrained

to agree with observations: orbital parameters are used as initial conditions and the

orbit is integrated backward in time. In a self-consistent scheme, however, this is not

possible, because the dynamical friction experienced during the simulation does not

admit an analytic formula. In other words, the dynamical friction ensures that the

orbits cannot be predicted by a simple integration scheme. Thus, when doing self

consistent simulations such as B10, one can only hope that the initial configuration

of the galaxies yields present-day orbital parameters resembling observations (i.e., the

on-sky positions, distances, line-of-sight velocities, and proper motions of the LMC
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and SMC). Unfortunately, B10 do not report their present-day orbital parameters, and

we therefore are unable to conclude whether or not the simulation is consistent with

the known orbital parameters for the LMC and SMC. In their discussion, B10 admit

that they did not attempt to reproduce the proper motion of the SMC, owing to the

disagreement between different observations.

The possibility that the B10 model is inconsistent with orbital constraints is non-

trivial. Consider for instance, Figure 1 of their manuscript. From the top left panel,

it would appear that the LMC and SMC are in fact approaching one another at the

present day, which is not possible given the proper motion constraints of Kallivayalil

et al. (2006a, 2006b; hereafter K06 collectively). In addition, the bottom panel of

their Figure 2 seems to suggest that the adopted line-of-sight velocity of the SMC is

∼175 km s−1, whereas the value is observationally constrained to be 145.6 ±0.6 km

s−1 (Harris & Zaritsky 2006). If the model is nevertheless shown to be consistent with

the orbital constraints, then it is a strong example of how the MS may have formed

within a first passage orbit. Essentially, the interaction can be thought of as a binary

encounter similar to that of Toomre & Toomre (1972), with the added influence of

strong dynamical friction. The Milky Way acts as little more than a bystander. It

would seem curious, though, that the LMC, SMC, and Milky Way all converge at the

same time, especially considering that the LMC-SMC interaction is independent of the

motion about the Milky Way. That is, the SMC comes close to the LMC for the first

time to create the MS, and then within 1 Gyr, the LMC-SMC pair passes by the Milky

Way for the first time to satisfy the first passage hypothesis. The propitious nature of

this three-body encounter is unfortunately not discussed by B10.

The first passage scenario is also supported by Cold Dark Matter (CDM) cosmo-

logical simulations: Boylan-Kolchin et al. (2011) report that a first passage orbit is the

most likely scenario for an LMC-type galaxy orbiting around a large spiral galaxy like

the Milky Way. It is important to note that the analysis of Boylan-Kolchin et al. (2011)

also accommodates a host of bound orbits, but a first passage orbit is statistically more

probable. The case for a first passage orbit is therefore strong, with support from both

observation (K06) and theory (B10, Besla et al. 2007, Boylan-Kolchin et al. 2011).

The opposing case of a bound, high-velocity orbit is also building its strength. The

observational work of Vieira et al. (2010) and the analysis of Bekki (2011a) both

support a bound orbit, along with the calculations of Shattow & Loeb (2009) and the
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traditional models for the formation of the MS. The present work lends support to

this scenario by demonstrating that the MS, LA, and Bridge can indeed form within

a bound, high-velocity orbit. There is not enough data now to conclusively decide on

either the bound case or the first passage case; it is now a subject of scientific debate.

The present study forms an important part of this scientific dialogue by furthering the

debate on this compelling topic and by paving the way for more work to be done.
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