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Preface

This book introduces the field of tidal streams, charts the major discoveries that
brought us to our current understanding, and gives the reader a sense of the field
as we know it. Because this field is quite young, the researchers who made major
contributions are still active in the field. I am quite fortunate and grateful that
many of these wonderful people agreed to contribute chapters to this book. Their
expertise and willingness to share it in this way were essential to the book’s success.
I would particularly like to thank my co-editor Jeff Carlin for stepping in to bridge
any scientific or technical gaps that arose. In addition to having made important
contributions to the field of tidal streams, he has an incredible ability to spot
grammar and spelling errors, which was put to great use as he copy edited every
single chapter of this book. I am quite happy with the result.

There are some notable scientists in this field who were not available or were not
asked to write chapters, and because of this I am sure that there is wisdom that has
not been passed down in this volume. I hope that we have at least done a reasonable
job of covering the major results presented in their papers. I apologize in advance to
those whose work was missed or was not as fully represented as it could have been.

One of the things I have personally learned in writing and editing this book is that
each of us watches the field evolve from our own vantage point. We do not know
everything that has been discovered, or we learn about results in different orders,
and we are not all influenced by the same results in the same way. In editing the
chapters of this book, my primary intent was to improve clarity and style and to
cover as much material as possible without duplication. I think it is important that
in each chapter the historical viewpoint is that of the authors of that chapter at the
time the chapter was written.

This book certainly will not be the definitive book on tidal streams, in the sense
that definitive implies the material presented is final, settled, or inarguable. I have
personally learned an enormous amount in researching my portion of this book
and in editing the contributions of others. Our knowledge of tidal streams and the
information they give us on the quantity and location of dark matter in the Milky
Way is still evolving. Keep in mind that writing the book took about 2 years, and
the chapters of more conscientious writers were finished months ahead of those
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for whom deadlines are less important. Some important findings presented in this
volume were discovered while the chapters were being written!

I consciously decided not to attempt to make all of the chapters completely
consistent. We do not all agree on the identity of the tidal streams. There is stellar
structure in the plane of the Milky Way that some believe was ripped from dwarf
galaxies as they fell in to our galaxy, and others are just as sure is material thrown
up from the disk. We don’t all agree about whether all of the material in the orbital
plane of the Sagittarius dwarf tidal stream was ripped from the Sagittarius dwarf
galaxy, or whether it came from multiple infalling dwarf galaxies, or how many
times the Sagittarius dwarf tidal stream wraps around the Milky Way. We don’t all
agree that all of the objects identified as tidal streams are actually tidal debris, and
we certainly don’t all agree on the fluffier structures of stars that we call “clouds.”
But the chapters in this book outline the published work of experts in the field, as
interpreted by experts in the field, and will serve as a reliable guide to our current
best understanding.

I hope this book will teach you as much as I have learned in editing it, and that it
will inspire you to solve the many outstanding questions it describes.

Troy, NY, USA Heidi Jo Newberg
August 2015



Contents

1 Introduction to Tidal Streams .........................oooi 1
Heidi Jo Newberg
1.1 An Overview of Tidal Streams and Halo Substructure................. 1
1.2 The Discovery of Tidal Streams in the Milky Way.................... 4
1.2.1 Dwarf Galaxies and Moving Groups .............ccoeeeeennn. 4
1.2.2  Halo Substructure in the Era of Large Surveys................ 7
1.3 Observational Techniques for Finding Substructure .................. 15
1.3.1 Standard Candles and Photometric Parallax................... 15
1.3.2  Matched Filter Techniques .............ooooeiiiiiiiiiiann. 17
1.3.3  Statistical Photometric Parallax .......................oooa 19
1.4 Co-moving Groups of Stars ..........coovveiiiiieiiiiiiieeniniinee... 21
1.5 Chemical Tag@ing .......coeeuinnuiiiiieiii e 22
1.6 Constraining Dark Matter, the Formation of the Milky
Way, and Cosmology with Tidal Streams..............ccccooviie... 23
1.6.1 Rapid Collapse vs. Hierarchical Mergers...................... 23
1.6.2 Constraining Dark Matter with Tidal Streams................. 24
1.7 Disk Response to Tidal Interactions............ccooovvveiiiiiinn... 25
1.8 Future Prospects.........cooeuinuiiiiiiiiiii i 26
References ......oouuuiii i 27
2 The Sagittarius Dwarf Tidal Stream(s).................................... 31
David R. Law and Steven R. Majewski
2.1 INtroduCtion ........c.cueiiiiiiiiiiiii i 31
2.2 Historical Remarks and Basic Structure of the Sagittarius System... 32
2.3 Stellar Populations Within the Sagittarius System .................... 37
2.3.1 Stellar Populations in the Sagittarius Core .................... 37
2.3.2  Stellar Populations in the Sagittarius Streams................. 41
2.3.3 Chemical Evolution of the Sagittarius System ................ 42
2.3.4  Sagittarius Star CIUSEEers .........oveeeiiiiiieeiiiiiiieeenn. 44

vii



viii

Contents

2.4 Numerical Models of the Sagittarius-Milky Way System............. 45

2.4.1 General Approach ...........oooeieiiiiiiiiiiiiiiiiiiiiiean, 45
2.4.2 Constraints on the Shape of the Galactic Dark

Matter Halo ... 48

2.4.3 Constraining the Mass of the Galactic Disk ................... 51

2.5 Mass, Luminosity and Mass-to-Light Ratio of Sagittarius............ 52

2.6 Outstanding Issues Regarding the Detailed Structure

of the Sagittarius SYSIeM .......oooviiiiiiiiiiiiiiiii e, 54

2.6.1 A Bifurcated Stream Density Profile........................... 54

2.6.2  Multiply-Wrapped Sagittarius Streams ...............cccoonnn. 56

References ......oouuiii i 59
The Monoceros Ring, and Other Substructure Near the

GalacticPlane ......... ... 63
Brian Yanny and Heidi Jo Newberg
3.1 The Monoceros Ring Is Discovered and Named ...................... 63
3.2 Dragged In or Dredged Up? The Debate Over the Origin

of the Monoceros Ring.........c.cooviiiiiiiiiiiiiiii i, 67
3.3 Properties of the Monoceros Structure .............ooeeeeeeviiennnen... 71
3.4 The Canis Major Dwarf Galaxy Controversy...........c.c.ovvvueee... 77
3.5 The Triangulum-Andromeda, and Other Low Latitude,

Stream-Like Substructures Near the Anticenter ....................... 79
3.6 Explaining the Monoceros Ring and Other Low Latitude

Substructures with a Corrugated Milky Way Disk .................... 80
3.7 Future ProSpectS........ceeeunnuiie ettt 84
REfEIeNCEeS ..o et 84
Stellar Streams and Clouds in the GalacticHalo......................... 87
Carl J. Grillmair and Jeffrey L. Carlin
4.1 Observational Techniques ............ccovviiiiiiiiiiiiiiiiiieenna, 87
4.2 Currently Known Stellar Debris Streams and Clouds

inthe Galactic Halo ... 89

4.2.1 Streams with Known or Likely Globular Cluster

Progenitors .........oouuiiiiii i 98

4.2.2  Streams with Presumed Dwarf Galaxy Progenitors........... 101

4.2.3 Clouds and Other Diffuse Stellar Structures .................. 103
4.3 Future DISCOVEIIES . ..uuuttttette et 108
RefeIeNCes ..ttt 110
Kinematically Detected Halo Streams .......................cooooin.. 113
Martin C. Smith
5.1 Introduction to Kinematic Streams................coovvviiiieiiie..... 113
5.2 Local Kinematic Streams ..........oooiiiiiiiiiiiiiiniiiiiinnaneeann... 115

5.2.1 The Helmi Stream ..........ccoviiiiiiiiiiiiiiiiiiiiiiiiinenees 115

5.2.2  Other Early DiSCOVETi€Ss .........ovviiiiiiiiiiiiiiiiiieeennn 118



Contents ix

5.2.3 Streams in the Geneva-Copenhagen Survey................... 119
524 TheModern Era........ccooiiiiiiiiiiiiiiiiiii i 123
5.3 Distant Halo Streams ... 130
5.4 Future ProSpectS........couuuniiiieteiii e 133
References ......oouuuiii i 136
6 Origins and Interpretation of Tidal Debris ............................... 141
Kathryn V. Johnston
6.1  INtroduction ............c.ooiiiiiiiiiiiiii i 141
6.2 Tllustrative N-Body Simulations..............ccoviiiiiiiiiiiien... 142
6.3 Basic Principles of Debris Formation and Evolution.................. 143
6.3.1 Debris Spreading: Phase-MixXing...........ccccvviiieeeeen.n. 143
6.3.2  Orbital Properties of Tidal Debris...............oooovieee.an. 149
6.3.3 Application: Models of Streams ............cccovviiiieaa.a. 151
6.4 Morphologies of Individual Debris Structures in
Observable Co-ordinates..........ooeviiiiiiiiiiiiiiii i 153
6.4.1 Young Debris .........oeeiiiiiiiiiii i 154
6.4.2 Fully Phase-Mixed Debris.........cccovviiiiiiiiiiiiiian. 155
6.5 Debris in a Cosmological Context: Modeling and
Interpreting Properties of Stellar Halos ...................ooooooina. 156
6.5.1 Cosmological Simulations of Stellar Halo Formation ........ 157
6.5.2 General Results of Cosmological Accretion Models.......... 158
6.5.3 Implications and Applications .............ccceviiiiiieeeennnn. 162
6.6 Summary of Status and Prospects............cccoiiiiiiiiiiiiiiii.. 165
References ......oouuuiii 166
7 Tidal Debris as a Dark Matter Probe.................................o... 169
Kathryn V. Johnston and Raymond G. Carlberg
7.1 INtroduction ........cooueiiiiiiiiiii i 169
7.2 Using Tidal Debris to Probe the Global Potential ..................... 171
7.2.1 Predictive ModelS..........oooiiiiiiiiiiiiiiii i 173
7.2.2 Fundamental Methods ... 175
7.2.3  Summary: Status and Prospects............ccooviiiiiiiiin. 176
7.3 Using Tidal Debris to Probe Dark Matter Substructure ............... 178
7.3.1 Cosmological CONtEXt ....ovuuuuiieeeeiiiieeiiiieeeeannn. 178
7.3.2  Dark Matter Encounters with Thin Stellar Streams ............ 180
7.3.3 Current Observations and Future Prospects ................... 187
References ......oouuuiii 188

8 Substructure and Tidal Streams in the Andromeda Galaxy

and its Satellites ........... ... 191
Annette M.N. Ferguson and A.D. Mackey

8.1 INtrodUCHON .. ... 191
8.2 Historical StUAIES ... ...uue e 193
8.3 Wide-Field Mapping Surveys of M31 ..., 194

8.4 Major Tidal Features in the Haloof M31 ............................. 196



Contents

8.5 Understanding the Nature and Origin of Tidal Features in M31....... 200
8.5.1 The Giant Stellar Stream ...............ccooiiiiiiiiiinaiinnn.. 200
8.5.2  Other Inner Halo Substructure ..................coooeeiiiiinn.. 205
8.5.3 Outer Halo Substructure .............coveeiiiiiiiiineeeeninnnn.. 207

8.6  Globular Clusters as Probes of Tidal Streams in M31................. 208

8.7 Tidal Streams from M31’s Satellite Galaxies.......................... 212

8.8 Summary and Future Prospects ............ccooiiiiiiiiiiiiiiiin. 213

R eIeNCES ... 215

Stellar Tidal Streams in External Galaxies ............................... 219

Jeffrey L. Carlin, Rachael L. Beaton, David Martinez-Delgado,
and R. Jay Gabany

9.1 INtroduction ..........c.eiiiiiiiiiiiii i 220

9.2 Stellar Streams: Detection Methods and Examples ................... 220

9.2.1 Resolved Stellar Structures in the Local Group ............... 221

9.2.2 Detection Methods in and Beyond the Local Group .......... 221

9.2.3 Unresolved Features Beyond the Local Group ................ 224

9.2.4 Resolved Structures Beyond the Local Group................. 226

9.3 N-Body Modeling of Streams ..........oocvvveiiiiiiiiiiieeiniiien... 228

9.4 Stellar Tidal Streams as a Galactic Formation Diagnostic ............ 230

9.5 The Role of Interactions Within Dwarf Galaxy Halos ................ 234
9.5.1 Observational Evidence for Substructure at Dwarf

Galaxy Scales .....oooviii i 235

9.5.2 Implications of Dwarf-Dwarf Interactions .................... 236

9.6 Induced Star Formation, Disk Structure, and Tidal Streams .......... 239

9.7  Future ProSpectS........coeuunuiiieetiii e 241

References ......oouuiiii 243



Chapter 1
Introduction to Tidal Streams

Heidi Jo Newberg

Abstract Dwarf galaxies that come too close to larger galaxies suffer tidal
disruption; the differential gravitational force between one side of the galaxy and
the other serves to rip the stars from the dwarf galaxy so that they instead orbit the
larger galaxy. This process produces “tidal streams” of stars, which can be found in
the stellar halo of the Milky Way, as well as in halos of other galaxies. This chapter
provides a general introduction to tidal streams, including the mechanism through
which the streams are created, the history of how they were discovered, and the
observational techniques by which they can be detected. In addition, their use in
unraveling galaxy formation histories and the distribution of dark matter in galaxies
is discussed, as is the interaction between these dwarf galaxy satellites and the disk
of the larger galaxy.

1.1 An Overview of Tidal Streams and Halo Substructure

The Milky Way is a large, spiral galaxy. It is composed of stars, gas, and dark matter
within its “halo,” which is the region within which the matter is gravitationally
bound. Like other similar galaxies in the Universe, the Milky Way is also orbited
by gravitationally bound satellites that contain their own stars, gas, and/or dark
matter. Globular clusters contain stars densely packed into small volumes, but are
generally free of gas and dark matter. There are 157 known globular clusters in the
Milky Way (Harris 2010). Dwarf galaxies contain stars, and sometimes gas, and are
generally thought to contain large amounts of dark matter (though the dark matter
content of dwarf galaxies is debated). There are about 30 known dwarf galaxies
in the Milky Way (McConnachie 2012). We generally think of globular clusters
as having one generation of star formation, and dwarf galaxies as more massive
satellites with ongoing star formation, but the distinction between these two classes
of objects has become more blurred as we find fainter dwarf galaxies and more
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complex globular clusters. Dwarf galaxies can contain globular clusters or be orbited
by smaller dwarf galaxies.

When a globular cluster or a dwarf galaxy comes too close to the Milky Way, our
galaxy’s gravitational potential pulls harder on the part of the stellar association that
is closer to the Galactic center than on the part that is farther away. This differential
force is called a tidal force, since it is similar to the mechanism that causes the
ocean tides on Earth. On Earth, it is the gravity of the Moon (and also the Sun) that
pulls harder on the oceans that face it than on the oceans on the opposite side. This
difference force stretches the oceans and raises the ocean levels on the sides of the
Earth that are towards and away from the Moon.

Tidal forces on stars (or dark matter) in dwarf galaxies and globular clusters
pull them off of their satellite of origin, and into tidal streams that can encircle the
Galaxy. Stars that have been tidally stripped from a satellite of the Milky Way, and
that are moving more slowly or are closer to the Galactic center than the satellite’s
center of mass, will be pulled into lower energy orbits, which are slightly closer to
the Galactic center and have shorter orbital periods. Tidally stripped stars that are
moving more quickly or are farther from the Galactic center than the center of mass
of the dwarf galaxy or globular cluster will be pulled into higher energy orbits and
thus orbit more slowly. The physics is analogous to that of planets orbiting the Sun;
inner planets move faster than outer planets. At the point that the stars are no longer
trapped by the gravity of the dwarf galaxy (or globular cluster), they orbit the Milky
Way instead of the center of mass of the satellite. At that point, they are part of the
tidal tail. As the orbital periods of Milky Way halo satellites are of order hundreds
of thousands or a billion years, the timescale over which tidal streams evolve is also
billions of years.

The content and density of dwarf galaxies is known to vary as a function of
radius. A typical model for a dwarf galaxy includes ten times more dark matter than
baryonic matter. The dark matter has a much larger scale radius than the baryonic
matter, which is more centrally located. There is typically radial structure in the
stellar populations as well; younger, more metal-rich stars are more centrally located
than the older stellar populations. These radial gradients in the content of dwarf
galaxies are imprinted on the structure of tidal streams.

Stars and dark matter whose populations are distributed at larger radius from
a dwarf galaxy center will be preferentially stripped from the dwarf galaxy at an
earlier time (though there is some mixing of material from all radii in the stripping
process). Material in the tidal streams that is stripped first will generally be located
farthest from the dwarf galaxy (though it is not a strict time sequence along the
stream because the stripped stars have a distribution of energies at the time they
became unbound). Therefore, we expect the dark matter to be stripped first, followed
by the older populations, followed by the younger populations. This can lead to a
trend in stellar populations (and chemical abundance) along the stream.

In addition to radial gradients, dwarf galaxies could have their own possibly
complex or asymmetric shapes; they could be rotating, and often contain globular
clusters within their gravitational potential. Each of these more complex attributes
could contribute to the structure of the stream. At least some of the globular clusters
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in the halo of the Milky Way are believed to have been accreted when dwarf galaxies
fell in and then were assimilated (along with their globular clusters) into the stellar
halo. Globular clusters themselves, regardless of their origin, may become tidally
disrupted, though until they become unbound to the dwarf galaxy they would be
shielded from the tidal forces of the Milky Way.

The length of the tidal tails depends on the mass and scale radius of the satellite
(which determine how easy it will be to strip the stars), the path along which the
satellite orbits the Milky Way, and the length of time the satellite has been orbiting.
While early papers on tidal streams supposed that all tidal stream progenitors had
been orbiting the Milky Way for the age of the Universe, more recent papers
recognize that the Milky Way galaxy has likely built up over the age of the Universe
through merger processes, and the smaller galaxies that are merging now are likely
to have been captured at later times. Since the tidal forces on a satellite are stronger
closer to the Galactic center, more material is stripped from the satellite and acquired
by the tidal tails when the satellite is at perigalacticon. The variable rate of mass loss
from the progenitor satellite will also lead to structure in the tidal tails. Models for
generating the tidal stream from the Sagittarius dwarf galaxy, for example, often
segregate the tidal stream stars by the perigalactic passage during which they were
stripped.

Observed tidal streams of stars could have a known progenitor which still
survives, despite the fact that some of its stars have been removed. Streams might
also have no known progenitor either because the satellite from which it formed
has been completely disrupted into the tidal stream, or because it has yet to be
discovered (for example it might be hidden behind the Galactic disk). Stars that
have been stripped by tidal forces are subsequently incorporated into the stellar halo,
while still maintaining some kinematical and chemical memory of their origin.

Before the discovery of tidal streams, the stellar halo was modeled as a smooth
distribution of stars, fit by a power law profile (p ~ r~%, where p is the density, r is
the distance from the Galactic center, and « is a number close to 3.5; the distribution
was often additionally “squashed,” in the sense that the density fell off more rapidly
in the direction perpendicular to the Galactic plane). This was sensible when it was
expected that halo stars were formed during a rapid collapse of a monolithic gas
cloud from which the Milky Way was formed (Eggen et al. 1962; ELS). It even
seemed sensible when the subsequent model of Searle and Zinn (1978; SZ), which
described the buildup of stars in the halo through mergers, was proposed; it was
assumed that there were so many individual tidal streams that formed the halo that
the overall density was relatively smooth.

We know now that tidal streams cause significant density substructure in galactic
halos. Most of the earlier measurements of the parameters in the original power law
models depended on which lumps of tidal debris were probed by the observations.
While it is now clear that at least some of the halo built up through recent mergers, a
portion of the halo stars could be part of a smooth density distribution. If there was
an early period of rapid merging, the result would still be a smoothly varying spatial
distribution of stars that also appears well-mixed in velocity. It is not currently
known whether all of the stars in the halo were born in other, smaller galaxies that
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later merged with the Milky Way, or whether some of the stars were formed during
an initial, rapid collapse of the Milky Way, as proposed by ELS in 1962. Power
law models are still fit to the shape of the stellar halo, but a conscious choice must
be made about whether to fit the density as a smooth component plus significant
overdensities in large tidal streams, or whether to average the halo density over
large volumes and thus include the large tidal streams in the fit.

In fact, the majority of the tidal debris that has so far been discovered is between
20 and 50kpc of the Galactic center. It may be that interior to the Solar Circle the
stellar halo consists of so many tidal streams that have been dispersed over so many
orbits that the result is indistinguishable from a rapid collapse. Farther than 50 kpc,
the satellites are subject to very weak tidal forces, very long orbital times, and may
be very late to fall into the Milky Way’s gravitational well. Therefore, these very
distant satellites might not have formed tidal tails. Studies indicate that the fraction
of halo stars in substructures is a few tens of percent within 30 kpc of the Galactic
center, and the fraction increases at larger radii (see Ivezié et al. 2012, and references
therein).

The Milky Way stellar halo may have a smooth, well-mixed component. But
it also contains dwarf galaxies, globular clusters, tidal streams, and “clouds.” The
“clouds” are density enhancements in the halo that are many kiloparsecs across and
could not possibly be gravitationally bound, but are also not drawn out into linear
structures like tidal streams. These structures are thought to be the result of a minor
mergers that come in on highly eccentric orbits, which take them near (or through)
the center of the Milky Way. Simulations show that these mergers could result in a
pile-up of stars at the apogalacticon of the orbit, which would look like a large cloud
when viewed from inside the Milky Way.

In addition to the Milky Way, tidal streams have also been observed in other
galaxies (see, e.g., Chaps. 8 and 9 of this volume). These streams are most notable
in large galaxies close to the Milky Way, such as the Andromeda galaxy (M31;
discussed in Chap. 8). Note that we are using the term “tidal stream” to mean the
stars pulled from a satellite during a minor merger with a much larger galaxy. This
is a distinct phenomenon from the ejection of stars or gas that may occur during
a major merger between two galaxies of similar size. Major mergers can form
structures that give a stream-like appearance. A classic example of this latter type
of structure is the Antennae Galaxies (NGC 4038 and NGC 4039).

1.2 The Discovery of Tidal Streams in the Milky Way

1.2.1 Dwarf Galaxies and Moving Groups

During the last two decades of the twentieth century, following the landmark paper
of Searle and Zinn (1978), the Galactic structure community began to consider
the possibility that dwarf galaxy mergers could be shaping the morphology of the
Galactic halo. Rodgers et al. (1981) observed metal-rich, main sequence A stars
near the south Galactic pole. Because these stars were far from the star-forming
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regions of the Galactic disk, and main sequence A stars have a limited lifetime (and
therefore cannot be found far from their place of birth), they concluded that the A
stars could have been the result of an encounter between the Milky Way and a dwarf
galaxy. Although twenty years later these stars were identified as more likely blue
stragglers in the thick disk (Girard et al. 2004), the paper was important in pushing
astronomers to look for halo moving groups that would result from dwarf galaxy
mergers. At that time, blue straggler stars were thought to exist only in globular
clusters, where the high stellar density would result in stellar mergers and/or larger
binary fraction.

It was quite reasonable in the 1980s to assume that all main sequence A stars must
be young. In fact, a decade later, Preston et al. (1994) were still operating under the
assumption that blue stragglers were preferentially found in the high stellar density
environments of globular clusters; field main sequence stars were still strongly
argued to be young. We now believe that some (or all) blue stragglers are the result
of mergers of binary stars. This process produces a high mass main sequence star
long after the initial formation of the stellar population. Blue stragglers can form at
any time, in any stellar population, regardless of stellar density.

Though evidence for moving groups of halo stars continued to grow through
the late 1980s and early 1990s, the first solid evidence for tidal streams in the
Galactic halo was presented by Majewski et al. (1996). This paper is the third in a
series that measures the proper motions and radial velocities of stars near the north
Galactic pole, within 8 kpc of the Galactic plane, and finds a retrograde moving
group of 20 stars with a net velocity down towards the Galactic plane. In addition to
this dominant group, they find evidence for additional velocity substructure. Though
this particular moving group has not yet been connected to other tidal substructure,
many observations have since shown the same phenomenon; if a small volume of
halo stars are studied, significant structure in the velocities of the stars is observed.
At the same time, theoretical studies of the growth of galaxies in cold dark matter
(CDM) cosmology concluded that galaxies grew through mergers (Frenk et al.
1988).

The discovery of the Sagittarius dwarf galaxy, which appeared to be in the
process of tidal disruption (Ibata et al. 1994), added to the evidence for hierarchical
merging. Here was a modern-day example of a dwarf galaxy in the process of
being assimilated into our galaxy. Milky Way globular clusters were identified as
possibly stripped from the Sagittarius dwarf spheroidal (Da Costa and Armandroff
1995). And Lynden-Bell and Lynden-Bell (1995) suggested that other halo globular
clusters could represent “ghostly streams” from dwarf galaxy mergers with the
Milky Way, though they were not able to show that any of their suggested streams
were “‘unequivocally real.”

In the last decade of the twentieth century, people were talking about kinematic
discovery of tidal streams in the halo, but there was no expectation that the tidal
streams would be detectable in stellar density. There were expected to be a large
number of tidal streams, that came in from random directions, and each contributed
a very small fraction of the density at any position in the halo. The tidal debris
from dwarf galaxies would be detectable as a moving group in the Galactic halo
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for more than a gigayear (Johnston et al. 1995) and would remain on great circles
for more than a gigayear (Johnston et al. 1996). Because models of dwarf galaxy
tidal disruption showed that the Sagittarius dwarf galaxy could not have survived on
its present orbit for the age of the Milky Way, models with mass-to-light ratios of
100 were put forward to explain its survival until the present day (Ibata et al. 1997).
Later, it would be suggested that dwarf galaxies could be deflected into their present
orbits by other dwarf galaxies or by the large number of dark subhalos expected to
be present in the Milky Way’s halo, so that it was not required for the Sagittarius
dwarf in particular to have survived on its current orbit for a substantial fraction of
the age of the Universe.

It should be noted here that there is a vast literature on galaxy mergers in the
second half of the twentieth century, and it is a bit difficult to define when the
community started to recognize halo substructures in external galaxies that are
similar to the Sagittarius dwarf tidal stream in our galaxy. The term “tidal stream”
was used to describe the distortions induced in galaxies during major mergers, rather
than the way we are using it in this book: to describe a group of stars that have
been torn off of a much smaller satellite during an accretion event. Conference
proceedings were published showing very faint tidal features in external galaxies
in the late 1990s, but we particularly highlight a paper by Shang et al. (1998), that
was published at about the same time the Sagittarius dwarf and its tidal stream were
being discovered in the Milky Way. In this paper they discovered a dwarf galaxy in
NGC 5907 that is of similar size to the Sagittarius dwarf galaxy. They suggested that
this dwarf galaxy could be causing the previously observed warp in H 1. They also
identified a faint, elliptical ring that appeared to be the remains of a dwarf galaxy
that had been tidally disrupted.

Helmi et al. (1999) successfully identified kinematic substructure in the stellar
halo near the Sun, where accurate 3D velocities were available. They examined
the 3D kinematics of 97 low metallicity giant and RR Lyrae stars within 1kpc
of the Sun, and found that about 10 % of them had similar velocities. We show a
re-reduction of Hipparcos catalog data used in that paper in Fig. 1.1. Helmi et al.
concluded that 10 % of all metal-poor halo stars outside of the solar circle were
accreted from one dwarf galaxy merger with the Milky Way, under the assumption
that the local halo represented the halo as a whole. While the moving group of stars
was confirmed by Chiba and Beers (2000), the idea that it represented a component
of the entire halo was not. Subsequent papers refer to the moving group as a tidal
stream from a satellite that was accreted 6-9 billion years ago, and which comprises
about 5 % of the local halo (Kepley et al. 2007).

This success in kinematic detection of halo substructure helped to launch
the “Spaghetti Survey” (Morrison et al. 2000) which aimed to find kinematic
substructures through the Milky Way halo using high latitude pencil beam surveys;
small fields were imaged in colors that allowed the photometric identification of red
giant and blue horizontal branch stars, for which spectra were later obtained. The
final sample (Starkenburg et al. 2009) included 101 well-observed halo giant stars,
of which 20 % were known to be members of tidal streams. The survey concluded
that between 10 and 100 % of halo stars are in (presumably accreted) substructure.
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Fig. 1.1 These panels show the local velocity distribution and angular momentum (Jz and Jper, =

\/JZ + J2), in Galactic XYZ coordinates, of nearby stars in the Hipparcos survey, following Helmi
etal. (1999). Here, X points in the direction from the Sun to the Galactic center, Y is in the direction
of solar motion, and the coordinate system is right-handed. The sign of the angular momentum is
opposite to the original paper, which used a left-handed coordinate system. The blue filled circles
identify stars in a coherent halo moving group

1.2.2 Halo Substructure in the Era of Large Surveys

The Sloan Digital Sky Survey (SDSS; York et al. 2000) was designed to map the
large scale structure of the Universe by measuring the positions of galaxies. The
distances to about one million of the brightest galaxies in 10,000 square degrees
would be measured from spectroscopically determined redshifts. The brightest
galaxies would be selected from a high accuracy imaging survey of the sky in five
optical passbands: u, g, r, i, and z. Although the extragalactic program provided the
primary science driver for the survey, the project provided tremendous opportunities
for all other areas of astronomy, and was particularly influential in fostering the field
of tidal streams.

First light for the SDSS was obtained in May of 1998, when the imaging
survey began with observations of a 2.5°-wide stripe of data along the Celestial
Equator (since observations on the equator did not require the telescope to track).
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Fig. 1.2 This plot shows how low surface gravity BHB stars can be separated from high surface
gravity BS stars using ugr colors. The colors of model stars, with varying metallicity, are from
Lenz et al. (1998). Also shown are colors of BHB and BS stars in Pal 5, and several other stars
with spectroscopically determined surface gravities. The heavy black line is the empirical curve
that roughly separates BHBs and BSs by color. Adapted from Figure 10 of Yanny et al. (2000)

Unexpected density substructure in the Galactic halo was apparent from the very
beginning, though because these were early data reductions it took us some time to
believe that what we were seeing was not an observational artifact.

The first (gravitationally unbound) halo substructure in density was found from
blue horizontal branch and blue straggler stars in the first 2.5°-wide stripe of SDSS
imaging data on the Celestial Equator. Yanny et al. (2000) selected blue stars
(=03 < g —r < 0.0), that were initially expected to consist entirely of blue
horizontal branch stars; main sequence A stars and blue stragglers were generally
thought to be absent in field halo populations. This paper showed that there were two
large over-densities of stars—one in the north Galactic cap, and one in the south. It
was also shown that the overdensities included both blue horizontal branch stars
and blue stragglers. The blue stragglers were two magnitudes fainter, and could be
roughly separated from the BHB population with ugr colors (Figs. 1.2 and 1.3). The
structure in the north Galactic cap was also discovered in SDSS RR Lyrae stars at
about the same time (Ivezi¢ et al. 2000). Because these substructures were diffuse
and unlikely to be gravitationally bound, we assumed they were two separate, tidally
disrupting structures in the Galactic halo.
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Fig. 1.3 These three wedge plots show the blue straggler (BS) and blue horizontal branch (BHB)
stars along the Celestial Equator, as selected from early data from the SDSS. Galactic coordinates
are in square brackets and Equatorial coordinates are in parentheses; the solid line shows the
intersection of the Celestial Equator and the Galactic plane. The fop plot shows all stars with
dereddened colors 0.8 < u™ — ¢* < 1.5and —0.3 < g* — r* < 0.0; the lower plots show BHBs
(left) and BSs (right), selected by color as shown in Fig. 1.2. The denser arcs at 195° < @ < 230°
and 20° < « < 40° show the positions where the Sagittarius dwarf tidal stream crosses through
the Celestial Equator. The fainter arcs (larger g magnitude) are the intrinsically fainter BS stars, at
the same distance as the BHB stars, which are about two magnitudes brighter. Notice that the BHB
stars in the southern (upper left) part of the Sagittarius stream appear to be offset in angle from the
BS stars. It turns out that the Cetus Polar Stream (CPS Newberg et al. 2009), which is very rich in
BHB stars, happens to cross through the Celestial equator at almost the same position as the Sgr
dwarf tidal stream, and most of the southern BHBs that we originally thought were part of the Sgr
stream are actually from the CPS. Adapted from Figures 3, 11, and 12 from Yanny et al. (2000)

It turned out, though, that these two apparently separate structures are two cross
sections through the Sagittarius dwarf tidal stream, which is the most prominent
tidal stream in the Milky Way. This was shown by Ibata et al. (2001b), who traced
the tidal stream across the sky with carbon stars. Two years later, this tidal stream
was traced across the sky in M giant stars identified photometrically in the Two
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Fig. 1.4 The positions of M giant stars within 10° of the Sgr dwarf tidal stream, selected
from 2MASS, are shown. The (Xse-gc, Ysergc) coordinates are the Sagittarius dwarf stream
coordinates, where the stream is in the plane Zg,.gc = 0. Because the Sgr stream is close to
polar, this plot is roughly equivalent to Galactic Z vs. X, where the center of the Galaxy is at (0, 0),
the Sun is at X = —8.5, Y is the direction of solar motion, and Z points towards the north Galactic
pole. The Sgr dwarf is shown by a large filled circle and a line indicating the direction of its motion.
The M giants trace the path of the Sgr dwarf tidal stream all the way around the Galaxy. Adapted
from Figure 11 from Majewski et al. (2003)

Micron All-Sky Survey (Fig. 1.4, Majewski et al. 2003). The discovery of a large
tidal stream in the Milky Way galaxy was quickly followed up by the discovery of
a large tidal stream in the Andromeda galaxy (Ibata et al. 2001a), the Milky Way’s
nearest neighbor.

Thus was born the field of tidal streams. Although the Sagittarius dwarf galaxy
tidal stream remains the most prominent and well-studied tidal stream in the Milky
Way, even fifteen years later we are still struggling to model the tidal disruption of
this dwarf galaxy. At first, many researchers assumed that the tidal stream from the
Sagittarius dwarf galaxy was an anomaly—that this was the only tidal stream that
would be identified as a stellar overdensity rather than a co-moving group of stars.
The discovery of density substructure was, after all, unexpected.
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It was not long, however, before additional substructure began to be discovered.
Vivas et al. (2001) found an overdensity of RR Lyrae stars in the Virgo constellation.
Tidal tails were found extending tens of degrees from the Pal 5 globular cluster
(Odenkirchen et al. 2001; Rockosi et al. 2002). Previous to these papers, globular
cluster “tidal tails” referred to stars outside the tidal radius of the globular cluster,
that were identified as “wings” in the density profiles (Grillmair et al. 1995).

In 2002, Newberg et al. made the seminal discovery that the density of main
sequence turnoff stars in the Galactic halo is quite lumpy, and is a poor fit to a
smooth, power law density profile. The density of turnoff stars on the Celestial
Equator (Fig. 1.5) includes a wealth of halo substructure. In this slice through
the Celestial Equator, one can see the Sagittarius dwarf tidal stream in both the
northern and southern Galactic hemispheres; the Pal 5 globular cluster, which turns
out to have long tidal tails; the overdensity in Virgo that was identified by Vivas
et al. (2001); stellar concentrations towards the Galactic center that could be due
to a smooth component of the stellar spheroid, but also include stars in what was
later named the Hercules-Aquila Cloud (Belokurov et al. 2007); a controversial
overdensity near the anticenter commonly referred to as the “Monoceros Ring;”
a more distant overdensity south of the Galactic plane called the “Triangulum-
Andromeda Stream” (identified in the original paper as Monoceros in the south);
and two concentrations of closer stars near the anticenter (one in the north and one in
the south) that appeared be due to the disk but at the time did not fit any disk model.

Also in 2002, Ferguson et al. showed that there was spatial and metallicity
substructure in the halo and outer disk of M31 (Fig. 1.6), using red giant branch
stars in a panoramic photometric survey of this galaxy. M31 is the closest large,
spiral galaxy to the Milky Way, and has provided a complementary view of tidal
structure in spiral galaxies. While the Milky Way allows us to see stream structure
in three dimensions, it is much easier to see the overall halo structure in external
galaxies.

The discovery of lumpy outer halos containing tidally disrupting dwarf galaxies
in both the Milky Way and Andromeda (M31) bolstered the idea that galaxy
formation happens through a series of mergers. The lumps in the halo are evidence
that small mergers continue to happen at late times, and the Sagittarius dwarf galaxy
is an example of a merger that is still happening today. Since these discoveries,
many more tidal streams have been discovered in both galaxies, and also in galaxies
outside of the Local Group.

An amazing map of the density of Milky Way turnoff stars, color-coded by
distance (see Fig. 1.7), was published by Belokurov et al. (2006); it shows the most
prominent tidal streams in the north Galactic cap, spread out across the sky. In this
image one can see not only the Sagittarius dwarf tidal stream, but also a fainter
tidal stream next to it that may also be associated with Sagittarius. So far no model
has been able to simultaneously fit both of the “bifurcated” streams. The Virgo
Overdensity is also conspicuous, as is the “Monoceros Ring,” and another smaller
tidal stream called the “Orphan Stream” because it has no known dwarf galaxy
progenitor. The Orphan Stream progenitor either has yet to be discovered or has
been completely disrupted.
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Fig. 1.5 Wedge plot (g vs. RA) showing the density of 334,066 SDSS turnoff stars (0.1 <
(g — r) < 0.3) on the Celestial equator. This illustrates the discovery that the Milky Way’s
stellar halo contains a tremendous amount of density substructure. The extent and nature of this
substructure remains an active area of research, but much of the observed substructure arises from
dwarf galaxies that have fallen into the Milky Way and been tidally disrupted. The angle shows
right ascension, and apparent g* magnitude increases along radius. The solid line indicates the
intersection between the Celestial Equator and the Galactic plane. The Pal 5 globular cluster
is evident at (a,g) = (229°,21); the radial extent in the diagram is due to the spread in the
absolute magnitudes of turnoff stars. The Sagittarius stream is at (I, b,g) = (341°,57°,22.5)
in the north Galactic cap, and at (I,b,g) = (167°,—54°,21.5) in the south Galactic cap.
The Virgo Overdensity is at (I,b,g) = (297°,63°,20.0). The Hercules-Aquila Cloud juts out
from the overdensity at (/,b,g) = (52°,—32°,20.4). There is a region of high extinction near
o = 60° that affects the identification of turnoff stars; the radial feature there is not an actual
density substructure. Near the Galactic anticenter, 70° < o < 135°, overdensities can be seen
north of the plane at g = 15 (attributed to the disk in the original paper), south of the plane
at g = 17 (identified as the Monoceros ring in the south by Ibata et al. 2003), north of the
plane at g = 19.4 (the Monoceros Ring), and south of the plane at g = 20 (the Triangulum-
Andromeda stream, identified as the Monoceros ring in the south in the original paper). The
feature labeled (I, b, g) = (6°,41°,20) is the only overdensity that could plausibly represent the
smooth distribution of spheroid stars that had been previously expected. Adapted from Figure 1
from Newberg et al. (2002)
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Fig. 1.6 We show the surface density of redder red giant branch (RGB) stars in Andromeda (M31).
The outer ellipse has a semimajor axis length of 55 kpc; the inner ellipse has a semimajor axis of
27kpc and is well outside of the region containing the optical disk of M31. Halo substructure,
including the giant stellar stream at (§,7) = (0.5, —1.5) and lumpy structure surrounding the
disk, is apparent. This image showed that the halo of Andromeda contained significant density
substructure, just as is seen in the Milky Way. Adapted from Figure 2 from Ferguson et al. (2002)

Also apparent, nearer to the Galactic center, is the Hercules-Aquila “cloud.”
Overdensities that are not long and thin like tidal streams, but instead look like
large, amorphous clumps are referred to as “clouds.” These could be produced by
tidal debris from a dwarf galaxy on an orbit that takes it near the center of the
Milky Way galaxy (Hernquist and Quinn 1988). The tidal disruption is severe as the
dwarf galaxy goes through the center of the Milky Way, where the tidal forces are
strong. The stars that have been tidally stripped then orbit back and forth through
the Galactic center, spending a larger fraction of their time at apogalacticon, where
they are observed as amorphous “clouds” of stars. Note, however, that it has been
suggested that at least one of these clouds (the Virgo Overdensity) could be the
disrupted remains of a dwarf galaxy that is on a highly eccentric orbit, but just
recently passed perigalacticon and thus does not consist of debris piled up at the
apocenter of its orbit (Carlin et al. 2012).
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Fig. 1.7 This spectacular image of density substructure in the Milky Way’s stellar halo is known
as the “Field of Streams.” Declination vs. right ascension (increasing towards the /eft) is shown for
SDSS turnoff stars in the north Galactic cap. This is an RGB composite where blue represents the
brighter (closer than about 15 kpc) stars, and red represents the faintest (more distant than about
25 kpe) stars. Note that there appear to be two branches to the Sagittarius Stream, and a multitude
of halo substructures. The circles indicate the positions of new Milky Way satellites discovered in
SDSS data; two are faint globular clusters and the others are faint dwarf galaxies. Image credit: V.
Belokurov and the Sloan Digital Sky Survey

While this section gives an historical account of the major observational mile-
stones in the beginning of the field of tidal streams, the succeeding chapters of this
book describe in detail the discoveries that have since been made. When spatial
substructure in the halo was first discovered, Don York, from the University of
Chicago, said we had discovered “Eggen’s spaghetti sky.” The same Olin Eggen that
is famous for a paper suggesting the Milky Way formed from the rapid gravitational
collapse of a cloud of gas (Eggen et al. 1962) is also famous for seeing clumps of
stars in imaging data, and in particular introducing the concept of “moving groups”
of stars (Eggen 1958a,b,c; Eggen and Sandage 1959)—stars that are in a similar
volume of space and moving in the same direction. Although his moving groups are
likely from tidal disruption of open clusters in the disk rather than dwarf galaxies
and globular clusters in the halo, the image of a sky filled with stars from tidally
disrupted clusters mixed together like a bowl of spaghetti is a common analogy.
Majewski et al. (1996) make a similar analogy to a “can of worms.” However, the
width of these stellar streams is astonishing. The tidal stream from the Sagittarius
dwarf galaxy, for example, has a width of about 6 kpc. For reference, the distance
from the Sun to the Galactic center is about 8 kpc, and the radius of the disk is about
15 kpc. The width of 6 kpc is a substantial fraction of the width of the Milky Way.
Although tidal streams from globular clusters might create “spaghetti” in the sky,
dwarf galaxies like Sagittarius are made of much thicker pasta! Perhaps we should
call it the “rigatoni sky!” This is of course written in jest, but one should not forget
the enormous spatial extent of some of these streams and clouds.
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1.3 Observational Techniques for Finding Substructure

Tidal streams can either be identified as an overdensity of stars in the halo, or
by finding stars with similar locations and velocities (using angular momentum
alleviates the need for co-location). The latter technique will allow the identification
of tidal streams with lower surface density, a longer time since disruption of the
satellite, or which are closer to the Galactic center where the stellar density is higher.

1.3.1 Standard Candles and Photometric Parallax

The most straightforward way to identify tidal streams by stellar density is to
determine the three dimensional positions of halo stars and then look for localized
regions that have densities higher than their surroundings. Measuring positions in
3D requires that one know the distance to each star, so particular stars with known
absolute magnitude (standard candles) must be selected. Often, these standard
candles are selected photometrically based on their colors, but they might also be
selected from spectroscopy or as variable stars.

Figure 1.8 shows a color-magnitude diagram (CMD) of stars from the Palomar 5
globular cluster, showing typical features for an old, metal-poor stellar population.
The brighter stars (which allow us to probe the distant halo) include blue horizontal
branch stars, RR Lyrae variables, red giant branch stars, M giants, blue stragglers,
K giant stars, and turnoff stars (note that not all of these types are present in Pal 5!).
There are advantages and disadvantages to using each type of star.

Horizontal branch stars are good standard candles because they occupy a very
narrow range of absolute magnitude. Blue horizontal branch stars (BHBs) can be
preferentially selected by blue color, though with some contamination from blue
straggler stars, which have the surface gravities of main sequence stars. However,
BHBs are only present in very old, metal-poor stellar populations, and there are
relatively few stars of this type. Red horizontal branch stars are more difficult to
identify due to confusion with giant branch stars and much fainter main sequence
stars.

RR Lyrae stars are even better standard candles, but are harder to identify (usually
through multi-epoch variability studies), and also appear only in intermediate-age,
fairly metal-poor populations. RR Lyrae stars are even sparser tracers of the stellar
density than horizontal branch stars. Additional observations (spectra and/or time-
series photometry) are required to determine the distance to each RR Lyrae star.

M giant stars are extremely bright, but only found in metal-rich stellar popula-
tions, which are rare in the halo of the Milky Way. In fact the only verified tidal
stream that has been traced with M giant stars is the largest and most apparent
overdensity: the Sagittarius dwarf tidal stream (see Chap. 2). The Monoceros Ring,
Triangulum-Andromeda cloud (see Chap. 3), and Pisces Overdensity (Sharma et al.
2010) have also been studied in M giants.
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Fig. 1.8 The color-magnitude diagram shows stars that can be used to trace Galactic structure.
The black points are SDSS stars within four arcminutes of the Pal 5 globular cluster, and represent
the distribution of stars in the halo population. In a magnitude-limited survey, brighter stars sample
the galaxy to larger distances, but they are not very numerous. Turnoff stars have been popular for
tracing halo structure because they are easily identified by color, and are the brightest of the more
numerous main sequence stars. The drawback to turnoff stars is that they have a large spread in
absolute magnitude, so individually they are not good standard candles. This difficulty is somewhat
mitigated by the fact that, for halo stars in the Milky Way, the absolute magnitude distribution is not
a strong function of population. Therefore, statistical photometric parallax can be used to recover
the underlying density distribution from the positions and apparent magnitudes of turnoff stars.
Adapted from Figure 1 of Newberg (2013)

K giant stars are a natural choice for tracing stellar densities because they are
more numerous than other stars of similar intrinsic brightness, and present in all
old stellar populations. The main drawback to using K giant stars is that spectra
(or specialized filters that are particularly sensitive to the gravity of K stars; see,
e.g., Majewski et al. 2000) are required to separate K giants from the much more
numerous K dwarf stars in the disk, which have similar apparent magnitudes as K
giant stars in the halo. Additionally, the absolute magnitude depends on the age and
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metallicity, and is a strong function of color (red giant branches are nearly vertical
in the CMD); the measured distances will depend heavily on the model used to
calibrate them.

Blue stragglers are best separated from blue horizontal branch stars using spectra,
but they can be roughly separated if there is data in the u, g, and r filters. These
stars are not usually used to trace stellar populations because they are not good
standard candles (absolute magnitude is a strong function of color), they are fairly
rare, and they are not as bright as giant stars so they do not probe as far in distance.
However, they are often observed in tidal streams, two magnitudes fainter than the
blue horizontal branch stars, and must be considered particularly when using BHB
stars to trace stellar density.

Turnoff stars are much more numerous than any of the other types of stars
considered above, but they are by far the worst standard candles—spanning at least
two magnitudes at about constant color. When using this type of star to measure
density along the line-of-sight, it is advantageous to use statistical photometric
parallax, which is described in Sect. 1.3.3.

1.3.2 Matched Filter Techniques

Matched filter techniques are used in many applications to optimally extract signal
from noise. In general, one convolves the observed, noisy signal (as a function of
either space or time) with a template (filter) that looks like the expected signal. This
will enhance signal and suppress noise.

In this case, we would like to find the angular density of stars in a tidal stream
population (that have a known distribution in color and apparent magnitude), while
filtering out stars that are from other disk or halo populations (for which it is also
possible to construct an expected distribution in color and apparent magnitude).

Matched filtering was first used to detect tidal streams by Rockosi et al. (2002),
who discovered the tidal tails of the Pal 5 globular cluster in SDSS data. The
matched filter technique described here follows the description in that paper. In
this version of the matched filter, the cluster stars that are in regions of the color-
magnitude diagram where few background stars are expected are weighted more
heavily; a minimum variance estimate (defined below) for the number of cluster
stars is derived, rather than a maximum signal-to-noise estimate. By more heavily
weighting the stream detections in regions of low background, systematics from
poor knowledge of the background are reduced.

One defines a normalized probability in color-magnitude space that describes
where one expects to find stars in the stellar population of the stream (including
primarily turnoff, giant, and blue horizontal branch) as Ny,. In the case of Pal
5, the CMD of the cluster itself, normalized so the total probability integrated
over the whole color-magnitude diagram is one, is used for Ng,. In addition, one
defines a probability (per element of solid angle) in color-magnitude space for
the background, Nj,. In general, this background depends on Galactic latitude and



18 H.J. Newberg

longitude. Then, an estimate for the number of stream stars, «, in a given solid angle
can be found by minimizing the following expression for y:

3

= Z {N(color, mag) — [aNy,(color, mag) + Npe(color, mag)]}?

color,ma
color,mag Nhg ( ’ g)

where N(color, mag) is the number of stars in a particular color, magnitude bin,
per element of solid angle. The sums are over all of the bins that have a non-zero
number of stars expected in the stream. The background must be constructed so that
the expected number of stars is also non-zero in all of these bins. This equation can
be solved for the « that corresponds to the minimum y? by setting the first derivative
with respect to o equal to zero:

Z (N(color,mag)Nj,r (color,mag)
Npg(color.mag)

— Ny (color, mag))

color,mag
o =

N2, (color,mag)

Npg(color,mag)
color,mag

In the limit of infinitely small bins, the first term in the numerator can be replaced
by a sum of Ny,(color, mag)/Np,(color, mag) for each of the observed stars in a
particular solid angle. The second term in the numerator and the denominator can
be replaced by an integral over color-magnitude space rather than a sum over the
individual bins.

In the case of Pal 5 tidal tails, Ny, was derived from stars with high membership
probability in the globular cluster. The background distribution, N, was derived
from stars in several square degree patches of actual SDSS data near the globular
cluster. Because the background distribution was derived from the actual survey
data, it includes features due to both the survey itself (including increased color
errors and decreased completeness near the limiting magnitude of the survey), and
the density distribution of stellar populations in the Milky Way. The tidal tails of
Pal 5 were expected to be at about the same distance from the Sun as the cluster
itself across the region surveyed, so no shift in apparent magnitudes of stream stars
was considered. Because the parts of the background color-magnitude diagram that
varied across the part of the sky surveyed were at colors and magnitudes where there
were few stream stars, a varying background distribution was not considered in this
paper. Rockosi et al. constructed a smoothed density plot of the tidal tails of Pal 5
with a resolution of 0.09° by finding the optimal value of « as a function of sky
position.

Grillmair and Johnson (2006) modified this matched filter technique so that it
could be applied to the discovery of tidal streams when the distance to the streams
and the stellar population is not known a priori. The description here follows
Grillmair (2009).
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The probability distribution for the stream stars is generated from globular cluster
stars observed in SDSS data. The mean g — r and r — i colors are determined for
a fixed set of g magnitudes in each of the clusters; colors at other magnitudes
are interpolated. The distribution can be shifted brighter or fainter to account for
different distances to the tidal debris. The relative number of stars expected in the
stream as a function of apparent magnitude (the luminosity function) is determined
from example globular clusters with very deep photometry available, and modified
by the expected completeness as a function of apparent magnitude for the SDSS
survey. It is broadened in color by the amount of the expected photometric error
as a function of apparent magnitude. An additional broadening with 0 = 0.02
magnitudes is also applied to account for the intrinsic dispersion in the colors of
giant branch stars.

This new technique makes it possible to create a set of 2D pictures of the sky that
show the matched-filter density maps of different stellar populations at different
distances. These can then be searched for linear structures that indicate the presence
of a tidal stream. One creates “filters” that consist of the expected color-magnitude
distribution of stream stars in the SDSS, at different distances and using different
globular cluster distributions as the template. A variety of background distributions,
distances, and stellar populations, are used to create the 2D pictures. One can scan
through a distance series of these pictures, for a fixed stellar population, to pick out
linear structures that might vary in distance as a function of position in the sky.

1.3.3 Statistical Photometric Parallax

If one observes objects whose stellar type can be identified from photometry, and
which therefore have a known absolute magnitude, then distances to these objects
can be determined by photometric parallax (see Sect.3.1). An example where
photometric parallax for a large number of stars was used to measure the density
of stars in the Milky Way is Juri¢ et al. (2008). They estimated the distances to
48 million SDSS stars of type G and later, under the assumption that they were
main sequence stars (which most of them undoubtedly are), and using a photometric
calibration from Ivezi¢ et al. (2008). From the estimates of the individual distances,
the positions of each star were derived, and from the resulting stellar densities the
structure of the Milky Way (including tidal substructures) was derived.

In contrast, statistical photometric parallax (Newberg 2013) uses a statistical
approach to determine the underlying spatial density of stars from the distribution
of observed apparent magnitudes. It differs from photometric parallax because
distances are not determined individually for each star. This technique has been used
to determine the spatial distribution of stars in the Sagittarius dwarf tidal stream,
using turnoff stars from the SDSS (Newby et al. 2013). Although turnoff stars have
a wide variety of absolute magnitudes, and are thus not very good standard candles,
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they are quite useful for density mapping because they are much more numerous
than giant stars, and can be seen at larger distances than fainter, lower mass main
sequence stars. Statistical photometric parallax is most successful for measuring
structures with comparable (or higher) stellar density than the background at their
location.

The basic concept of statistical photometric parallax is demonstrated in Fig. 1.5.
There is a narrow, radial feature at RA = 229° at an apparent magnitude of g ~ 21.
This feature is the globular cluster Pal 5, whose stars are all essentially the same
distance from the Sun, but the apparent magnitudes of the turnoff stars in the figure
span an apparent magnitude range from g ~ 20 to g ~ 22.5. The large range of
apparent magnitude is a result of the large range of absolute magnitudes of turnoff
stars. In fact, one could make a histogram of the apparent magnitudes of the Pal 5
turnoff stars, shift it by the distance modulus to Pal 5, and obtain the distribution of
absolute magnitudes of color-selected Pal 5 turnoff stars.

Newby et al. (2011) showed that the distribution of absolute magnitudes of
color-selected turnoff stars were similar for all halo globular clusters observed in
the SDSS. This surprising observation is apparently a result of the age-metallicity
relation for the Milky Way galaxy. Older stellar populations should have fainter,
redder turnoffs because a larger number of the more massive stars have had time
to evolve away from the main sequence. On the other hand, the older stellar
populations are typically more metal-poor, and metal-poor main sequence stars
are brighter and bluer than metal-rich stars of the same mass. It is surprising, but
apparently true, that in the halo of the Milky Way these two effects nearly cancel
so that the distribution of absolute magnitudes of blue turnoff stars is essentially
the same for all halo stellar populations. Although the color of the turnoff will
be slightly different for different ages and metallicities, the absolute magnitude
distributions are surprisingly similar.

This age-metallicity conspiracy provides a great opportunity to apply statistical
photometric parallax to measure the spatial density of halo stars, including the
substructure from tidal streams. The observed halo substructure, for example as
depicted in Fig. 1.5, represents the actual density structure, convolved with the
absolute magnitude distribution of halo turnoff stars, and then modified by the
observational constraints.

To determine the spatial density, we first construct a parameterized spatial density
model. Given a particular set of parameters, one constructs the expected density
distribution over a particular volume, derives from this the expected apparent
magnitude distribution as a function of angular position in the sky (taking into
account the known absolute magnitude distribution of turnoff stars), and then applies
observational biases such as completeness. This expected distribution of stars can
then be compared with the observed distribution of stars. The parameters can be
optimized to most closely match the observed data. For example, Cole et al. (2008)
used a maximum likelihood technique that was optimized with conjugate gradient
descent to measure the density of tidal streams, and in particular the Sagittarius
dwarf tidal stream, in the halo.
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As with matched filtering, proper application of this technique includes many
subtleties. For example, if turnoff stars are selected in a narrow color range, then the
distribution of stars selected will depend on the color errors. Typically color errors
increase considerably near the observation limits, so that stars with a wider range
of colors are sampled at the faint end of the survey. Because there are few stars
bluer than the turnoff, and many intrinsically fainter main sequence stars redder
than the turnoff, the distribution of absolute magnitudes of apparently faint stars in
a magnitude-limited survey includes a larger number of intrinsically faint stars.

A benefit of the statistical photometric parallax technique is that once the spatial
density of a halo substructure is determined, it is possible to statistically remove
stars with the spatial distribution of one halo structure or substructure from the
sample, so that the remainder of the sample can be studied. Note, however, that
it is not possible to determine which stars are actually a part of that structure or
substructure.

1.4 Co-moving Groups of Stars

Several halo substructures have been initially identified as a group of stars of similar
type (RR Lyrae, BHB, etc.), in a small volume, that have similar velocities. In some
cases, these co-moving stars have been associated with a stellar overdensity that is
clearly the result of tidal stripping. In other cases the spatial extent of the related
stars is unknown. In this case the association may be referred to as an Element of
Cold Halo Substructure (ECHOS, Schlaufman et al. 2009). The disadvantage to this
technique is that it requires that the stars have known radial velocities as measured
from stellar spectra, or measured proper motions, or both. The advantage is that
as an increasing amount of astrometric and spectroscopic data become available,
this technique will allow us to detect and characterize halo substructure with much
lower density contrast that results from small mergers, old mergers, mergers where
the satellite has been widely spatially dispersed (for example by passing through the
center of the Milky Way), or tidal streams in high density regions of the Milky Way.
Kinematically identified halo moving groups are covered in more detail in Chap. 5.

Halo tidal streams have not been identified inside the Solar Circle (within 8 kpc
of the center of the Milky Way). This could be because these more central halo stars
formed in situ or because they are due to a large number of well-mixed mergers. If
the central regions formed from mergers, it might be possible to separate the stars
into groups with similar angular momentum. The angular momentum coherence
will persist for much longer than spatial coherence, and all of the stars that fall in
with a particular satellite have similar angular momentum (see Chap. 6).
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1.5 Chemical Tagging

A star’s chemical composition is determined by the chemical composition of the
gas cloud from which it formed. Stars in the same open cluster or globular cluster
are thought to be coeval and therefore have similar chemical composition (though
at least some globular clusters contain more than one stellar population). If one
assumes that most stars are born in star clusters, and that stars maintain a memory
of the gas cloud in which they were formed because their outer layers contain the
same chemical ratios as those gas clouds, then one could attempt to group stars by
the cluster in which they were born (Freeman and Bland-Hawthorn 2002). This
requires that one make very accurate measurements of a few tens of elemental
abundances with high resolution spectroscopy. The hope is that the chemical
abundances of primordial clusters are different enough that they are distinguishable
in the observable abundance space. Chemical tagging, particularly of the Galactic
disk, is the primary science driver of the GALAH survey (De Silva et al. 2015).

In contrast to star clusters, dwarf galaxies generally contain more than one
episode of star formation. While studies of the angular momentum of halo stars
will elucidate the history of satellite mergers that built up the halo, studies of
stellar chemistry can tell us about the individual star clusters from which the stellar
populations are composed. In particular, the lowest metallicity stars tell us about the
conditions in the early Universe, when these stars formed, and about the earliest
chemical enrichment processes. Intermediate metallicity stars require more than
one episode of star formation (which is not guaranteed if gas is ejected from
low mass dwarf galaxies in the first epoch of star formation), and teach us about
the environments in which the stars were formed throughout the evolution of the
Universe. It would be incredible if, at some time in the future, we could build up a
record of both the accretion event in which each halo star became a part of the Milky
Way, and the star formation event in which that star was born, within the accreted
satellite.

Currently, only the simplest chemical tagging techniques have been applied to
the detection of tidal streams (for example, the detection of debris from the globular
cluster Omega Cen via its unique abundance signatures by Majewski et al. 2012),
though streams are often characterized by their chemical composition.

Of particular interest is the variation of chemical composition as a function of the
distance from the progenitor. Because the outer (higher velocity dispersion) layers
of a satellite are tidally stripped first, the tidal streams can tell us about the density
structure of the progenitor dwarf galaxy. We expect that higher metallicity stars are
more centrally located in the dwarf galaxy, and therefore will be stripped at later
times and be preferentially located nearer to the progenitor dwarf galaxy in the tidal
stream. In fact, metallicity gradients have been reported in the Sagittarius dwarf tidal
stream (see Chap. 2).
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1.6 Constraining Dark Matter, the Formation of the Milky
Way, and Cosmology with Tidal Streams

1.6.1 Rapid Collapse vs. Hierarchical Mergers

In the late twentieth century, there was rapid evolution in our understanding
of galaxy formation. Eggen, Lynden-Bell and Sandage are credited with putting
forward the monolithic “rapid collapse” picture of the formation of the Milky
Way, in which halo stars were formed during the collapse of a proto-Galactic gas
cloud. This picture was well summarized in a review by Eggen et al. (1973): “The
oldest Population II objects (subdwarfs, globular clusters, metal-poor RR Lyrae
stars) formed when the galaxy was extended and far from equilibrium, before much
metal enrichment occurred. The remainder of the galaxy continued contraction to
a disc-like configuration, approximately in centrifugal equilibrium, and dissipated
the necessary energy before forming stars; rapid metal enrichment took place. This
is the disc population. The residual gas settled to a very flat disc in which the star
formation is still going on; this is the Population 1.”

Searle and Zinn (1978) painted a competing picture of galaxy formation, in
which they proposed “that the gas from which the clusters and stars of the outer
halo formed continued to fall into the Galaxy for some time after the collapse
of its central regions had been completed; that the interactions of the infalling
gas dissipated much of its kinetic energy and gave rise to transient high-density
regions in which the halo stars and clusters formed; that these regions dispersed
even while they underwent chemical evolution; that the stars and clusters that had
formed within them eventually fell into dynamical equilibrium with the Galaxy and
constitute its present outer halo, while the gas lost from these protogalactic star-
forming regions was eventually swept into the galactic disk.” In other words, the halo
stars are stars formed in other, smaller galaxies and clusters, which later merged with
a galaxy that had already formed. This grew into the “hierarchical merger” scenario,
in which the Milky Way grew to its current size through mergers of smaller galaxies
and stellar associations.

The hierarchical merger picture has been borne out both by simulations (e.g.,
Kauffmann et al. 1993; Springel et al. 2005) and by the fact that we are observing
recent and present-day accretion of small galaxies into the Milky Way halo. Note,
however, that the majority of the merging may have happened at early times, and
thus the rapid collapse model is not completely incorrect. Also, hydrodynamical
simulations suggest that galactic disks may have formed through steady flow of
cold gas into massive dark matter halos (Dekel et al. 2009).

Because many stars currently in the Milky Way (particularly halo stars) could
have been formed in smaller galaxies and later accreted, the star formation history
in our galaxy may be different from the history of structure formation. For example,
the composition of stars that were formed outside the Milky Way does not tell us
anything about the composition or density of the gas in the Milky Way at the time
that star was formed. There could be an epoch of star formation that is followed by
an epoch of merging.
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1.6.2 Constraining Dark Matter with Tidal Streams

In the standard ACDM model (Spergel et al. 2015) of the Universe, most of the
mass in galaxies like the Milky Way is made of dark matter, which interacts with
itself and the rest of the mass in the Universe only through gravity. Around Milky
Way-sized dark matter halos, there could be thousands of dark matter subhalos that
are the size of typical dwarf galaxies. Because this matter does not interact with
light, we cannot see it directly. Instead we infer its existence from the motions of
objects (such as stars and galaxies) that we can see, and from gravitational lensing
of objects such as galaxies and QSOs.

Although the stars in the Milky Way halo (often called spheroid stars) represent
only 1% of the stars in the halo, they provide an archaeological record of our
galaxy’s merger history. A significant fraction (or maybe all) spheroid stars were
formed in other, smaller, galaxies that fell into and were ripped apart by the Milky
Way. Any dark matter associated with those galaxies is incorporated into the dark
matter halo of the Milky Way. At least some of the Milky Way globular clusters
are believed to have come into the Milky Way with dwarf galaxies that are now
disrupted.

The disruption of dwarf galaxies into particular Milky Way tidal streams is
typically modeled using N-body simulations. In these simulations, the Milky Way
is often assumed to be a fixed potential, and the progenitor satellite is modeled as a
symmetric distribution of N (say 10,000 or 100,000) particles of equal mass, whose
positions and velocities then evolve through time due to gravitational forces from
each other and from the fixed Milky Way potential. Since satellites at 20-50 kpc
from the Galactic center take of order a billion years to orbit once, these simulations
are typically run for billions of years. However, they cannot be trusted further back
in time than about 3 billion years, since the gravitational field of the Milky Way
galaxy should evolve with time—particularly at early times in the Universe. These
N-body simulations can be used to constrain the properties of the progenitor, the
orbit of the satellite from which it was derived, and the gravitational potential of the
Milky Way itself.

Alternatively, tidal streams and halo substructure can be modeled in the cos-
mological context using N-body or hydrodynamic simulations of galaxy formation
in general. In this case, galaxy(ies) and tidal streams will be produced, but will
not match the observed galaxies and tidal streams we observe in the Universe
today. However, they can be used to ask whether the types of structures we see
are consistent with the models. Examples of large simulations of galaxy formation
include: the Aquarius Project (Springel et al. 2008), Via Lactea (Diemand et al.
2008) and Illustris (Vogelsberger et al. 2014).

Because the stars in the tidal streams were ripped from their progenitor satellites
by the Milky Way’s gravity, and their subsequent orbits are determined by the
Milky Way’s gravity, tidal streams hold great promise for teaching us about the
gravitational potential of the Milky Way. Because the majority of the mass in the
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Milky Way is believed to be made of dark matter particles, tidal streams could tell
us the density distribution of dark matter.

Although in principle one could determine the three dimensional position and
velocity of any star in the Milky Way, stars in tidal streams are the only ones that
we know where they were in the past. We know that tidal stream stars were all once
co-located on the same progenitor satellite. This is the property of tidal stream stars
that makes them potentially very valuable tracers of the Galactic potential.

Dark matter in the Milky Way galaxy can be described by its overall shape. In
addition to this overall (smoothly varying) density distribution, the radial velocities
of the stars in dwarf galaxies suggest that these satellites contain a large fraction of
dark matter (Simon and Geha 2007). Moreover, cosmological models of structure
formation produce galaxies with many more “subhalos” than there are observed
dwarf galaxy satellites; there could be many dwarf galaxy sized lumps of dark
matter, that do not contain stars, in orbit around the Milky Way.

Tidal streams have been used to constrain dark matter in all of these contexts
(see Chap. 7). The Sagittarius tidal stream in particular (see Chap. 2) has been used
to infer a triaxial shape for the Milky Way’s dark matter halo. Dark matter subhalos
can weakly interact with stream stars creating a wider stellar stream, or strongly
interact with stream stars, throwing them out of the stream and creating gaps. The
width (or alternatively velocity dispersion) of tidal streams gives some indication of
the mass of the progenitor, which can in principle be compared with the number of
stars observed to determine the amount of dark matter in a progenitor dwarf galaxy.

1.7 Disk Response to Tidal Interactions

When large dwarf galaxies (or dark matter subhalos) pass close to the Milky Way,
the disk can also respond to the gravity of the dwarf galaxy (Hunter and Toomre
1969; Weinberg and Blitz 2006). Historically, this mechanism was studied as the
origin of the observed warp in the Galactic disk, and in particular the warp was
thought to be the result of an interaction with the Large Magellanic Cloud (LMC).
After the discovery of the Monoceros Ring (See Chap. 3), disk response to passing
satellites was proposed as a mechanism to explain the presence of this highly
controversial structure in the plane of the Milky Way (Kazantzidis et al. 2008;
Younger et al. 2008). Later work focused on the Sagittarius dwarf galaxy, which is
known to be close to passing through the disk, as the most likely perturber (Purcell
et al. 2011).

Surveys of stars have corroborated this picture of disk oscillations. Coherent disk
velocity substructure was observed in the SDSS (Widrow et al. 2012), the RAdial
Velocity Experiment (RAVE; Williams et al. 2013), and the Large Area Multi-
Object fiber Spectroscopic Telescope (LAMOST; Carlin et al. 2013). Oscillations
in the disk density have also been observed as a function of height above the plane
(Yanny and Gardner 2013), and distance from the Galactic center (Xu et al. 2015).
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The observed density waves are in reasonable agreement with the simulations of
Goémez et al. (2013), who calculated the effects of the Sagittarius dwarf galaxy on
the disk.

Evidence for wavelike disk oscillations has also been found in the Andromeda
galaxy. Andromeda’s NE clump (see Chap.8), 40kpc from the galaxy center, is
thought to be composed of disk stars, possibly tossed away from the disk plane by
an encounter with the dwarf galaxy progenitor of Andromeda’s Giant Stellar Stream
(Richardson et al. 2008; Bernard et al. 2015). It is unclear how the corrugations in
Galactic gas and star forming regions observed in our galaxy (Quiroga 1974), and in
others (Florido et al. 1991; Alfaro et al. 2001; Matthews and Uson 2008), are related
to the disk oscillations that are being observed in Milky Way disk stars, but the
subhalos have also been proposed to explain the ripples in the gas (Chakrabarti and
Blitz 2009). One wonders whether, if disk oscillations could be caused by galactic
subhalos, whether they also induce spiral structure.

1.8 Future Prospects

A very dynamic picture of present-day galaxies is emerging. The stellar halos
of large galaxies appear to be composed (in part or in total) of stars that have
been tidally stripped from smaller galaxies that have fallen into the larger galaxy’s
gravitational field. Massive subhalos (including dark matter-only subhalos, if they
exist) could be exciting waves in galactic disks. We expect that subhalos could
produce a time-varying gravitational field in the Milky Way, that could among other
things produce gaps in tidal streams. There is even a possibility that very massive
infalling dwarf galaxies could be significantly moving the center of mass of the
larger galaxy, affecting not only the disk but also the paths of the dwarf galaxies and
associated tidal streams (Gémez et al. 2015).

As ongoing and future surveys provide us with large numbers of radial velocities
and proper motions of Galactic stars (the largest of these surveys will come from the
ESO Gaia satellite), it will be possible to map a larger fraction of halo substructure
kinematically (see Chap.5), and to better constrain the properties of the streams
we have already identified. This better data will allow us to trace tidal stream
substructure with higher fidelity, and thus help clarify which stars in tidal streams
originated on the same Milky Way satellite. We will be able to map the spatial extent
of kinematically identified streams (which have density contrast too low to follow
by density alone), and the kinematic substructure of tidal streams that have been
identified by density contrast.

The Sagittarius dwarf tidal stream (see Chap. 2) presents an illuminating example
of how far we have come in understanding tidal streams, and how far we still have
to go. This stream is the largest and best studied of the Milky Way tidal streams,
but continues to defy a clear explanation of how its structure evolved to match these
observations. We have traced the tidal stream more than 360° around the Milky Way
in K/M giant, BHB, and turnoff stars. We have measured the velocities of stream
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stars and their velocity dispersion, mapped the stream width and the density profile
along the stream, measured the chemical compositions and chemical gradients along
the stream, compared the properties of the stars in the stream with those in the
progenitor galaxy, and identified apparent bifurcations of the stream into two pieces
in both the north and south Galactic caps. However, we are still wondering what
combination of Galactic potential and dwarf galaxy progenitor would give rise to
these observations. On the observational side, it is not a certainty that all of the
identified parts of the stream are associated with a single dwarf galaxy progenitor.
On the theoretical side, we struggle with how spatially and temporally complex the
model for the Galactic potential should be. We also note that the properties of the
progenitor dwarf, including rotation, substructure, satellites, and the radial profiles
of the stellar and dark matter constituents, can give rise to observable complexity
in the resulting tidal stream. On the one hand, tidal streams have the potential to
provide us with a wealth of information about our galaxy and the satellites that have
fallen into it. On the other hand, they require us to understand a large number of
complexities to reach definite conclusions.

Better understanding of tidal streams will lead to better understanding of galaxy
evolution, and to better constraints on the distribution of dark matter, both in the
progenitor dwarf galaxies that are thought to have very high mass-to-light ratios,
and in the Milky Way galaxy itself. Techniques for constraining the spatial structure
of dark matter are currently in development (see Chaps.6 and 7). We still face
challenges in understanding the dynamical systems that we are modeling, and
in parameterizing the dark matter distribution, that could be quite complex both
spatially and in time. However, the wealth of streams also provides a large number
of constraints that one day might unravel the dark matter puzzle.
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Chapter 2
The Sagittarius Dwarf Tidal Stream(s)

David R. Law and Steven R. Majewski

Abstract The Milky Way’s prominent and widely studied Sagittarius (Sgr) dSph
tidal stream has proven a valuable tool for exploring a number of problems in
galactic astronomy. In this review of the Sgr system, we present a descriptive portrait
of the most salient and unambiguous observational properties (e.g., location, radial
velocity, proper motion, and chemical composition) of the Sgr core and tidal streams
as they are presently known. We discuss how the history of these observations has
shaped the development of numerical models of the system over time, and some of
the major conclusions that have been drawn from such modeling efforts with regard
to the size and shape of the Milky Way’s gravitational potential and the patterns
of enrichment throughout its stellar halo. Finally, we summarize some of the known
failings of the present models, which we lay out as a challenge for future progress on
understanding this remarkable and fortuitous example of hierarchical galaxy growth
via merging in action.

2.1 Introduction

As the most prominent and extensive coherent stellar feature in the Milky Way halo,
the Sagittarius (Sgr) dSph tidal stream is the most widely studied halo substructure
to date, and it has become an important tool for exploring a number of problems in
galactic astronomy. The Sgr system stands out among tidal debris systems identified
in the Milky Way, and even in other galaxies, in that the progenitor of the stream
is still visible and can be studied and compared to an approximately comparable
mass of material that has been pulled out of that progenitor. As far as can be
ascertained, the core of the satellite is representative of the types of dark matter
dominated systems containing baryonic components that are predicted as the seeds
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of hierarchical galaxy formation in ACDM models of large scale structure formation
in the Universe. Thus, in the Sgr system we witness a vivid example of Milky Way
satellite cannibalization in action—one whose structure, dynamics and chemistry
can be studied in great detail throughout both a bound progenitor core and out into
extended, unbound tidal tails.

It is rare in astronomy to have the ability to explore a single example of a physical
process where we can glimpse the before, during and after states—in this case
represented by the bound core of the satellite, the “halo” of the satellite where the
tidal stripping is ongoing, and the extended tidal tails, respectively. As a whole, the
Sgr system is an exemplary textbook on the formation of stellar (and dark matter)
halos, and grants insights into the origin of the diversity and chemodynamical
histories of stars and star clusters in our halo.

It is also rare to have very specific, extended mapping of a Galactic orbit,
a goldmine for measuring the shape and strength of the underlying, driving
gravitational potential. The stars and star clusters of the Sgr stream provide a “trail
of breadcrumbs” that delineates the full phase space path of the Sgr core through the
Milky Way. Because the satellite orbits between Galactocentric radii of about 20—
60kpc, the breadcrumb trail provides some of the strongest constraints to date on
the mass distribution and shape of the Galactic dark matter halo on these vast scales.
And, because of the ability of other large orbiting masses to perturb and scatter stars
out of tidal streams, the coherence of the Sgr stream can constrain the likelihood
of its previous encounters with other large orbiting bodies (e.g., the Magellanic
Clouds) and even the degree of lumpiness of the halo dark matter distribution.

In this review of the Sgr system, we first focus on a descriptive portrait of its most
salient and unambiguous observational properties as they are presently known. We
then discuss the best fitting numerical models to these properties, leading to a straw
man model that can explain these properties. These models lend important insights
into both the history of this tidal encounter as well as the gravitational structure
of the Milky Way. Despite the many successes of the numerical simulations, there
are also several known failings revealed by the very latest observations, which we
lay out as a challenge for future progress on understanding this remarkable merger
system.

2.2 Historical Remarks and Basic Structure
of the Sagittarius System

The Sgr core was discovered in the course of Rodrigo Ibata’s dissertation work
on the Galactic bulge (Ibata et al. 1994). The very distended structure of this
dwarf galaxy, combined with its relative proximity to the Galactic center ([/, 5] =
[5.6°, —14.2°])—both unusual properties compared to those of the previously
known dwarf spheroidal-like Milky Way satellites—were immediately recognized
as providing a compelling case of a satellite enduring tidal distress, distortion and
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even disruption (Ibata et al. 1994, 1995). Adding to the interest was the finding
that four globular clusters (M 54, Arp 2, Terzan 7, Terzan 8) lie close to or within
Sgr’s large core. In hindsight, it’s somewhat remarkable that, despite the number
of analyses of the distribution of globular clusters in the Milky Way in the decades
prior to the Sgr discovery, this unusual constellation of clustered clusters was not
previously noted as peculiar.

The discovery of this unusual satellite galaxy immediately spurred observational
efforts to find evidence for extended tidal tails, and N-body simulations to model
the apparent interaction of Sgr and the Milky Way. Totten and Irwin (1998), using
a survey of ~100 high-latitude carbon stars—a common stellar type in the Sgr core
(Whitelock et al. 1996) indicative of the presence of a significant intermediate aged
population—were the first to show that the tails of Sgr likely extended around the
sky. Early photometric and spectroscopic pencil-beam surveys sought and detected
many pieces of the expected stellar stream (Mateo et al. 1998; Majewski et al.
1999; Ivezic et al. 2000; Dohm-Palmer et al. 2001; Martinez-Delgado et al. 2001,
2002; Vivas et al. 2001; Dinescu et al. 2002; Kundu et al. 2002). A detailed
summary of these early detections is shown in Fig.2.1. Meanwhile, a number of
early N-body simulations attempted to assemble the available piecemeal data into
a coherent model of the system (e.g., Velazquez and White 1995; Johnston et al.
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Fig. 2.1 Summary plot of early detections of the Sgr stream (reprinted from Majewski et al. 2003).
The individual dots represent 2MASS color-selected, candidate M giant stars. Ag is the angular
distance along the Sgr tidal stream from the Sgr dSph galaxy
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1995; Johnston et al. 1999; Edelsohn and Elmegreen 1997; Ibata et al. 1997, 2001a;
Helmi and White 2001). Despite the vagaries of the often disparate constraints
available at the time, the early simulations nevertheless arrived at a generally
coherent picture of the interaction, including relatively accurate assessments of the
near-polar orientation (e.g., Velazquez and White 1995), direction of motion (e.g.,
Edelsohn and Elmegreen 1997), and size of the Sgr orbit as traced by the debris
(e.g., Johnston et al. 1999). Less certain and more difficult to establish were the
mass and mass-to-light (M/L) ratio of the parent satellite (with estimates ranging
from ~2 to ~100—e.g., Ibata et al. 1997; Helmi and White 2001; see Sect.2.5),
the net length of the stellar streams (and therefore the duration of its disruption; see
Sect. 2.6.2), and the number and type of globular clusters Sgr contributed to the halo
(e.g., Lynden-Bell and Lynden-Bell 1995; Bellazzini et al. 2002; Palma et al. 2002;
see Sect.2.3.4).

The advent of large-scale and all-sky photometric surveys radically improved
the observational situation. Newberg and Yanny, using early data releases from the
Sloan Digital Sky Survey (SDSS; which provided wide area views of stellar densi-
ties with great statistical significance), established more firmly the sky positions of
various parts of the Sgr stream (Yanny et al. 2000; Newberg et al. 2002, 2003);
additional explorations of early SDSS data (e.g., Ivezi¢ et al. 2000; Ibata et al.
2001b; Helmi 2004; Sirko et al. 2004) substantiated the likely prevalence of Sgr tidal
debris throughout the halo. The fortunate circumstance that the Sgr dwarf contains
a substantial population of metal-rich stars also means that both the core and tails
contain a number of M giant stars bright enough to be in the Point Source Catalog
(PSC) of the Two Micron All-Sky Survey (2MASS; Skrutskie et al. 2006). Ibata
et al. (2002) exploited this fact to establish more firmly the orientation of the stream
based on fragmentary sky coverage from early release 2MASS data, but the full
expanse of the stream came into vividly sharp focus when Skrutskie and Majewski
plotted the positions of M giants in the full-sky 2MASS PSC.! An “unwrapped”
all-sky view of those 2MASS M giants is shown in Fig.2.2, and, with estimated
distances, in Fig.2.1.2

With a precise, full-sky mapping of the stream finally in hand, Majewski et al.
(2003) showed that the Sgr stellar tidal streams stretch in looping rosettes ~360°
around the Milky Way (e.g., as illustrated in Fig.2.3). Starting from the Sgr core
at a distance of ~28kpc from the Sun (Siegel et al. 2007),? the trailing Sgr stream
arcs through the Southern Galactic Hemisphere at a roughly constant heliocentric

I'This all-sky “discovery” image, virtually unaltered from its first plotting, is shown as Fig.3 in
Majewski et al. (2003).

2Note that the Sgr debris plane, as defined by these M giants, has a pole in Galactic coordinates of
(1, b) ~ (272°,—12°); by coincidence, this pole has a Galactic longitude very similar to the pole
of the ecliptic plane, although the latter is inclined with respect to the Sgr debris plane by about
18° (the ecliptic has a pole of [1, b] = [276°, —30°]).

3Estimates of the distance of the Sgr core range from ~24 to 30 kpc (see review by Kunder and
Chaboyer 2009). The Siegel et al. (2007) value of 28 kpc derives from isochrone fitting to precision
Hubble Space Telescope photometry of the Sgr core.
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40

Fig. 2.2 All-sky plot of the path of the Sgr stream as traced by 2MASS-selected M giants in
celestial and Sgr-stream coordinate reference frames. (Reprinted from Majewski et al. 2003)

distance of ~20-25kpc before receding to larger distance as it approaches the
previous apogalacticon of the Sgr orbit in the direction of the Galactic anticenter
(see further discussion in Sect.2.6.2). In contrast, the leading stream reaches
apogalacticon at a distance of ~50kpc, thereafter passing through the North
Galactic Cap before diving back down towards the Galactic disk (see Fig.2.3 for
an illustrative diagram).

With the addition of radial velocity data from follow-up spectroscopic obser-
vations of M giants across a wide expanse of the trailing (Majewski et al. 2004)
and leading (Law et al. 2004) streams it was possible to refine greatly numerical
simulations of the Sgr debris (e.g., Law et al. 2005, see details in Sect.2.4) and
begin to explore subtle details such as the lumpiness of the Galactic dark matter
halo (Majewski et al. 2004) and precessional variation in the orbital plane induced
by a non-spherical Milky Way potential (Helmi 2004; Johnston et al. 2005). Because
the all-sky 2MASS data confirmed the earlier observation of Ibata et al. (2001a) that
the orbital plane of the Sgr stream does not precess substantially over the observed
length of the tidal streams (see discussion by Johnston et al. 2005, but also cf. more
recent treatments taking advantage of detailed analysis of SDSS data by Newby
et al. 2013 and Belokurov et al. 2014), Majewski et al. (2003) introduced a spherical
polar coordinate system for which the primary (“equatorial”) great circle is defined
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Fig. 2.3 Schematic diagram—based on the N-body model of Law and Majewski (2010a)—
showing the salient features of the Sgr stream system and illustrating the A coordinate system.
Colored points represent tidal debris color-coded by the pericentric passage on which it became
unbound from Sgr (with orange the most recent and cyan the most ancient); the solid black line
indicates the orbit of the Sgr core (arrows indicate direction of motion), and highlights the degree
to which the tidal debris is offset from the actual orbital path of the satellite. Xgc and Zgc represent
standard left-handed Galactocentric Cartesian coordinates

by the Sgr tidal debris and for which the prime meridian of longitude (Ag) is
centered on the Sgr core. In this heliocentric coordinate system, A increases in
the opposite direction to the orbital motion of the dwarf, with the principal wraps
of the trailing/leading arm lying at positive/negative longitudes respectively (see
Figs.2.1,2.2, and 2.3).4

While the 2MASS M giants nicely trace the trailing stream throughout the
entirety of the Southern Galactic Hemisphere, the path of the 2MASS M giant
tracers within the leading stream as it traverses the North Galactic Cap (e.g.,
Ag ~ 255°, or Fig.2.1 and @ < 180° in Fig.2.2) is somewhat difficult to

“Note that because this A, Bg coordinate system is defined by the tidal debris path (which does
experience some precession, albeit small), the actual center of the Sgr dSph itself does not lie
perfectly at the origin, but at (Ag, Be) = (0.00°, +1.48°); see Majewski et al. (2003).



2 The Sagittarius Dwarf Tidal Stream(s) 37

follow, and was misinterpreted as to imply a substantially foreshortened leading
stream by Majewski et al. (2003). However, in a remarkably detailed Northern
Hemisphere view provided by the SDSS-DRS5 photometric catalog (see Fig. 1.7
in Chap. 1), Belokurov et al. (2006) showed that the Sgr leading arm arcs over
the solar neighborhood and re-enters the Galactic disk in the direction of the
Galactic anticenter at « ~ 120° and a distance of ~10-15kpc from the Sun (see
also Newberg et al. 2007). Additional radial velocity data and distance measures
calibrated against RR Lyrae stars presented by Yanny et al. (2009) confirmed this
picture.

Taken together, the 2MASS and SDSS data present a comprehensive portrait
of the Sgr stream that has been broadly confirmed by more recent observations
using RR Lyrae from the Southern Edgeworth-Kuiper Belt Object survey (Prior
et al. 2009); SDSS-selected M giants (Keller et al. 2010), blue horizontal branch
stars (Clewley and Jarvis 2006; Ruhland et al. 2011) and F-turnoff stars (Newby
et al. 2013); red clump stars (Correnti et al. 2010; Carrell et al. 2012); PanSTARRS
observations (Slater et al. 2013); and CFHT MegaCam photometry (Pila-Diez et al.
2014). As discussed in Sect.2.4, these data form a solid empirical foundation
for more recent numerical models that are largely successful in reproducing the
brightest and (dynamically) youngest sections of the Sgr stream.

2.3 Stellar Populations Within the Sagittarius System

2.3.1 Stellar Populations in the Sagittarius Core

Although the Sgr core is often described as a dwarf spheroidal (dSph) galaxy
on the basis of its morphology, estimates of its total luminosity (Sect.2.5) would
make it the brightest of the Milky Way dSphs, between the luminosities of the
brighter Small Magellanic Cloud (SMC) dwarf irregular (dIrr) and fainter Fornax
dSph galaxies. Another way that Sgr resembles the SMC and Fornax galaxies is in
having a protracted star formation history ranging from ancient stellar populations
to relatively recent ones. This characteristic is typical of not only the dlrr galaxies of
the Local Group, but also the Local Group dwarf elliptical (dE) galaxies (which are
all satellites of M31) and Leo I, another of the very largest Milky Way dSphs (see
review by Dolphin et al. 2005). The dSph morphology may be the end state of the
dynamical evolution of dwarf disk systems after “tidal stirring” (e.g., Lokas et al.
2012), a mechanism that may explain the morphological diversity of these otherwise
similar (in stellar populations and luminosity) systems.

That Sgr has a complex star formation history was recognized almost immedi-
ately; for example, Ibata et al. (1995) showed that it contained a strong intermediate-
aged population and some metallicity spread, reminiscent of Fornax, and, like
Fornax (and the Magellanic Clouds of course), Sgr has its own globular cluster
system. The stars of intermediate age (~4—8 Gyr) and metallicity ([Fe/H] ~—0.2



38 D.R. Law and S.R. Majewski

to —0.6) dominate the dwarf (more than 80% of its stars) over its great extent
(Bellazzini et al. 1999a,b, 2006a; Layden and Sarajedini 2000; Monaco et al. 2002;
Giuffrida et al. 2010) and include the prominent population of M giants and carbon
stars found in the core (Whitelock et al. 1996; Cole 2001; Majewski et al. 2003) and
that have been stripped off into the tidal tails (Totten and Irwin 1998; Ibata et al.
2001a; Majewski et al. 2003, see Fig. 2.2).

However, early photometric work in the center of Sgr also confirmed it to have
a pair of distinct metal-poor red giant branches as well as both strong blue and
red horizontal branches corresponding, respectively, to those of M 54 and a more
broadly distributed metal-poor field star population apparently a few Gyr younger
than M54 (Sarajedini and Layden 1995; Layden and Sarajedini 1997, 2000; Monaco
et al. 2003). The widespread distribution of a metal-poor Sgr population was, of
course, evident by the numerous RR Lyrae stars that aided early mappings of the
dSph core (Alard 1996; Cseresnjes et al. 2000). That this metal-poor Sgr population
constitutes only ~12 % of the core (Monaco et al. 2003; Bellazzini et al. 2006a) is no
doubt a reflection not of the true star formation history of the progenitor, but rather
the preferential net loss of metal-poor stars over the course of Sgr’s tidal stripping
history (Majewski et al. 2002; Bellazzini et al. 2006a; Chou et al. 2007; Monaco
et al. 2007; Law and Majewski 2010a).

A most intriguing discovery, hinted at in early studies of the Sgr color-magnitude
diagram (Sarajedini and Layden 1995; Bellazzini et al. 1999a,b; Layden and
Sarajedini 1997, 2000) is the apparent presence of what look to be young, blue
main sequence turnoff stars in a “blue plume,” as well as corresponding red
giants spectroscopically shown to have metallicities reaching to solar abundance
(Bonifacio et al. 2000; Smecker-Hane and McWilliam 2002; Monaco et al. 2005;
Chou et al. 2007; Sbordone et al. 2007); these early studies suggested ages for this
population ranging from 0.5 to 2.5 Gyr.

Eventually a detailed portrait of the stellar populations in the Sgr core was
possible via analysis of deep Hubble Space Telescope (HST) Advanced Camera for
Surveys (ACS) data taken centered on the M54 globular cluster, which apparently
lies at the very center of Sgr (although cf. Siegel et al. 2011). Population synthesis of
these ACS data by Siegel et al. (2007) shows the diversity and relative proportions
of stellar populations in the Sgr core described above (Fig.2.4), as leads to the
derivation of a broad, though fairly monotonically varying age-metallicity distri-
bution suggestive of numerous star forming episodes leading to a steady chemical
enrichment with time (Fig.2.5). A similar age-metallicity relation (AMR) derived
earlier from ground-based photometry by Layden and Sarajedini (2000) showed
that the central Sgr star clusters track the same AMR (prefacing the discovery that
the cluster chemistry also tracks that of the Sgr field—Sect.2.3.3). The youngest
identified stellar population in the Sgr core is confirmed to be a mere 0.7 Gyr old;
this implies that the Sgr system had been forming stars even as it was being tidally
disrupted over the past several billion years. This also suggests that apart from
seeing Sgr at an interesting time in its dynamical evolution, we are also seeing it
at a relatively unique time in its star formation history given the fact that despite
this relatively recent star formation there is no longer any gas present in the dwarf
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Fig. 2.4 Color-magnitude diagrams (CMDs) of the Sgr core, from HST/ACS photometry of a field
centered on the cluster M 54, reproduced from Siegel et al. (2007). (a) The raw HST CMD. (b)
A Hess diagram of the field with various features identified with specific populations, either M 54
or Sgr. (¢) A simulation of the complex observational CMD using population synthesis. (d) The
observed Hess diagram overlaid with theoretical isochrones derived from the population synthesis

(Koribalski et al. 1994; Burton and Lockman 1999). The last of the Sgr dSph’s gas
was either consumed in this last, relatively recent star formation episode, or perhaps
stripped off fairly recently, within the last 0.2—-0.3 Gyr (Putman et al. 2004).

Of course, these ACS data are specifically focused on a tiny patch of the center
of the Sgr core, whereas the various populations have different spatial distributions
outside of the center. This is evident by the metallicity gradients observed across
the Sgr core (Bellazzini et al. 1999a; Alard 2001; McDonald et al. 2013)—
now definitively mapped (see Fig.2.6) using both medium and high resolution
spectroscopy (Majewski et al. 2013; Hasselquist et al. 2015)—and a result of
different relative densities of the constituent stellar populations as a function of
radius. In this regard, the Sgr core is once again similar to the Fornax dSph (e.g.,
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Fig. 2.5 The age-metallicity relation (AMR) for the Sgr core as determined by population
synthesis of HST/ACS imaging of its very center, from Siegel et al. (2007). Distinct contributions
are from the metal-poor M54 population (M54 MPP), Sgr’s metal-poor population (Sgr MPP),
intermediate age population (SInt), young population (SYng), and very young population (SVyng).
The dot-dash line represents a closed-box evolutionary model, while the solid line is a model with
faster enrichment
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Fig. 2.6 Metallicities for Sgr stars as a function of elliptical radius (i.e., the radius normalized to
the equivalent isopleth distance along the major axis for the best fitting ellipse to the surface density
of M giants—for example the radius in the direction of the minor axis, b, would be multiplied by
a/b, where a is the major axis) in the dSph. Blue asterisks are abundances measured from infrared
Ca triplet lines in R ~ 15,000 spectra from the Frinchaboy et al. (2012) sample. The red filled
circles show measurements of iron lines in R ~ 22,500 spectra from Data Release 10 (DR10)
of the APOGEE project. Stars sampled by both surveys are shown with plus signs and with the
APOGEE [Fe/H]. The dashed line is a fit using a robust iterative outlier rejection method. (Figure
courtesy of Sten Hasselquist)
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Battaglia et al. 20006), as well as other Milky Way dSphs (e.g., Sculptor, Sextans, Leo
I, Leo II, Draco— Tolstoy et al. 2004; Battaglia et al. 2011; Kirby et al. 2011). As
in these other systems the different spatial extents for the constituent populations
reflects different dynamics for these populations, which also give rise to radial
gradients in velocity dispersion across the dwarf (for the case of Sgr, see Majewski
et al. 2013 and Hasselquist et al. 2015).

2.3.2 Stellar Populations in the Sagittarius Streams

One expects overlap between the stellar populations seen in the Sgr core with those
represented in the Sagittarius streams. However, because the most loosely bound
stars in a dwarf galaxy or star cluster tend to have the largest mean internal (to
the dwarf galaxy) orbital radii, tidal stripping generally eats away a satellite star
system from the outside. When the orbit of that satellite in the parent potential lends
itself to the formation of long, coherent tidal streams—as in the case of Sgr—one
can, to first order, read the variation in radial properties (e.g., the chemistry and
ages of stars) of the original satellite as the variation of those properties along
the tidal streams. Of course, the situation is complicated by any star formation
proceeding on timescales similar to the stripping timescale, as well as the fact that
there is a “smearing out” of information by orbital phase overlap of stars stripped at
different times (see, e.g., the overlap along the tidal streams of particles color-coded
for different perigalacticon release in Fig.2.3). Indeed, global variations in mean
metallicity along the Sgr stream have clearly been identified (Bellazzini et al. 2006a;
Chou et al. 2007; Monaco et al. 2007; Keller et al. 2010; Shi et al. 2012; Carlin et al.
2012), stretching from a <[Fe/H]>~ —0.4 near the Sgr core to <[Fe/H]>~ —1.1
at the greatest angular extents sampled thus far. These variations along the stream
have been interpreted as indicating the likelihood of a strong metallicity gradient in
the progenitor satellite (Bellazzini et al. 2006a; Chou et al. 2007; Keller et al. 2010).

A key lesson illustrated by these assessments of metallicity variations within the
Sgr core (Sect.2.3.1) and along the stream is that because of the time dependence
of the specific populations contributed to the Milky Way halo, the current content
of a dSph is not representative of what it contributed to the halo; differences
in metallicity distribution functions between the satellite and the tails are clear
(Chou et al. 2007; Monaco et al. 2007). This process is easily demonstrated by
N-body simulations with even simple assumptions of the progenitor metallicity
distributions (Law and Majewski 2010a, hereafter cited as “LM10”). Thus, it is risky
to draw conclusions regarding the role or magnitude of accretion in galactic halos
by comparing their stellar content to those in their currently bound satellites. The
problem is exacerbated by the dominant contribution to stellar halos from satellites
accreted early on, whereas current satellites have typically been accreted more
recently (Font et al. 2006). In the same context, if one wants an accurate portrait
of the frue star formation and chemical history of any particular satellite galaxy,
one may have to reconstruct it by carefully accounting for the (likely different, or
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different proportions of) stellar populations that have been previously stripped away
(Chou et al. 2007; Majewski et al. 2002).

2.3.3 Chemical Evolution of the Sagittarius System

Overall metallicity trends across the Sgr core and tidal tails are reinforced by more
detailed exploration of their chemical abundance patterns. Chou et al. (2010) show
strong differences in s-process abundances (e.g., the heavy to light s-process element
ratio [La/Y]) between Sgr tail and core stars. Only by putting together data from
both the core and tails is the complete chemical history of Sgr revealed: the Ti, Y
and La abundances across all metallicities reveals Sgr to have abundance patterns—
and therefore an enrichment history—that closely resemble those of other dSphs
and the Large Magellanic Cloud for these elements, only with different timescales
for that enrichment, as reflected in shifts in the global abundance patterns with
metallicity (A[Fe/H]). But these patterns are seen to be distinct from those seen
in Milky Way stars in the solar neighborhood—e.g., with Sgr showing a heavy s-
process enhancement (La) and light s-process deficit (Y) with respect to Milky Way
field stars (Bonifacio et al. 2000; Smecker-Hane and McWilliam 2002; Sbordone
et al. 2007; Chou et al. 2010; McWilliam et al. 2013).

Other significant differences with Milky Way stars are seen by deficiencies in
[a/Fe] elements (especially O and Mg, but also for Si, Ca and Ti), as well as
for [Na/Fe], [Al/Fe] and [Cu/Fe] (see references in previous paragraph, as well
as Bonifacio et al. 2004; Carretta et al. 2010; Hasselquist et al. 2015). These
deficiencies could imply that Sgr’s initial mass function (IMF) was deficient in the
most massive Type II supernovae (“SNe”’; McWilliam et al. 2013), or that the galaxy
was not able to hold onto the yields from its Type II SNe. That Sgr is enhanced in
heavy s-process elements like La and Nd (and that these increase with [Fe/H]), but
not in the light s-process elements may be because of the dominance of leaky-box
chemical enrichment of Sgr from low mass, metal-poor AGB stars that continued
over multiple generations (McWilliam et al. 2013). When seen together with the
contrasting evidence of “normal”—i.e., Milky Way-like—r-process enrichment
(e.g., [Eu/Fe] versus [Fe/H]; Bonifacio et al. 2000; McWilliam et al. 2013), the
collective chemical properties of Sgr core stars have been interpreted as indicating
a chemical evolution whereby the low [«/Fe] in Sgr are not from the traditional
mechanism of (time-delayed) introduction of substantial iron from Type Ia SNe
at low metallicity, but rather from a steep IMF, reflecting strong deficiencies in
the number of high mass (>~30Mg) stars (McWilliam et al. 2013). However it
occurred, the overall chemical evolution of the Sgr field stars is shared with stars
in its globular clusters (Fig.2.7), as well as between stars in the core and tidal tails
(Chou et al. 2007; Monaco et al. 2007; Keller et al. 2010).

Regardless of the origin of these unusual Sgr chemical patterns, they are shared
with other dwarf galaxies like the Large Magellanic Cloud and the Fornax dSph
(Chou et al. 2010; McWilliam et al. 2013). The general distinctness of this chemistry
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Fig. 2.7 The overall decline in [«/Fe] with [Fe/H], which occurs at lower metallicities than for
Milky Way stars (cyan points), is seen to be shared by the old Sgr clusters M 54, Arp 2 and Ter 8,
as well as by the younger Sgr clusters Pal 12 and Ter 7. The figure, adapted from McWilliam et al.
(2013), includes cluster data (crosses) from Brown et al. (1999), Cohen (2004), Sbordone et al.
(2007), Mottini et al. (2008), and Carretta et al. (2010), as well as Sgr field stars from Bonifacio
et al. (2000), Bonifacio et al. (2004), Smecker-Hane and McWilliam (2002), Sbordone et al. (2007),
and Carretta et al. (2010). The data on Milky Way stars are from Reddy et al. (2006). (Figure
courtesy of Andrew McWilliam and Sten Hasselquist)

from that observed in local Milky Way stars—and yet that there also remain
some chemical properties thought unique to Sgr (e.g., the lowest [Rb/Zr] ratio
known; McWilliam et al. 2013)—means that there are ample signatures useful for
identifying Sgr stars now in the Milky Way field star population through “chemical
fingerprinting”. Large-scale, high resolution spectroscopic surveys of the Milky
Way, such as the GALAH (Zucker et al. 2012) and Gaia/ESO (Gilmore et al. 2012)
surveys in the Southern Hemisphere as well as the dual hemisphere APOGEE-
2 project (Majewski et al. 2015) have the capability to take advantage of these
signatures to more completely map the current phase space distribution of Sgr stars
throughout our Galaxy. No doubt, many more surprises are in store for us when this
more complete mapping of the Sgr system and the numerous dimensions offered by
exploiting the information contained in the chemical content of its stars are in hand.
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2.3.4 Sagittarius Star Clusters

The census of stars and clusters observed to be in tidal streams gives extremely
useful insights into the types of stars and clusters that are contributed to large,
Milky Way-like galaxies through hierarchical merging, and on what timescales
these accumulated debris are accreted. The properties of globular clusters have
long played a central role in ascertaining how the Milky Way formed, with
intense focus on the question of how those clusters that formed in situ dif-
fer from those contributed through accretion (e.g., Searle and Zinn 1978). The
prevailing lore descended from Searle and Zinn is that clusters with proper-
ties conventionally interpreted as indicating that they are “younger”—e.g., clus-
ters with horizontal branches too red for their metallicity (the second param-
eter effect) or with brighter main sequence turnoff magnitudes—would most
likely be associated with accretion (e.g., Rodgers and Paltoglou 1984; Zinn 1993,
1996).

Thus, it is of great interest to determine what part of cluster parameter space is
occupied by clusters we can see in the very process of being accreted. A census
of likely Sgr stream clusters was compiled by Law and Majewski (2010b), which
identified nine moderate (Ter 7, Pal 12, NGC 5053) to high (M 54, Arp 2, Ter
8, NGC 5634, Whiting 1, Berkeley 29) confidence candidates, based on matches
to the present day configuration of Sgr debris as given by numerical simulations
(LM10). This group of clusters closely follows the age-metallicity relation of
stars in the Sgr core by Siegel et al. (2007, Fig.2.5), but, surprisingly, yields
few candidate clusters with a second parameter effect. This is in contrast to the
cluster populations currently bound to the Magellanic Clouds and Fornax dSphs
(e.g., Buonanno et al. 1999), which will likely, someday, also be contributed to the
Milky Way halo. This contrast would seem to suggest that Sgr provides a striking
counterexample to the traditional interpretation of the origins of “old” versus
“young” clusters by suggesting that the strength of second parameter expression
is less a division between accreted vs. in situ-formed clusters and perhaps more
simply a property exhibiting diversity among different cluster-contributing parent
satellites.

However, the latter census of Sgr-contributed clusters must be updated, in light
of the newly identified failure of the LM10 model to match the extreme ends
of the Sgr trailing arm (Sect.2.6.2) and the fact that several of the Law and
Majewski (2010b) Sgr cluster candidates are identified with older parts of that
arm. The possible need to now include NGC 2419 among the Sgr candidates
(Sect.2.6.2) will not change the above interpretation regarding the diversity of
cluster types that can be contributed to the halo, given that the extremely low
metallicity and large age of this cluster matches the properties of other Sgr
candidates, but it does raise interesting new questions given that now the fwo
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largest Milky Way halo globular clusters (M 54, NGC 2419)° may be asso-
ciated with Sgr.® An exciting parallel development that promises even more
vital insights into these questions is the ability to now study the properties
of globular clusters in tidal streams in other spiral galaxies (Mackey et al.
2014).

2.4 Numerical Models of the Sagittarius-Milky Way System

Using the Sgr stream to put constraints on the shape and strength of the Milky Way’s
gravitational potential is an industry that extends back to the first, rudimentary
assessments of the stream orientation and extent on the sky (e.g., Mateo et al. 1998;
Majewski et al. 1999; Martinez-Delgado et al. 2001; Ibata et al. 2001a) and the first
N-body models of its interaction with the Milky Way (Velazquez and White 1995;
Johnston et al. 1995; Johnston et al. 1999; Edelsohn and Elmegreen 1997). Now
that the Sgr system has been extraordinarily well mapped over the entire sky, the
breadth of these data have allowed construction of remarkably detailed models of
the Sgr dwarf and the Galactic gravitational potential in which it orbits.

Chapters 6 and 7 detail the theoretical processes of tidal stream formation and
the determination of the shape/substructure of the Galactic gravitational potential
(and thus the dark matter halo) from these tidal streams. In the present section, we
describe the specific strategies that have been applied to constrain the properties
of the Milky Way gravitational potential using the Sgr system, along with their
successes and failings in reproducing the observational data.

2.4.1 General Approach

Although the detailed strategies for simulating the Sgr—Milky Way interaction
can vary, a common approach follows that originally described by Johnston et al.
(1995), in which the Milky Way is represented by a smooth, rigid potential and
Sgr is represented by a collection of self-gravitating particles whose interaction is
calculated using a self-consistent field code (e.g., Hernquist and Ostriker 1992).”

SWe exclude w Cen as the largest Milky Way halo cluster on the grounds that it appears that this
object is, itself, the residual core of an accreted dwarf galaxy—e.g., Lee et al. (1999), Majewski
et al. (2000), and Bekki and Freeman (2003).

SWhether M 54 lies exactly at the nucleus of the Sgr dSph (e.g., Bellazzini et al. 2008) or ~2 kpc
in front (Siegel et al. 2011) of the dSph center is itself an open question.

7 An alternative, and substantially faster method to this form of N-body modeling the Sgr stream is
that used by Ibata et al. (2013) and Gibbons et al. (2014), who approximate streams via swarms of
test-particles emanating from the L1 (for the leading arm) and L2 (for the trailing arm) Lagrange
points around the satellite.
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A three-component model is often adopted for the Galactic gravitational potential,
consisting of a Miyamoto and Nagai (1975) disk, Hernquist spheroid, and logarith-
mic dark matter halo of the general forms, respectively:

GM, is
Byige = — ok : 2.1)
\/R2+(a+«/22+b2 2
GMg,
d)sphere = _% (22)
Bhato = V2, IN(R? + (/4% + &%), (2.3)

where Mg and Mphere represent the mass of the Galactic stellar disk and spheroid
respectively, Unao Sets the mass scale of the Galactic dark matter halo, the parameters
(a, b, c,d) represent physical length scales of the various components, R and z are
cylindrical polar coordinates, r is the spherical polar coordinate, and ¢ is a scale
factor determining the polar flattening of the Galactic dark matter halo. Typically in
simulations of minor mergers like the Sgr system, the particles within the satellite
itself are distributed according to a Plummer (1911) model:

GM
Dggr = —— 2 (2.4)

2+

where Mg, and ry are the mass and radial scalelength of Sgr respectively. While
many studies do not distinguish between dark and luminous matter components in
the original Sgr progenitor, others (e.g., L.okas et al. 2010; Pefarrubia et al. 2011)
adopt more physical models having a two-component disk embedded within an
NFW (Navarro et al. 1997) dark matter halo. Nevertheless, the simple Plummer
model core is consistent with observations that suggest no significant rotation within
the Sgr core (Pefiarrubia et al. 2011; Frinchaboy et al. 2012), whereas mass-follows-
light models have had reasonably good success in modeling satellites stripped to
radii where both dark and baryonic matter are being lost (Sohn et al. 2007; Mufioz
et al. 2008).8

Although the details vary from study to study, some combination of the above
parameters are held fixed (e.g., the local circular speed Visgr, although see Carlin
et al. 2012), while others are varied along with the orbital velocity of the Sgr
core until the resulting model best matches observational measurements of the Sgr
stream. While the radial velocity of Sgr is well-known (vgsg = 171 km s7!, Ibata
et al. 1997) and can hence be held fixed, the proper motion of the dwarf (Dinescu

81t has been shown (Mayer et al. 2001; Bullock and Johnston 2005; Klimentowski et al. 2007)
that when satellites are undergoing significant tidal stripping they actually evolve into systems
resembling and behaving like mass-follows-light models.
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Fig. 2.8 Estimates of the proper motion of the Sgr core from Dinescu et al. (2005, blue shaded
region), Pryor et al. (2010, red shaded region), Massari et al. (2013, green shaded region), Sohn
et al. (2015, purple shaded region), and all four estimates combined (black shaded region). Note
that all estimates have been corrected to the Sgr center of mass as described by Sohn et al. (2015).
The black filled circle indicates the Sgr core proper motion derived by LM 10 using N-body models
of the stellar tidal streams, while the white hexagon is the proper motion derived by Carlin et al.
(2012) using the LM 10 model adapted to a local circular speed of 264 & 23kms™!

et al. 2005; Pryor et al. 2010; Massari et al. 2013; Sohn et al. 2015), is sufficiently
uncertain (see Fig.2.8) that the strongest constraints on the proper motion can
actually be obtained by the requirement that Sgr tidal debris lie within the observed
orbital plane. In the study of LM10, the instantaneous orbital pole of Sgr was fixed
by the observed plane of the tidal debris and the radial velocity by the observed
value of Ibata et al. (1997), whereas the tangential velocity of Sgr was allowed to
vary freely until the simulated radial velocities along the trailing arm best matched
observations. This was repeated for a variety of Galactic potential models to seek
one that best matched the observed angular path and radial velocity of observed Sgr
stream stars (see Fig. 2.9).
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Fig. 2.9 Best-fit Sgr disruption model from LMI10. Black points represent the bound core
of Sgr, while orange and magenta points are simulated tidal debris torn off the dwarf on
successive perigalactica (see Fig. 2.3). Open symbols represent a combination of 2MASS and SDSS
observational data. (Reproduced from LM10)

2.4.2 Constraints on the Shape of the Galactic Dark
Matter Halo

Because Sgr orbits at distances of about 20—-60 kpc from the Galactic center, its orbit
is most sensitive to the amount and distribution of non-baryonic (i.e., dark) matter
within and across those Galactic radii, and initial estimates from the apparently
strong planarity of Sgr debris on the sky suggested that the Galactic dark halo
is approximately spherical in this range of Galactocentric distances (Ibata et al.
2001a). Improved observational coverage and increasingly detailed modeling of
the stream soon led, however, to conflicting conclusions regarding the shape of the
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Galactic halo, depending on whether the position of the stream on the sky or the
radial velocities of stars within the stream were given more weight in constraining
the models. The precise angular position of stellar debris across the sky is, of
course, a function of the orbital trajectory of the parent satellite on the sky, but
that trajectory is a function of time due to imposed orbital plane precession if the
dominant potential is non-spherical, with the direction of that precession having
opposite signs for prolate versus oblate halos. Thus, any variation in the orbital
plane of Sgr debris on the sky is a reflection of the orbital plane precession of the
Sgr core and will have been strongly influenced by the shape of the gravitational
potential. Meanwhile, radial variations of the Sgr debris are a function of both the
radial form of the potential as well as its three-dimensional shape, and these radial
variations are most easily reflected in the observed line-of-sight velocities (which
are much easier to measure accurately than are the distances of the stream stars).

Early investigations of the combined Sgr velocity-position data showed the
contradictory results that only models with an oblate to spherical dark halo can
reproduce the angular path of the leading stream on the sky well (Johnston et al.
2005; Law et al. 2005; Fellhauer et al. 2006; Martinez-Delgado et al. 2007), but
these same models cannot at the same time match the observed radial velocities
of those stars (these models predict infalling velocities of the northern leading arm
debris that are far too extreme). On the other hand, models with a prolate dark halo
can match the leading arm velocities well, but not their positions on the sky (Helmi
2004; Law et al. 2005). The heart of the leading arm velocity/position conundrum
can be seen in Fig.2.10: While prolate models force the leading arm to arc well
over the solar neighborhood (left panel) and thereby reduce the observed line-of-
sight velocities of the constituent stream stars as needed to match the observations,
the angular precession experienced by the leading arm in such a prolate potential is
in strong conflict with the observed positions of the leading stream on the sky (right
panel). Ironically, in contrast to the great discriminating power of the Sgr leading
arm, the observed runs of position and velocity of the southern (dynamically young)
parts of trailing stream seem to have little sensitivity to the shape of the adopted halo
potential.

In hindsight, it is perhaps not too surprising that a solution to this quandary is
offered by modeling the dark halo as having a triaxial configuration instead of the
axisymmetric form described by Eq. (2.3). As demonstrated by Law et al. (2009)
and LM10, such a gravitational potential makes possible N-body simulations that
can simultaneously match the positions, velocities, and distances of both trailing and
leading arm stars (see Figs. 2.9 and 2.11). Similar results were found by Pefiarrubia
et al. (2010) using more physically-motivated, “NFW” (Navarro et al. 1997) models
for the Galactic dark matter distribution, and Deg and Widrow (2013) using a
Bayesian probability analysis.

Despite the success of this triaxial halo model, it is, however, a quite unsatisfying
one because of the seemingly unlikely shape and orientation of the inferred dark
matter distribution—i.e., strongly oblate (yielding a potential with triaxial 3-D
axis ratios of [minor/major] = [c/al]g = 0.72 and [intermediate/major] = [b/a]gs =
0.99), but with the minor axis within 7° of the Galactic X-axis (i.e., axis along
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Fig. 2.10 Left panel: side view of Sgr orbital paths in oblate, spherical, and prolate Galactic
potentials; note the proximity of the leading arm to the Sun in oblate and spherical models, resulting
in maximal projection of the orbital velocity of stream stars onto the line of sight. Right panel:
positions of apparent orbital poles for observed 2MASS M giants (black squares) and simulated
tidal debris (colored symbols). Open (filled) symbols represent the planar poles of leading (trailing)
debris; colored squares (triangles) represent simulations in oblate (prolate) potentials color-coded
according to the oblateness (prolateness) of the simulation. Note that almost any model halo
matches the position of the trailing debris (solid symbols), whereas only an oblate model (in this
case, best matched by a ¢ = 0.90 oblateness) can match the orbital poles of the leading arm debris
(open symbols). To demonstrate the potential influence of orbital plane precession on the Sgr core
over greater spans of time, the figure includes circles that represent the orbital poles expected for
even older tidal debris as calculated in a ¢ = 0.90 simulation. Figures reproduced from Law et al.
(2005) and Johnston et al. (2005)
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Fig. 2.11 Pan-STARRS observations of stars in the trailing Sgr debris stream (colored points with
Z < 0) and SDSS observations of stars in the leading Sgr debris stream (colored points with
Z > 0; note imperfect distance calibration as plotted here) overplotted against the LM 10 model.
Figure adapted from Slater et al. (2013)
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the Sun-Galactic Center line).” Such an unexpected orientation, being so strongly
non-axisymmetric in the Galactic disk plane, is difficult to reconcile with stable
disk star orbits and Cold Dark Matter models generally, which typically produce
galaxies having aligned disk and halo minor axes (e.g., Debattista et al. 2008, 2013).
Thus, such a well-functioning, utilitarian numerical model may not correspond to
an identically matching physical shape for the intrinsic Galactic potential.

To escape such awkwardness, several, more prosaic, physical scenarios have
been proffered that might yield a similar numerical solution. One alternative
explanation explored by LM10 focused on the contributing gravitational influence
of the Magellanic Clouds, which are orbiting in a plane whose axis is within 1°
of that found for the minor axis of the numerically-derived triaxial halo. Although
LM10 found that an LMC-mass in an LMC-orbital plane may perturb the Sgr orbit
significantly, this issue is somewhat complicated by the issue of whether the LMC
is on its first passage around the Milky Way (Besla et al. 2007; Kallivayalil et al.
2013), so that there may not have been sufficient time for the Clouds to exert the net
required influence. More recently, Vera-Ciro and Helmi (2013) have had success
matching observations by adopting an even more complex Galactic potential than
that of LM 10—i.e., one that includes a variable shape with radius, from a “ACDM-
normal”, oblate potential flattened to the disk plane at small radius and only evolving
into the triaxial LM 10 shape at large radius. Moreover, the unusual outer shape of the
dark halo, the authors claim, can be accounted for by including perturbations from
the LMC, thereby leading to an entirely “ACDM-palatable” composite gravitational
potential. Similarly, Ibata et al. (2013) find that numerical models with a spherical
halo can fit the Sgr debris streams if a rising Galactic rotation curve outside the
solar circle is adopted—although this solution does result in an extremely large
virial mass of 2.6-3.1 x 10'2M, for the Milky Way, which is inconsistent with
other recent results using constraints from Sgr debris (e.g., Gibbons et al. 2014; see
Sect.2.6.2).

2.4.3 Constraining the Mass of the Galactic Disk

The Sgr stream is nearly polar and aligned closely to the Galactic X-Z plane. This
particular orientation means that the proper motions of Sgr stream stars enable
a measurement of the Local Standard of Rest (LSR) velocity, that, unlike most
other methods, is independent of knowledge of the solar Galactocentric distance
(Majewski et al. 2006). Because of the fortuitous orientation of the Sgr debris
plane, the measured V motion (equivalently, the w;cosb) of Sgr trailing arm stars

“Note that the parameters a, b, and c cited here are the commonly used names for the longest
to shortest dimensions of a triaxial potential, respectively, and should not be confused with the
variables of the same name commonly used as length scale parameters in the defined gravitational
potentials given in Egs. (2.1)—(2.3) above.
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is almost completely due to solar reflex motion, and the trailing arm arcs across the
Southern Galactic Hemisphere at close enough distances that measuring accurate
proper motions is tractable.

As part of a proper motion program in the Kapteyn Selected Areas (SAs; Kapteyn
1906), relatively recent, new epoch photographic observations have been matched
to Mt. Wilson 60-in. plates taken from 1909-1912 (for J. Kapteyn) to derive ~1-2
mas yr~! per star proper motions in numerous SAs, including SAs intersecting the
Sgr trailing arm (e.g., Casetti-Dinescu et al. 2006). With extensive spectroscopic
observations to enable the identification of numerous Sgr stream stars in each of
a half dozen SAs, the mean proper motions of the Sgr trailing arm have been
measured to 0.2-0.7 mas yr~! per field by Carlin et al. (2012). Using LM10-based
models, but rerun with self-consistent gravitational potentials, the simulated Sgr
debris yields a best match to the observations when the LSR velocity is Opsg =
264 + 23kms~! (Carlin et al. 2012), which is higher than has been traditionally
assumed, but consistent with other more recent determinations of ®;gz based on
radio-interferometric proper motions of star forming regions in the outer disk (Reid
etal. 2009) and Sgr A* (Reid and Brunthaler 2004), as well as the kinematics of disk
stars from the SDSS APOGEE (Bovy et al. 2012) and SEGUE surveys (Schonrich
2012).

Carlin et al. (2012) found that these LM 10-variant model fits that simultaneously
reproduce known position, distance, and velocity trends of the Sgr tidal streams, but
with a significantly increased ®; g, can only be achieved by increasing the Galactic
bulge and disk mass while leaving the dark matter halo fixed to LM10-like values.
However, an apparent bonus of these self-consistent Milky Way models is that they
imply a proper motion for the Sgr core that is much more consistent with the mean
of astrometric observations available at the time (Dinescu et al. 2005; Pryor et al.
2010) than that from an LM10 model with the traditional @;qz = 220kms™!
(Fig.2.8). This satisfying self-consistency has thus far been upheld by more recent
measurements of the Sgr core proper motion by Massari et al. (2013) and Sohn et al.
(2015), though the latter authors also find that a somewhat smaller LSR velocity than
found by Carlin et al. (though still larger than the traditional 220kms™', and closer
to the Reid et al. values cited above) might also provide a good match to the Sgr
core proper motion if the distance of the core were assumed to be closer to 24 kpc
than the (Siegel et al. 2007) value of 28 kpc assumed by LM10.

2.5 Mass, Luminosity and Mass-to-Light Ratio of Sagittarius

To place the Sgr system within the context not only of the Milky Way satellite
system, but also within the expected distributions of the masses of accreted bodies
for Milky Way-like systems predicted by hierarchical galaxy formation models more
generally, it is of interest to ascertain the properties of the Sgr progenitor. We have
previously discussed the likely stellar population and chemical properties of the
progenitor and its potential similarities to the SMC (Sect.2.3); here we focus on



2 The Sagittarius Dwarf Tidal Stream(s) 53

the mass and luminosity of the present and former Sgr satellite, which demonstrate
further similarities to the SMC.

Initial estimates of the luminosity of the present day Sgr core by Ibata et al.
(1995) varied from My = —13 to —14 depending on the assumed metallicity of
the component stellar populations, while estimates by Mateo et al. (1998) found a
similar range My = —13.4 to —14.6 for various models of the internal structure
of Sgr and a distance modulus of (m — M)y = 17.0. With full knowledge of
the distribution of stellar types in the Sgr core and tails, however (see Sect.2.3),
it is possible to estimate the total luminosity of the system more accurately. For
example, Majewski et al. (2003) derived a total luminosity by integrating the King
profile fit to the two-dimensional shape of Sgr based on 2MASS M giants coupled
with a measurement of the satellite’s central surface brightness. This method yields
a total core absolute magnitude of My = —13.64 if the Siegel et al. (2007)
distance modulus of [m — M], = 17.27 is assumed; this corresponds to a core
luminosity of Lsgr = 2.4 x 10"Lg. Niederste-Ostholt et al. (2010) took a slightly
different approach, summing available 2MASS and SDSS observations of stars in
the Sgr core within the strong fall off (“break™) in its radial density profile and
assuming symmetry between the leading and trailing sides of the dSph to derive
My = —14.2 £ 0.1 (Lsge ~ 3 — 4 x 10’Le, depending on the adopted luminosity
function).

Given the substantial tidal disruption that Sgr has suffered, however, the lumi-
nosity of the present-day remnant dSph is only a fraction of the total luminosity of
the Sgr system as a whole. Indeed, using composite luminosity profiles based on
a combination of 2MASS and SDSS observations, Niederste-Ostholt et al. (2010)
estimate that the present-day streams represent the majority of the total luminosity
of the system at ~7-9 x 10’Lg! Combining estimates of the luminosity in the core
plus tidal streams, the total luminosity of the Sgr progenitor appears to have been
~10-14 x 107L@ (Niederste-Ostholt et al. 2010, 2012), slightly less luminous than
the present-day Small Magellanic Cloud.

Estimates of the mass of Sgr typically range from approximately a few 108M¢
to 10°M . Early numerical models by Ibata et al. (1997) suggested that a present-
day mass ~10°Mg was required to explain the survival of Sgr within the Galactic
gravitational potential. More recent models revise this estimate downwards some-
what, finding (LM10) that a present-day bound mass (within ~4° of the center) of
2.5713x 103M¢ best reproduces tidal streams with the observed velocity dispersion
(e.g., Majewski et al. 2004; Law et al. 2004; Monaco et al. 2007). Although LM 10
did not attempt to model the Sgr core in detail, simulations by Lokas et al. (2010)
that more accurately treat the dark/light matter separation and account for anisotropy
in fitting the observed velocity dispersion profile of the Sgr core (see, e.g., Majewski
et al. 2013) obtain similar estimates of 5.2 x 103M¢ (2.1 x 103M) within 12° (4°)
of the center of the dSph (similar to the 5.8 & 0.5 x 108M¢ estimate of Majewski
et al. 2003).

In the cosmologically-motivated NFW dark matter halo model of Lokas et al.
(2010), the initial virial mass of the Sgr progenitor would have been ~1.6x10'°M,,
which suggests that Sgr has shed a large percentage of its initial mass over the course



54 D.R. Law and S.R. Majewski

of its interaction with the Milky Way. This implies that the mass-to-light ratio, 1,
has likely significantly evolved over the lifetime of the dwarf, from an initial value
of T ~ 100 to a present-day value of 75 ~ 5-25.

2.6 Outstanding Issues Regarding the Detailed Structure
of the Sagittarius System

Lest we be complacent in believing that we have arrived at a reasonably accurate
description of the Sgr-Milky Way system that adequately explains the dynamics of
the merger and that successfully models the phase space distribution of Sgr debris,
some recent observations reveal unexpected features belying significantly greater
complexity in the system than hitherto assumed. Among the most fascinating, and
at the same time vexing, discoveries is that the Sgr stream is either “bifurcated”
or composed of two separate but largely parallel streams; this bifurcation cannot
readily be reproduced by present numerical simulations. Additionally, several
claimed detections of older sections of the stream wrapped more than 180° around
the Galaxy from the Sgr core also do not comport to the most successful models,
but also do not necessarily agree with one another. We end by discussing these
new challenges to our understanding of the Sgr system—challenges that, as of
this writing, have yet to be adequately explained by any existing model of the Sgr
system.

2.6.1 A Bifurcated Stream Density Profile

Making use of the expansive and detailed view of the Sgr stream provided by
SDSS imaging data, Belokurov et al. (2006) demonstrated that the Sgr leading arm
bifurcates into brighter and fainter components separated by up to ~15° on the sky
(see Fig. 1.7 in Chap. 1). This secondary stream appears not only to closely parallel
the brighter, “primary” branch of the leading stream in position on the sky, but also
in distance (within ~5 kpc; Belokurov et al. 2006; Yanny et al. 2009; Correnti et al.
2010; Ruhland et al. 2011; Slater et al. 2013), radial velocity and metallicity (Yanny
et al. 2009). This fainter branch was originally thought to be an older secondary
wrap of the Sgr tidal stream (Fellhauer et al. 2006), and the close adherence of the
primary and secondary streams to nearly the same orbital plane was interpreted as
evidence in favor of a spherical halo in which streams would experience minimal
precession of the orbital poles. However, in addition to requiring halo sphericity, to
have debris in so closely overlapping orbital “rosettes” also requires a very specific
radial form of the Milky Way potential as well as a much longer timescale of
disruption than is evident from any other observation (LM10).
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Fig. 2.12 Distances to the bright/faint branches of the Sgr leading stellar tidal stream in the
Northern Galactic Hemisphere by Ruhland et al. (2011) based on blue horizontal branch (BHB)
stars from SDSS DR?7 (figure reproduced from that reference)

On the other hand, the similarity in distances, kinematics, and composition
of the bright and faint streams (e.g., Fig.2.12) suggests, instead, that they rep-
resent stream debris at the same orbital phase. LM10, for instance, noted that
the angular width of simulated streams naturally vary with position along the
orbit, and attempted to describe the leading-arm bifurcation as a ‘spray’ of stars
extending from the main stream up to higher declinations. However, the resulting
density profile was not a good match for the two clearly separate tracks of debris
described by the observational data. In turn, Pefiarrubia et al. (2010) noted that
the density structure of simulated streams depends on the internal kinematics of
the progenitor object, and found that a rotating Sgr progenitor can give rise to
bifurcated tracks of tidal debris similar to those observed. Nevertheless, as discussed
by Pefarrubia et al. (2010; see also Frinchaboy et al. 2012), this explanation
seems unlikely because there is no observed rotation within the present-day
remnant Sgr core (although cf. Lokas et al. 2010, who find that a morphological
transformation of a rotating progenitor via tidal stirring may result in a non-rotating
remnant).
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Fig. 2.13 Sgr bright and faint streams in the Northern (right) and Southern (left) Hemispheres on
an Aitoff projection in the Sgr orbital plane. Image credit: S. Koposov

As if the bifurcated leading arm weren’t mysterious enough, Koposov et al.
(2012) have shown (Fig.2.13) that a bifurcation also appears in the trailing arm in
the Southern Galactic Hemisphere. Together, the northern and southern bifurcations
evoke an impression that over a vast span of the sky the fainter, secondary Sgr stream
parallels the high-surface brightness primary branch of the Sgr stream, offset by
~10° to lower Sgr latitude coordinates, Bg (i.e., higher declination for a given right
ascension) as illustrated in Fig.2.13.

One suggestion posited to explain these parallel tracks is that they are dual debris
streams from independent bodies participating in a group infall, e.g., perhaps the
present-day Sgr core was gravitationally bound to a smaller companion dwarf when
it fell into the Milky Way (e.g., D’Onghia and Lake 2009; Newby et al. 2013),
similar to the Large/Small Magellanic Cloud system. However, while this is an
attractive paradigm, it is difficult to understand why the faint stream is always on
the same side of the brighter stream and parallels it at a nearly constant angular
separation throughout nearly 360° of orbital longitude when one might expect the
debris streams to cross, or at least change separations, if the progenitors were
orbiting semi-independently about the Milky Way center. Perhaps the combined
three-body interaction might conspire to produce parallel debris streams as observed
over almost a complete 360° span of sky, but presently no numerical simulation
exists to demonstrate such a hypothesis.

2.6.2 Multiply-Wrapped Sagittarius Streams

While 2MASS and SDSS observations trace the Sgr tidal streams roughly 360°
around the sky, numerical models based on these observations suggest that the
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streams may be considerably longer and make specific predictions for where such
large-phase tidal debris might be found. The model of LM10 for instance (see
Fig.2.3) predicts that the trailing tidal tail passes through apogalacticon at Ag ~
180° and wraps back around the Galaxy in the Northern Galactic Hemisphere,
tracking inside the arc of leading tidal debris at a heliocentric distance of about
20kpc. Similarly, the leading arm of tidal debris is expected to pass through the
Galactic disk plane in the direction of the Galactic anticenter and arc through the
Southern Galactic Hemisphere before passing through the trailing debris stream and
behind the Sgr dwarf core.

Subsequent observations by Correnti et al. (2010) appeared to confirm these
predictions with the identification of a faint stream of red clump stars aligned with
the Sgr orbital plane that these authors identify as belonging to the Sgr trailing arm
wrapped into the Northern Galactic Hemisphere at a distance of ~25 kpc (see their
Figs. 27 and 28). Similarly, CFHT MegaCam pencil-beam observations by Pila-Diez
et al. (2014) detect both the trailing arm wrapped into the North and the leading arm
wrapped into the south, both at distances that agree well with the LM 10 model (see
Fig.2.14).

The Sgr trailing arm therefore seems to match the LM10 model at orbital
longitudes A = 140° (in the Southern Galactic Hemisphere) and A = 260°
(in the Northern Galactic Hemisphere), and in between is expected to reach
apogalacticon at a heliocentric distance of ~60kpc. However, through further
analyses of faint stars in the SDSS, 2MASS, and WISE databases, M giant stars
attributed to the trailing arm in this intervening longitude range, Ao ~ 180°, have
more recently been observed (Belokurov et al. 2014; Koposov et al. 2015) to reach
apogalacticon at a distance not of 60 kpc, but ~100kpc instead! Moreover, these
stars, if Sgr debris, suggest an apogalacticon position (Ag = 180°) for the trailing
arm debris more widely separated from the Sgr core than predicted by other models
(e.g., LM10; see lower right panel of Fig.2.9). While it might be possible that
these stars are not actual Sgr debris, or at least not Sgr debris corresponding to
the youngest parts of the trailing arm located at orbital phases of the most recent
apogalacticon (i.e., the magenta-colored regions of the trailing arm as shown in
the schematic model in Fig. 2.3), the detected stars appear to have radial velocities
near Okms™! (as expected for a stream near apogalacticon), and are consistent
with distances measured for tentatively identified Sgr blue horizontal branch stars
(Ruhland et al. 2011) and RR Lyrae (Drake et al. 2013), as well as the globular
cluster NGC 2419, which was noted to align with the Sgr orbital plane a decade
earlier by Newberg et al. (2003, see Fig. 2.15).

Based on initial analyses, it appears to be difficult to accommodate such a large
apogalacticon distance for the Sgr trailing tidal tail while maintaining all previously-
determined distances for the leading arm. Belokurov et al. (2014) hypothesize that
the newly suggested angular separation of Sgr leading and trailing tail apogalactica
on the sky implies that the dark matter density of the Milky Way falls off faster
than the isothermal haloes typically invoked by numerical models (e.g., that of
the LM 10 model used as a baseline reference throughout this overview of the Sgr
system). This adjustment to the adopted Galactic potential may also account for
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Fig. 2.14 CFHT MegaCam observations of Sgr tidal debris (solid points) compared to the LM 10
tidal disruption model. Figure taken from Pila-Diez et al. (2014)

the vastly different distances predicted for this section of the trailing arm (Gibbons
et al. 2014), however, it remains to be seen whether such models can account for
all other extant observations of the Sgr stream. Alternatively it is possible that
satisfactory solutions may be obtained by recourse to more complicated models—
e.g., models that incorporate dynamical friction producing a drag on Sgr as it orbits
in the Galactic potential (e.g., Zhao 2004) or that even more accurately include
the perturbative effects of the Magellanic Clouds (e.g., following on the work of
Vera-Ciro and Helmi 2013)—yet it is still the case that no model of the Sgr system
currently exists that can now reproduce all of the presently available observational
constraints. Such recurring discoveries of unexpected features of the Sgr stream
humble the earnest work of the modelers, and ensure that the Sgr system will hold
the attention of both observers and theorists for some time to come.
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Chapter 3
The Monoceros Ring, and Other Substructure
Near the Galactic Plane

Brian Yanny and Heidi Jo Newberg

Abstract The outer Milky Way stellar structure known as “The Monoceros Ring”
was discovered in imaging data in 2002. Since then, numerous photometric and
spectroscopic explorations of this structure, some 18 kpc from the Galactic center
and at low Galactic latitudes, have led to a rich discussion in the field on its
composition, possible origins, and relevance for theories of galaxy formation and
studies of dark matter. This substructure was initially thought to be either a tidal
stream from a disrupted dwarf galaxy or the result of a warping and flaring of the
Milky Way disk. A newer conjecture is that the structure is due to disk oscillations,
possibly caused by a massive Milky Way satellite passing through the disk.

3.1 The Monoceros Ring Is Discovered and Named

One of the large overdensities discovered by Newberg et al. (2002), was a previously
unknown and unexpected feature at low Galactic latitude. Although this structure
looked similar to the halo structures that were being discovered at that time, a
structure at latitudes |b| < 30° could as easily be associated with the Galactic disk
as with the halo. Thus, a controversy over the nature of the structure ensued.

Two pieces of this low latitude feature, labeled S2234-20—19.4 and
S200—24—19.8, are visible in Fig. 1.5 of Chap. 1.! Other pieces of this overdensity

'These labels can be dissected as: “S” for stream, followed by the Galactic longitude at which
the overdensity is identified, followed by the (signed) Galactic latitude of the overdensity, and
then finally with the apparent magnitude of the overdensity in turnoff stars (which have an
absolute magnitude of M, ~ 4.2, and so a rough distance modulus can be determined). The
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were identified as S2184-22—19.5 and S1834-22—19.4. Three of these overdensities
were in the north Galactic cap; the fourth, below the plane at S200—24—19.8, was
considered to be associated with the others at lower significance. All of these
detections are within 40° of the Galactic anticenter at (/,b) = (180°,0°). Note
that the apparent magnitude of the southern overdensity is about 0.4 magnitudes
fainter than those in the north (see below where relative distances of overdensities
are discussed in more detail).

A sample color-magnitude Hess diagram of the stars in S223+20—19.4 is shown
in Fig.3.1. The stars with a blue turnoff at go = 19.4 are part of a clear main
sequence, indicative of a stellar population concentrated in a narrow distance range.
The brighter stars (with a turnoff at go ~ 16.5) are somewhat more spread out in
apparent magnitude, and although the authors were not able to fit the magnitude
distribution of the brighter stars with standard double-exponential disk profiles,
these stars plausibly belonged to the disk as it was understood at the time. Examining
the plot in Fig. 3.1, one could interpret the brighter (g9 ~ 16.5 turnoff) stars as disk
stars, followed by a gap at greater distance from the Sun (fainter magnitude), and
then an unexpected overdensity of stars 11 kpc from the Sun at a Galactic latitude
of b = 20°. The red stars ((g — r)o > 1) are almost entirely M-type main sequence
stars in the disk. The falloff in disk stars with apparent magnitude was consistent
with other measurements of the Milky Way disk, which noted a sudden drop in
the density of disk stars at 14—15kpc from the Galactic center (for example Robin
et al. 1992). The low latitude structure was estimated to be about 18 kpc from the
Galactic center, placing it well beyond the known stellar disk, and has a line-of-sight
full width half maximum (FWHM) depth (in the third dimension of distance from
the Sun) of less than 6 kpc.

Also of note in Fig.3.1 is that the turnoff of the faint main sequence is at
(g — r)o ~ 0.3, which is significantly bluer than the turnoff of the thick disk stars
at (g — r)o ~ 0.4. Newberg et al. (2002) interpreted the bluer turnoff as evidence
for a more metal-poor population, as had been identified in the Sagittarius dwarf
tidal stream, though the effect could also be due to a population with a younger
stellar age.

Figure 3.2 shows the positions of the SDSS stripes in which the Monoceros-Canis
Major structure (as it was named in the original 2002 paper, based on limited SDSS
sky coverage), was identified. It was assumed that the structure filled the whole
space in between detections above and below the plane, including lower latitude
areas where no SDSS data were available. At the time, it was expected that this
structure was the result of tidal disruption of a dwarf galaxy, since the density maps
looked similar to those of the Sagittarius dwarf tidal stream. However, because this
structure was at low latitude, one could not rule out a disk origin for these stars.

three-dimensional naming scheme allowed the marking of star overdensities that could later be
connected together to trace streams across the sky. The apparent magnitude was used instead of
distance because it could be measured directly, while the distance was likely to change each time
the distance scale was recalibrated. Ultimately, this naming scheme fell into disuse, as the labels
of these overdensities were difficult to say and remember.
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Fig. 3.1 Figure 12 from Newberg et al. (2002). The lower main sequence beginning about [(g —
7)o, go] = [0.3, 19.4], with a turnoff distinctly bluer and fainter than that of the thick disk [(g —
7)o, &] = [0.4,16.5], is due to the Monoceros Ring structure. The width of the main sequence in
the structure indicates that the structure cannot have a radial extent of more than a few kpc. The
position of the turnoff at g = 19 indicates that the structure is at a distance of 11 kpc beyond the
Sun, or about 18 kpc from the Galactic center, since this data is in the direction (I, b) = (223°,20°)

Within a year of the original publication, two papers were published that
concluded the low latitude structure was ring-like, and could potentially encircle
the entire galaxy. A stellar mass of about 5 x 10® solar masses, if one extends the
ring completely around the Galaxy, is consistent with both papers.

The first of these papers (Yanny et al. 2003), entitled “A low-latitude halo stream
around the Milky Way,” traced the structure from 180° < [ < 227°, and noted that it
extended 5 kpc above and below the Galactic plane, though the southern portion was
2 kpc further away. The maximum line-of-sight depth of the structure was reduced
to <4kpc FWHM. Spectra of stars in the overdensity showed that the velocity
dispersion (~25km/s) was similar to that measured for the Sagittarius dwarf tidal
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Fig. 3.2 Adapted from Fig. 26 of Newberg et al. (2002). A Galactic longitude-latitude map of the
density of SDSS turnoff stars with 19 < gy < 19.5 is shown. This picks out stars some 10-12 kpc
from the Sun toward the anti-center. Heavier grey indicates larger star density. The original plot
only showed data in the red outlined SDSS stripes, stripes 10, 12, 37, and 82. The strongest signal
was seen near the end of stripe 10, near the constellation Monoceros, which led to the structure’s
name. The IAU constellation boundaries are delimited by dotted lines. White regions indicate a
lack of SDSS data. All SDSS data from low latitude |b| < 10° regions are also excluded

stream. At the time, the authors thought that because this velocity dispersion was
lower than that of the thick disk (typically 40-50km/s) and the scale height was
larger than the thick disk, they had definitive evidence that the structure was a tidal
stream, even though its stars appeared to rotate in the same direction and with similar
bulk velocity to the disk. It was later pointed out, however, that one could have a
large scale height with a small velocity dispersion if the mass density of the disk was
considerably lower. So the question of the nature of the ring remained undecided.
A second paper, simultaneously written by Ibata et al. (2003), was entitled “One
ring to encompass them all: a giant stellar structure that surrounds the Galaxy.” In
this paper the ring is not actually traced around the entire galaxy, but is detected in
the range 120° < [ < 200°. This paper suggests the ring could be an artifact in
the disk caused by either repeated warpings (the favored explanation), a tidal stream
from an accreted satellite, or part of an outer spiral arm. In this paper, the stars to the
south of the plane that are associated with the ring in the north are actually closer
to us than the ones in the north. This is in contrast to the identification made by
Newberg et al. (2002); this early discrepancy in the identification of the south part
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of the ring precedes a decade of literature that is inconsistent about the identification
of “ring” stars south of the Galactic plane.

Soon after the two “ring” papers were published, Rocha-Pinto et al. (2003)
showed that the ring was visible in M giant stars (which are by their nature fairly
metal-rich), establishing that there is a range of metallicities present in this structure.
They showed that the structure spanned at least 100°. Because they note that the
unexpected distribution of stars covers more than one constellation, and because
they believed it was the result of a tidally disrupting dwarf galaxy, due to the
apparent variation in density along the structure, they renamed the structure the
Galactic Anticenter Stellar Stream (GASS).

These early papers, which each used different names for the low latitude
structure, and which ascribed the structure to different origins, led to a wide
variety of names used to refer to it. The names include: Monoceros-Canis Major
structure, One Ring, low latitude stream, Monoceros Stream, Galactic Anticenter
Stellar Structure (GASS), Monoceros Overdensity, Canis Major Stream, Argo Navis
Stream, stream in the Galactic plane, etc. Of all of the names, the “Monoceros Ring”
label gained the most popularity. This was consistent with the practice of naming
tidal streams by the constellation in which the first piece of the stream was detected,
which is one of several commonly used naming schemes. The awkward Slll+bb-mm
names for each detected piece of the structure all but disappeared from the literature.

3.2 Dragged In or Dredged Up? The Debate Over the Origin
of the Monoceros Ring

These early papers describe an unexpected overdensity of stars at a distance of
11 kpc from the Sun, that spans at least 100° in length, is 40° from North to South
(though supposed stream pieces were not directly seen to connect observationally
as they crossed the high extinction region near the Galactic plane), and has coherent
velocities with a velocity dispersion of 25 km/s. If this structure had been discovered
at high Galactic latitude, there would have been no question that it was a tidal
stream from a disrupted dwarf galaxy. But because it was discovered at low Galactic
latitude, and particularly because the supposed tidal stream appeared to be on a fairly
circular prograde orbit, just like the disk, one had to consider the possibility that the
structure belonged to the disk. About half of the experts in the field thought it was
tidal debris and the other half preferred the disk explanation.

It turns out to be quite difficult to tell which explanation is correct. Either way,
the stars are moving in the same potential, so the kinematics should be similar. The
Monoceros Ring stars have a lower metallicity than known disk stars, but since
the metallicity of disk stars falls off with distance from the Galactic center that
does not rule out a disk origin. The velocity dispersion also was not a definitive
discriminator. The non-zero radial velocity at [ = 180° argued in favor of a tidal
stream, but alternatively this could be the result of a small axial asymmetry in the
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Fig. 3.3 SDSS gri Image of NGC 2859 constructed by Blanton and Hogg via the method
described in Lupton et al. (2004). This small galaxy, while not a full sized spiral like the Milky
Way, is surrounded by a planar stellar ring. There is a significant drop in star density between
the end of the central ‘disk’ and the beginning of the stellar ring. Whether or not the Monoceros
structure is separated by a similar drop in stellar density beyond the edge of the Milky Way’s stellar
disk, is not known

disk. Hans-Walter Rix nicely framed the debate as a question of whether the stars in
the Monoceros Ring were born in smaller galaxies and “dragged in” by the Milky
Way’s gravity, or “dredged up” from the Milky Way’s disk to higher latitudes.

If the disk disappears at 15 kpc from the Galactic center and then the Monoceros
Ring appears at 18 kpc from the Galactic center, then as seen from a vantage point
outside the Milky Way, our galaxy would resemble that shown in Fig.3.3. In this
image of an actual galaxy, one sees a clear ring, with a gap of lower stellar density
separating the ring from a smaller stellar disk. Of course, one cannot have such a
vantage point on the Milky Way.

Several authors raised the possibility that a flare of the Galactic thick disk with
a scale length of h; = 3.5kpc (with the flaring starting at about Rgc = 16kpc)
and accompanied by a slight warp to explain north-south differences (similar to
that seen in HI gas at lower latitudes), could entirely explain the Monoceros
Ring structure (Momany et al. 2006; Moitinho et al. 2006; Carraro and Costa
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Fig. 3.4 Image from De Rijcke et al. (2003) of F288, a Fornax cluster dwarf elliptical with
embedded disk. Note the significant flaring of the disk in the outer parts. Some have argued that
the Monoceros structure in our own Galaxy could be produced by a similar flaring of our stellar
disk

2009; Hammersley and Lépez-Corredoira 2011; Lopez-Corredoira et al. 2012). To
visualize this, see, for example, Fig. 3.4 which shows a extragalactic disk with a flare
of stars embedded in a larger elliptical potential. The Monoceros Ring structure
could be a manifestation of a similar flare in the outskirts of our Milky Way
(Lopez-Corredoira et al. 2002; Feast et al. 2014).

This flare-and-warp-of-the-outer-disk explanation for Monoceros, however, has
difficulty explaining the narrow radial velocity dispersion of Monoceros stars in
any given line of sight, relative to closer thick-disk star populations (Meisner et al.
2012).

Recent infall of gas from the outer regions of the halo can result in stars with
lower metallicity than that of the local thick disk, yet still perhaps be considered
disk stars (rather than a distinct stream-like structure). Yong et al. (2006) showed
that some of the Cepheid variables in the disk have low metallicity and high alpha
abundances, as if they had come from an accretion event, and suggested that the
Monoceros Ring could be the result of a merger that contributes to the growth of
the outer disk; there is marginal evidence that the “knee” in the [or/Fe] vs. [Fe/H]



70 B. Yanny and H.J. Newberg

distribution is at lower [Fe/H] in Monoceros stars vs. the Galactic disk, as also seen
in some dSphs (Chou et al. 2010; Meisner et al. 2012). The extent of a thick disk
at these large Galactic radii, however, is not clear. In fact, as Yong et al. (2006) and
Schlesinger et al. (2014) show, the distinction between thin and thick disks may be
an artificial one, especially at large radii and significant vertical distance where late
infalling gas can lead to a metallicity gradient.

Additional measurements of the stellar thick disk geometry suggest that Mono-
ceros and the thick disk are distinct; work by Cheng et al. (2012) suggests that
the Milky Way’s thick disk may actually have a short scale length, #; ~ 1.8 kpc,
compared with earlier estimates of exponential scale lengths of 3—3.5kpc, and this
makes it more difficult to place large numbers of thick disk stars 17-21kpc from
the Galactic center at heights up to ~5 kpc from the plane (as seen in Monoceros)
with a flared + warped thick disk model. Also see Bovy et al. (2012) for an analysis
supporting the shorter thick disk scale length.

One of the important objections to the stream explanation for the Monoceros
Ring that has emerged is the difficulty in circularizing the orbit of a dwarf galaxy so
that it forms a nearly circular ring in the Galactic plane. Dwarf galaxies entering the
gravitational influence of the Milky Way arrive on highly elliptical or even unbound
orbits and a strong interaction is needed to reduce the angular momentum of the
dwarf’s initial orbit and circularize it. Helmi et al. (2003) suggested that the ring
could be stars at apogalacticon from a dwarf galaxy that recently passed through
perigalacticon, or a shell from a minor merger. Michel-Dansac et al. (2011) pointed
out that a collision between Sagittarius and a Monoceros progenitor could have
circularized the orbit of a putative Monoceros progenitor, and explain the present
observations.

Another explanation for the origin of a ring at a radius of ~20kpc from the
Galactic center is given in Natarajan and Sikivie (2007). This paper points out
that Sikivie (1998) predicted a caustic ring of dark matter particles 20 kpc from
the Galactic center, significantly before the Monoceros Ring was discovered. This
caustic ring of dark matter would result from axion dark matter that is falling into
the Milky Way as in a self-similar collapse model (reminiscent of elliptical galaxy
shells), but is also rotating in the same sense as the Milky Way disk. These axion
particles gather in ring-like cusps at a set of harmonic Galactocentric radii (40 kpc/n,
forn =1,2,3,...). The n = 2 ring is at 20 kpc from the Galactic center, and there
therefore coincident with the Monoceros Ring.

However, even if the caustic ring dark matter theory turns out to be correct, it is
not clear why there would be stars associated with the dark matter ring that would
resemble the Monoceros Ring. Natarajan and Sikivie (2007) suggest that gas could
migrate to the caustic and preferentially form stars at that distance, or alternatively
that the caustic could deform the orbits of stars that have already formed so that
they are preferentially found on the caustic. However, neither of these scenarios
is likely to create a ring of stars that extends to heights 5 kpc above the Galactic
plane, as is observed. Because a halo of axion dark matter organized into caustic
rings is considered unlikely in the astronomy community, this possible origin of the
Monoceros Ring has received little serious study.



3 The Monoceros Ring, and Other Substructure Near the Galactic Plane 71

Fig. 3.5 Figure 2 of Slater et al. (2014). Star density plot of turnoff stars in three separate
magnitude ranges (blue closest 4.8-6.3 kpc, green 7.6-11kpc, red furthest at 14.4-17.4 kpc). The
Galactic anti-center is in the middle of the figure, with the Galactic center to the far right (and
wrapping to the far left). This is a Pan-STARRS view of the Monoceros Ring toward the Galactic
anticenter. There are Monoceros features above (green arcs) and below the plane (blue edge),
however one cannot be absolutely sure that they are the same stellar populations. In fact, one
cannot continuously trace the Monoceros structure from sightlines above the plane to sightlines
below the plane: The foreground dust and crowding in the plane itself at |b| < 15° block our
view. Note the orientation of the horizontal (Galactic longitude) axis is reversed with respect to
Fig.3.2: the grid lines are spaced at 30° intervals, with / centered on the anti-center (I = 180°)
and increasing to the left, and Galactic latitude increasing upward

3.3 Properties of the Monoceros Structure

Observations by many subsequent authors continued to fill in the area above and
below the plane of the Galaxy toward the anti-center (Rocha-Pinto et al. 2003; Vivas
and Zinn 2006; Casetti-Dinescu et al. 2006, 2008, 2010; Conn et al. 2007, 2008;
Sollima et al. 2011; Conn et al. 2012).

In particular, the Pan-STARRSI survey presented the most panoramic picture of
the anti-center in stellar density above and below the Milky Way plane. Figure 3.5
clearly shows the ‘band-like’ structure stretching from ! = 100° to 230°, and
covering a large Galactic latitude range of —30° < b < 35° in some regions (Bell
et al. 2013; Slater et al. 2014). Crowding, dust, and confusion from thin disk stars at
very low latitudes (]b| < 10°) make it difficult to know if the Monoceros structure
extends uniformly through the plane at |b| ~ 0°. The large distances to faint turnoff
stars on the far side of the Galaxy additionally hinder our knowledge of whether it
circles completely around the Milky Way for 360° in azimuth (Carraro and Costa
2009).

Yanny et al. (2003) analyzed early SDSS spectra that were available for a
number of stars in the overdensity. Radial velocities from the spectroscopic data
showed that the stars were moving with the general rotation of the Galaxy (i.e.
the structure was prograde). Later, an extensive photometric and spectroscopic
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Fig. 3.6 Lower left hand panel of Fig.1 from Li et al. (2012). Note that Galactic longitude
increases left to right. This shows the relative density of F-type turnoff stars in SDSS toward the
Galactic anti-center, highlighting stars typically ~11 kpc from the Sun—the distance to the ring.
Note the sharp diagonal cutoff on the north side of the ring

study using SDSS, including SEGUE and SEGUE-2 spectroscopy in the anti-center
region, was completed by Li et al. (2012). They conclude that the Monoceros
structure has a metallicity of [Fe/H] ~ —0.80 &£ 0.1, and the possibly related Anti-
Center Stream (ACS) has a metallicity of [Fe/H] ~ —0.96 £ 0.03; the ring has
a higher metallicity than the halo but slightly lower metallicity and a narrower
velocity dispersion than the thick disk. Figure 3.6 shows another view of the density
of turnoff stars approximately 11 kpc from the Sun toward the anti-center, taken
from that paper. Data taken from a variety of literature sources are gathered into a
summary plot in Fig. 3.7 (taken from Li et al. 2012), showing velocity, distance, and
positions of purported Monoceros detections. In some cases velocities of individual
stars are shown (i.e., M giants from Crane et al. 2003), whereas in other cases, the
mean velocity of an overdensity is presented. The upper panel of Fig. 3.7 shows a
significant number of Monoceros detections at / = 180° whose Galactocentric line
of sight velocity differs significantly from zero, indicating that these stars are not
co-rotating in lock step with the Milky Way’s disk. All kinematics of Monoceros
stars, however, show prograde motion, rotating with the disk, and not far in velocity
from the circular motions of stars in a flat rotation curve. The stars, in particular, do
not show large excursions from circular orbits, with energies similar to disk stars at
the same radii from the Galactic center. That said, the work of Yanny et al. (2003),
and Li et al. (2012) also showed that the relative widths of the velocity distributions
of Monoceros stars are narrower than predicted from a thick disk population at the
same height above the plane (Fig. 3.8).

Detailed studies of chemical abundances have been carried out by Chou et al.
(2010) and Meisner et al. (2012). Meisner et al. (2012) obtained low resolution
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positions of numerous purported detections of the Monoceros Ring from the literature. Note that
some of these detections are the mean value along a line of sight, while some of these are individual
stars (or star clusters). The lines are the orbit from the models of a disrupting dwarf galaxy by
Pefarrubia et al. (2005). While the data generally match the model, the data tend to fill in the space
between the subsequent passages of the model orbit, at the same Galactic longitude



74 B. Yanny and H.J. Newberg

60 | i
40} d
Hmon = —1.09 Umon = —0.98
501 Gmon = 0.3 i 30| Omon = 0.33 ; \
g 0 3
E 59| NORTH : | € SOUTH ' )
2 65.1% Mon : 2 297 64.7% Mon sl
20} A= ] .
-l 10 + y 1
10} N|
0 ) I h 0 ) | e
-30 25 20 -15 -1.0 -0.5-0.0 -30 25 20 -15 -1.0 -0.5-0.0
spectroscopic [Fe/H] spectroscopic [Fe/H]
120 T - T - T 20 " - T T T
100} Hmon = —1.03 z
Omon = 019 15 F SOUTH: thick disk 1
- Of 1 5 | NORTH: thick di
€ 60| NORTH18 £ 10
2 65.5% Mon 2
401 i
5 L -
20} ; :

Iy
ol <N L . ]
-3.0 25 20 -15 -1.0 =05 0.0 -18 -15 1.2 09 -06 -0.3 0.0
spectroscopic [Fe/H] spectroscopic [Fe/H]

Fig. 3.8 Figure 3 from Meisner et al. (2012). The first three panels show the metallicity
distributions of Monoceros candidates in three observed fields, which are decomposed into a
halo (green curve), thick disk (magenta), and Monoceros (red) component. The sum of the three
components is represented by a solid blue curve. Monoceros Ring candidate stars have mean
metallicity [Fe/H] = —1.0 in all three fields, distinctly less than that of the thick disk ([Fe/H]
=—0.9 to —0.6; lower-right panel)

(R~ 1000) data for several hundred F/G stars in the anti-center at distances
(magnitudes) dominated (65 %) by objects in Monoceros, while obtaining valuable
comparison information at the same time on halo and thick disk populations. Like
Li et al. (2012), Meisner et al. (2012) find [Fe/H] ~ —1, which is intermediate
between the halo and the local thick disk; it could be consistent with a lower
metallicity, accreting outer disk. It is interesting to note that Meisner et al. (2012)
found significantly different metallicities for stars at the same Galactocentric radii
above and below the plane ([Fe/H] = —0.65 vs. —0.87 dex respectively). One
must consider if these are actually drawn from the same population of “thick
disk” objects. The authors also show, with somewhat lower significance, that the
Monoceros stars appear to have lower [ /Fe] values than thick disk stars (Fig. 3.9).

The references cited above have led to these basic properties of the Monoceros
Ring: co-rotating with the disk (prograde), with velocities close to, but not identical
to stars rotating with a flat rotation curve. Many stars are seen at significant heights
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Fig. 3.9 Figure 4 of Meisner et al. (2012) showing evidence for [Ca/Fe] and [Ti/Fe] trends which
are distinct from those of thick disk as well as thin disk stars. The blue and green lines in the left
three panels represent typical [Ca/Fe] trends for thick disk and overall Galactic trends whereas
the red line indicates the trend for Monoceros candidates. The error bars on individual stars (open
circles) are large, as indicated by the large cross, but the trend appears to show a slight [Ca/Fe]
difference between Monoceros and the Galactic populations in the two leftmost panels. In the right
panel, trends for [Ti/Fe] from measurements of Monoceros, Sagittarius and Milky Way stars are
all shown to be possibly drawn from distinct populations. See Meisner et al. for details

above and below the Galactic plane, up to |Z| > 5kpc in many cases. A definitive
connection between Monoceros stars above and below the plane has not been made,
and, in fact, the stars at the same latitude appear at different Galactocentric distances
above and below the plane.

The main Monoceros structure above the plane resembles a thick, filled arc
encircling at least 130° of the Galaxy from / = 100° to / = 230° at a latitude
of =30 < b < 35° (see Fig.3.6 and Table 1 of Ibata et al. 2003). The initial
crude estimate of Monoceros stellar metallicity by Yanny et al. (2003) of [M/H] =
—1.6 & 0.3, based on the strength of the Ca II K line in turnoff stars and the turnoff
color, has been shown to be incorrect. Several more recent estimates clearly show
the bulk of the stars to have [Fe/H] near —0.95 + 0.15.

The presence or absence of specific stellar populations within Monoceros can
help distinguish it or identify it with a disk population. For example, a significant
excess (above average for our disk) of old, low metallicity RR Lyraes would point
to an external (dwarf or halo) origin for Monoceros. Are RR Lyraes present in
Monoceros? The answer appears to be “yes,” based on work of Mateu et al. (2012)
and following Vivas and Zinn (2006). Their Table 6 lists several hundred RR Lyraes
found at low Galactic latitudes |b| < 45° toward the anticenter; a plot of (/,b) vs.
distance (which are accurate to better than 10 %) for these RR Lyrae stars is shown in
Fig. 3.10. The numbers of RR Lyraes found appear to be significantly more clumped
than simple extrapolations of a smooth thin or thick disk out to R~ 18 kpc from the
Galactic Center would predict, though the overall density of RR Lyrae in the disk
is not well constrained. The objects appear roughly localized within a few kpc of
R = 19kpc. Finally, the objects in the South (with b < 0°) are somewhat closer than
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those in the North by a few kpc. These distances are in good agreement with those
found by the Pan-STARRS survey (Slater et al. 2014), and correspond to the blue
and green stellar density areas of Fig. 3.5 below and above the plane, respectively.
The finding of RR Lyraes embedded within the Monoceros Ring structure indicates
the presence of an old population, more typical of a halo or dwarf galaxy, rather
than that of a young, more-recently formed, outer disk population. Careful follow-
up is needed to understand the true significance of the apparent RR Lyrae excess,
and the expected number of RR Lyraes in the thin and thick disks at R > 10kpc
from the Galactic center. Radial velocities and proper motions are also needed to
determine if these RR Lyrae have the same kinematics as Monoceros Ring members.
Kinman et al. (2004) has measured several radial velocities of RR Lyrae toward the
anti-center, but not yet enough to definitively associate them with Monoceros Ring
kinematics.

While RR Lyrae stars appear to be present in the Monoceros Ring, it has no
significant blue horizontal branch star population, in contrast to the Sagittarius
tidal stream. This is evidence that Monoceros and Sagittarius have distinct stellar
populations and origins. There do appear to be M giants in Monoceros (Crane et al.
2003; Sharma et al. 2011), which is evidence of a more metal-rich population.

Several authors have noted that the orbits of some globular clusters appear to
roughly match that of Monoceros Ring stars (Frinchaboy 2006; Frinchaboy et al.
2009; Warren and Cole 2009; Hankey and Cole 2011). While these clusters are not
definitely associated with Monoceros, it is unlikely for several globular clusters,
which have a spherical distribution centered on the bulge of the Galaxy, to lie in an
approximately plane-like orbit at Galactocentric distances of 15-25 kpc.

The total number of stars or total mass estimate for ~60° arc of Monoceros is in
the range 107 to 108Mg (Yanny et al. 2003; Meisner et al. 2012). Meisner quotes
3 x 10’Mg in stars in the arc of the ring that can be seen from our location in the
Galaxy looking toward the anti-center. Of course, there may be a considerable dark
matter component to Monoceros.

3.4 The Canis Major Dwarf Galaxy Controversy

Interest peaked in a possible progenitor (a clump of stars which could be a tidally
stripped dwarf galaxy nucleus) for Monoceros with the identification of an apparent
overdensity of stars near (I,b) = (240°,—8°), compared with the star counts
at a symmetric position above the Galactic plane (Martin et al. 2004). However,
Momany et al. (2004) argued that a shift of the plane due to the Galactic warp could
explain the observed asymmetry. The dwarf galaxy vs. warp argument continued in
a series of contentious papers in the literature.

The first model of the Monoceros Ring, under the assumption that the ring was
the result of the tidal disruption of a dwarf galaxy, was developed by Pefarrubia
et al. (2005) using imaging and kinematic information and assuming a progenitor
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near the Canis Major location. This map reproduced within 10-20 km/s most radial
velocities known for stream members and reached the correct limits in |b| above
and below the plane. This model supported the existence of the Canis Major dwarf
galaxy, which fit nicely into the model. Many years later, however, it was found that
the model (which has a ‘braid or lattice-like’ structure) has trouble reproducing the
more continuous ‘filled-in’ band-like density of stars spreading from —30° < b <
35° such as that seen in the observations of Li et al. (2012), Bell et al. (2013), and
Slater et al. (2014).

The dwarf galaxy interpretation got a boost when Dinescu et al. (2005) found
that although the Canis Major stars have a rotation speed similar to thick disk stars,
there is a significant proper motion perpendicular to the plane, which would not
be expected for a disk population, and was in fact in the opposite direction as the
motion expected from a warp.

The position of the purported dwarf in the plane made the extent of the overden-
sity difficult to determine. In that direction, there is unfortunately heavy, variable
dust and considerable disk star crowding that makes definitive determination of the
stellar properties, positions and distances quite difficult. In fact, Rocha-Pinto et al.
(2006) suggested that the core of the Canis Major overdensity was an artifact of a
dust extinction window, and that the asymmetry was actually part of a larger “Argo
Star System.” However, when Bellazzini et al. (2006) used He burning red clump
stars to trace Canis Major, they found a concentrated core, but determined the Argo
structure is distributed along our line of sight, and is likely to be a consequence of a
warp or other asymmetry in the Milky Way.

The dwarf galaxy interpretation was again boosted due to the detection of a
“Blue Plume” (Bellazzini et al. 2004) of younger stars, in addition to the main
sequence of older stars, that was thought to be associated with a recent burst of
star formation. However, Carraro et al. (2005) and Moitinho et al. (2006) believe
this blue plume could be associated with the Norma-Cygnus spiral arm of the Milky
Way. In contrast, Bellazzini et al. (2006) find that the Blue Plume follows the same
distance—Galactic longitude trend as their red clump stars from Canis Major. de
Jong et al. (2007) find both a young (<2 Gyr) and an old (3—6 Gyr) main sequence
in the direction of the Canis Major overdensity, and therefore favor the interpretation
as a dwarf galaxy.

Butler et al. (2007) show that the angular distribution of main sequence stars in
the Canis Major region is highly elongated (axial ratio of at least 5:1) along the
Galactic plane. Moreover, there is a younger and less extended population of stars
that could be associated with the structure. They suggest that the structure could
not be gravitationally bound at this time, but could be the tidal remains of a dwarf
galaxy. Piatti and Clarid (2008) do not find a population of open clusters that share
the properties of the purported Canis Major dwarf, and therefore do not favor the
dwarf galaxy interpretation. Also, Mateu et al. (2009) do not find any excess of RR
Lyraes toward the Canis Major structure.
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The discussion over the nature of the Canis Major overdensity mirrors the
controversy over the Monoceros Ring itself. There are two competing hypotheses:

1. There is a dwarf galaxy here, that could be the progenitor for the Monoceros
Ring, under the assumption that the ring is formed from a tidally disrupting dwarf
galaxy (Martin et al. 2004; Martinez-Delgado et al. 2005).

2. The asymmetry is due to a Galactic warp, and the younger stars are part of
an outer spiral arm and not a dwarf galaxy remnant (Hammersley and Loépez-
Corredoira 2011; Lopez-Corredoira et al. 2012).

It has proven quite difficult to definitively decide whether these planar structures that
are more than 15 kpc from the Galactic center are part of the disk or substructure in
the stellar halo.

3.5 The Triangulum-Andromeda, and Other Low Latitude,
Stream-Like Substructures Near the Anticenter

Majewski et al. (2004) noted an overdensity of stars at low latitude (b ~ —23°)
in the direction of the constellations of Triangulum and Andromeda (the TriAnd
stream) at an even greater distance than the Monoceros Ring (turnoff magnitude
~20.5), at about 22kpc from the Sun (Deason et al. 2014). A second structure,
dubbed TriAnd2, was discovered in the same vicinity but behind it (dy ~ 28 kpc) by
Martin et al. (2007) in the foreground of imaging around M31. Velocity information
of stars in TriAnd and TriAnd2 (spanning longitudes 100° < [ < 160°) was
obtained by Rocha-Pinto et al. (2004) and Sheffield et al. (2014). These velocities
generally showed stars co-rotating with the general disk (in a prograde sense),
with speeds close to but not exactly matching those of a flat rotation curve at
their respective distances. Sheffield et al. (2014) finds that the velocity of TriAnd
M giants matches well those of the TriAnd?2 stars, and the metallicities of the more
distant TriAnd?2 stars, at [Fe/H] = —0.64, are slightly lower than those of TriAnd
([Fe/H] = —0.57), with both structures much more metal rich than typical Galactic
halo stars at [Fe/H] = —1.6. Below we will note a recent result which interprets
these stars as elements ejected from a disturbed disk.

An extensive investigation of this region using the Pan-Andromeda Archaeolog-
ical Survey (PAndAS; McConnachie et al. 2009) was completed by Martin et al.
(2014), in which five presumed tidal debris structures were identified. Along with
TriAnd and TriAnd2, they identified the Pisces globular cluster stream (Bonaca
et al. 2012; Martin et al. 2013), and two previously unknown overdensities, named
the PAndAS NE blob and PAndAS MW stream. These structures are characterized
by their faint, blue turnoffs that are confined to a narrow distance range at lower
Galactic latitudes. While the Pisces globular cluster stream has the appearance of
a well-defined stream from a cold (globular cluster) Milky Way satellite, the other
structures are spatially diffuse and questionably stream-like. It has been suggested
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that since these appear to be separate tidal debris structures with similar positions
and velocities, they could be an example of group infall—several satellites falling
into the Milky Way together (Deason et al. 2014).

Matched-filter analysis of SDSS color-magnitude data for stars, following the
methods of Rockosi et al. (2002), resulted in the identification of further narrow
structures (Grillmair 2006; Grillmair et al. 2008) in the anticenter region of the
Galaxy, at the approximate distances where Monoceros was located. At least three,
roughly parallel substructures in the Monoceros Ring were dubbed the “three stream
complex,” which was suggested to arise from the disruption of distinct components
(such as globular clusters) of a dwarf galaxy progenitor, embedded in a broader
profile that was called the Anticenter Stream (ACS). If one fits an orbit to the profile
of the stream, it appears to be distinct from the Monoceros Ring, which suggests
they could be separate structures. However, Carlin et al. (2010) found an unexpected
proper motion for the ACS stars that deviates by 30° from the apparent direction of
the stream, and in fact is nearly parallel to the Galactic plane. The Eastern Banded
Structure (EBS) is another low latitude structure that was thought to be possibly
associated with the ACS, but Grillmair (2011) claim that it is a separate tidal stream
possibly with Hydra I (a narrow structure within the EBS) as its progenitor.

3.6 Explaining the Monoceros Ring and Other Low Latitude
Substructures with a Corrugated Milky Way Disk

Kazantzidis et al. (2008) and Younger et al. (2008) raised a new possibility for the
origin of the Monoceros structure. They suggested that massive dark matter subhalos
passing through the disk or flyby encounters with a satellite galaxy would excite
waves that produce ringlike features in the outskirts of the galaxy. They could even
make filamentary structures above the disk. Purcell et al. (2011) suggested that in
particular the passage of the Sagittarius dwarf galaxy through the disk might be
linked to the Monoceros Ring.

The evidence for wave motion in the Milky Way disk has been growing. Widrow
et al. (2012) discovered an asymmetry in disk star counts above and below the
Galactic plane, that varied with distance from the disk midplane (see also Yanny
and Gardner 2013). Widrow et al. (2014) suggested that these vertical oscillations
could be due to breathing modes of the disk. These could be produced by a satellite
galaxy (such as the Sagittarius dwarf galaxy) with large vertical motion (>50km/s)
and a surface density comparable to that of the disk. The observed perturbation of
the outer HI disk of the Milky Way has also been modeled (Chakrabarti and Blitz
2009, 2011) as a disk response to the tidal action of a massive dark matter subhalo.

Local (within a few kpc) substructure in the bulk velocities of disk stars has been
discovered in three major spectroscopic surveys of Milky Way stars. Williams et al.
(2013) found vertical (perpendicular to the Galactic plane) velocity substructure
in the RAdial Velocity Experiment (Steinmetz et al. 2006, RAVE). Widrow et al.
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Fig. 3.11 An artist’s depiction of the oscillations of the disk midplane, as discovered by Xu et al.
(2015). The “wiggles” in the disk are not drawn to scale. The yellow dot identifies the position
of the Sun. Although the disk oscillations were only observed outside the solar circle towards
the anticenter, one imagines there are oscillations around the entire disk. Image credit: Rensselaer
Polytechnic Institute/Dana Berry

(2012) found vertical velocity substructure in the SDSS (York et al. 2000), in
addition to the vertical asymmetry previously discussed. And Carlin et al. (2013)
used the Large Area Multi-Object Spectroscopic Telescope (LAMOST; Cui et al.
2012; Deng et al. 2012; Zhao et al. 2012) survey to find that stars within 2 kpc of the
Sun, in the general direction of the Galactic anticenter, have both radial and vertical
bulk motions.

Xu et al. (2015) showed that there is a vertical asymmetry in the disk that is a
function of distance from the Galactic center, as measured in the direction of the
anticenter (see Fig.3.11). There are more stars at positive Galactic latitude 2 kpc
from the Sun, more stars at negative Galactic latitude 4-6kpc from the Sun, more
stars at positive Galactic latitude 8—10kpc from the Sun, and more stars at negative
Galactic latitude 12-16kpc from the Sun. This asymmetry is apparent in every
observed direction in the Galactic longitude range 110° < [ < 229°, as determined
by subtracting Hess diagrams of stars in 2.5° x 2.5° patches of sky above and below
the Galactic plane. A sample Hess diagram subtraction is shown in Fig.3.12. The
third oscillation lines up with the position and density of the Monoceros Ring, and
the fourth lines up with the position of the TriAnd structure.

The Monoceros Ring, in this study, is shown noft to appear both above and below
the Galactic disk; it is only apparent in the north. There are excess star counts in
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both the north and the south, but they are at different Galactocentric distances.
It is argued that the nearer stars chosen by Ibata et al. (2003) as the Monoceros
Ring in the south, and the more distant stars chosen by Newberg et al. (2002) are
each in separate “rings.” The more distant ring is associated with the Triangulum-
Andromeda “stream.”

The vertical oscillations were surprising because Galactic stellar disks are not
expected to have strong localized vertical over- or under-densities; the self-gravity
of the disk and dark halo quickly smooths them out on a timescale of ~300Myr
(Sanchez-Salcedo et al. 2011). However, vertical displacement of the disk by about
the amount observed by Xu et al. (2015) was predicted from simulations of the
interaction of satellites with the disk (Widrow et al. 2014; Gémez et al. 2013).

In addition, Xu et al. (2015) show that the ringlike structures are roughly aligned
with the spiral structure of the Milky Way. It is possible that spiral structure and
disk oscillations could both be excited by the same processes. The simulations of
Goémez et al. (2013) for the Sagittarius dwarf interacting with the Milky Way and of
Dierickx et al. (2014) for M32 interacting with the Andromeda galaxy both produce
spiral disk structure.

If the Monoceros Ring and the TriAnd Ring are part of the disk, then the stellar
disk extends ~25 kpc from the Galactic center—significantly farther than 15 kpc as
was often assumed. The explanation for previously low measurements of the disk
scale length and extent is that these measurements did not take into account that
the disk midplane oscillates up and down. Instead of the disk density falling off
sharply 15kpc from the Galactic center, the stars instead shift out of our line of
sight. There might also be a warp and/or flare of the stellar disk, but measurements
of these features would also have to be re-examined in light of the presence of disk
oscillations (see Carraro 2015 for a static picture of such a warp/flare).

In this scenario, the Monoceros Ring is “dredged up” from the disk by Milky
Way satellites and possibly dark matter subhalos that are “dragged in.” Furthermore,
the substructure of the Milky Way halo could potentially be probed by analysis of
velocity and density substructure in the disk. It is possible that the disk-subhalo
interactions drive the spiral structure of our Galaxy. In this picture it is unclear
whether the filamentary structures including the ACS, EBS, TriAnd2, the PAndAS
MW stream, and the PAndAS NE blob are tidal debris that has been “dragged in,”
or are due to disk oscillations and therefore “dredged up.”

A feature of the Xu et al. (2015) model is that it can be used to explain not only
the Monoceros Ring structure, but also the TriAnd and TriAnd2 structures. This
picture is supported by Price-Whelan et al. (2015), who show that the ratio of RR
Lyrae to M giant stars in the TriAnd “clouds” is similar to the disk population, and
unlike any known Milky Way satellites. They suggest that in the outskirts of our
Galaxy, ordinary outer disk stars are being kicked to relatively large vertical heights
(]Z] = 5-10kpc) as the outer disk is disturbed by interactions with large dwarfs
such as Sagittarius.
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3.7 Future Prospects

Although recent work indicates that the major low latitude features (the Monoceros
and TriAnd Rings) could result from the response of the disk to Milky Way satellites
that pass through it, this is obviously a complex problem that has not yet been
fully reviewed by the community. There are many outstanding questions to be
addressed. For example, the oscillating disk might favor a spiral arm explanation
for the purported Canis Major dwarf galaxy, but this has not been tested against
the observations. Data on the filamentary structures that appear to be related to the
Monoceros and TriAnd Rings need to be re-examined in light of the new model, and
future simulations that show the dynamical evolution of an outer disk buffeted by
dwarf galaxies and/or dark matter subhalos will attempt to fit the data in detail.
Additional data (radial velocities, proper motions, and accurate distances) need
to be obtained to map the velocity and density substructure of the disk, and that
substructure must be fit to disk response models to make sure one understands in
detail the processes that are shaping our Milky Way. Results from the ESO Gaia
satellite in particular will be of tremendous utility for tracing disk substructure.
In light of Price-Whelan et al. (2015), one can learn much by comparing the
detailed metallicities of Monoceros and TriAnd stars to stars at lower heights (and
possibly different radii), which may have been kicked up by an interaction. The
LAMOST spectroscopic survey will obtain large numbers of radial velocities of
giants toward the anti-center (Yuan et al. 2015). The APOGEE program, with
its high resolution IR spectrograph, has the required sensitivity and resolution
(Hayden et al. 2015) to probe chemical abundance signatures of Monoceros and
TriAnd stars. Full kinematics, including proper motions, connected to simulations of
specific interaction events, can tell us about the relative masses of the outer disk vs.
dwarfs and their associated dark matter, of which we currently have little concrete
information.
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Chapter 4
Stellar Streams and Clouds in the Galactic Halo

Carl J. Grillmair and Jeffrey L. Carlin

Abstract Recent years have seen the discovery of an ever growing number of
stellar debris streams and clouds. These structures are typically detected as extended
and often curvilinear overdensities of metal-poor stars that stand out from the
foreground disk population. The streams typically stretch tens of degrees or more
across the sky, even encircling the Galaxy, and range in heliocentric distance from
3 to 100kpc. This chapter summarizes the techniques used for finding such streams
and provides tables giving positions, distances, velocities, and metallicities, where
available, for all major streams and clouds that have been detected as of January
2015. Sky maps of the streams are also provided. Properties of individual tidal debris
structures are discussed.

4.1 Observational Techniques

With the advent of wide-area, digital sky surveys (primarily the Sloan Digital
Sky Survey, SDSS, as well as the 2MASS and WISE surveys), we have seen a
remarkable period of discovery in the search for Galactic substructures. From the
initial detection of short tidal tails emanating from the globular cluster Palomar
5 in the SDSS commissioning data (Odenkirchen et al. 2001), to the mapping
of M-giants in the Sagittarius stream completely around the sky using 2MASS
(Majewski et al. 2003), our knowledge of coherent structures in the halo of our
Galaxy has advanced spectacularly. While there have been many previous attempts
to map large regions of sky in search of tidal streams and substructures, it appears in
hindsight that these efforts were largely defeated by insufficient or non-contiguous
sky coverage, variable depth or completeness, or insufficiently uniform calibration.
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The streams and clouds described here were all initially detected using pho-
tometric techniques. These techniques rely on the separation in color-magnitude
space of relatively low-metallicity halo stars from the far larger population of nearby
foreground stars. Early efforts to detect tidal debris streams applied these techniques
to photographic surveys of regions surrounding globular clusters and dwarf galaxies
(Grillmair et al. 1995; Irwin and Hatzidimitriou 1995; Leon et al. 2000). The same
techniques are now being applied to deeper, wider, and better calibrated large-scale
digital surveys (e.g., SDSS, 2MASS, WISE, PAndAS, and Pan-STARRS). Other
halo substructures have been detected in radial velocity surveys as cold (low velocity
dispersion), coherent subsets of local halo stars; these are described in Chap. 5.

Early efforts at separating halo populations from foreground stars relied on fairly
simple color and magnitude cuts designed to select blue main sequence turn-off
stars. This technique was used with some success to find tidal streams emanating
from globular clusters (Grillmair et al. 1995; Leon et al. 2000; Odenkirchen et al.
2001). Rockosi et al. (2002) subsequently demonstrated the utility of a matched
filter in making better use of the available information and pushing detection limits
to considerably lower surface densities. By assigning weights or likelihoods to
individual stars based on their photometric uncertainties and the color-magnitude
distribution of nearby field stars, the matched filter yields the optimal contrast
between different stellar populations. Grillmair and Dionatos (2006a,b) adopted this
technique to extend the Pal 5 tidal stream and to discover the tenuous and very cold
stream GD-1. More sophisticated techniques are combining photometric selection
with radial velocity surveys (e.g., Newberg et al. 2009) to push detection limits to
still lower surface densities.

Several stream candidates have been detected purely photometrically as long
overdensities in the SDSS and WISE surveys and await confirmation via velocity
surveys. Given the low surface densities of known streams, and the fact that stars
can only be assigned probabilities of being associated with either the field or the
stream, it can be a fairly expensive proposition to obtain velocity information.
Telescope time allocation committees are loath to grant large blocks of time when
the anticipated yield might be as little as 10 % of the targets surveyed. Confirmation
of some of the most tenuous streams may consequently have to wait for results of
massively multiplexed spectroscopic surveys such as LAMOST (Cui et al. 2012;
Deng et al. 2012; Luo et al. 2012; Zhao et al. 2012) and DESI (Dark Energy
Spectroscopic Instrument; formerly known as BigBOSS).

Even while we wait for spectroscopic confirmation, more stream candidates
are actively being sought. While tightly constraining the shape and extent of the
Galactic potential with tidal streams will ultimately require full, six-dimensional
phase space information (e.g. Willett et al. 2009; Koposov et al. 2010; Law and
Majewski 2010), simply finding more streams will enable us to better understand
the accretion history of the Galaxy. The distances and orientations of the streams
give us some idea of their orbits and the likely distribution of their progenitors. And
if we can properly quantify the current detection biases, we will also be in a better
position to infer the total population of such streams and their progenitors.
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4.2 Currently Known Stellar Debris Streams and Clouds
in the Galactic Halo

Here we present tables that give some basic information for all of the currently
known streams and clouds. We define streams as overdensities of stars that are
significantly longer than they are wide. Where radial velocities have been measured,
they have a narrow line-of-sight velocity dispersion that can vary with position along
the stream. Narrower, lower velocity dispersion streams are thought to result from
the tidal disruption of globular clusters, while wider, hotter streams are thought to
result from the disruption of dwarf galaxies. Clouds, on the other hand, are spatially
very large overdensities of halo stars whose origins are currently not understood.
These clouds may be the tidal debris from dwarf galaxies that has piled up near the
apogalactica of highly eccentric orbits. There is also evidence that at least one cloud
is the disrupted remains of the core of the dwarf galaxy.

Tables 4.1 and 4.2 are primarily intended to (1) aid non-specialists in identifying
unexpected features in their data, and (2) provide interested researchers with some
basic parameters and references to more detailed works. The tables are neither
intended nor usable for comparative studies.

Table 4.1 summarizes the basic properties of all currently known halo debris
streams in order of discovery. We do not include globular or open clusters with
power-law profiles extending beyond their nominal King tidal radii. Grillmair
et al. (1995) and Leon et al. (2000) found such extensions around most of the
globular clusters in their respective surveys. Given both these results and theoretical
expectations, it is probably fair to say that it would be surprising to find a globular
cluster that, if examined sufficiently deeply, did not show evidence of tidal stripping.
We therefore list only streams and structures with a projected extent of at least a few
degrees on the sky. We report all tidal streams discovered in the literature, including
some that remain controversial. For example, the Monoceros Ring could actually
be a feature of the Milky Way’s stellar disk (see Chap. 3). The Virgo Stellar Stream
(VSS) and the Virgo Overdensity (VOD) could be the same structure, or several
structures that overlap in configuration space. As several deep, wide-area surveys are
in progress in both hemispheres, and as the search for stellar substructures remains
quite active, we expect this table to become incomplete fairly quickly.

Column descriptions for Tables 4.1 and 4.2 are as follows:

Designation: This column gives the common name by which the particular feature
is known in the literature. There exists as yet no convention on how streams
should be named and a delightful anarchy has ensued. In cases where the
progenitor is known, the feature is quite naturally named after the progenitor
(e.g., Sagittarius stream, Pal 5, NGC 5466). Some researchers have named
streams after the constellations or regions of the sky in which they were first
found, or in which they currently appear strongest (e.g., Monoceros, Cetus
Polar Stream, Anticenter Stream, Triangulum/Pisces, Ophiuchus). Still others are
named for the surveys in which they were first detected (e.g., ATLAS stream,
PAndAS MW stream), after some discovery characteristic (Orphan, EBS), or
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after rivers in Greek mythology (Acheron, Lethe, Cocytos, Styx, Alpheus,
Hermus, and Hyllus).

Progenitor: This column provides the name of the progenitor, if known or sus-
pected. Where there is a question mark, readers are referred to the references for
the source of the uncertainty. If the progenitor is listed as dG? (dwarf galaxy)
or GC? (globular cluster), the actual progenitor is unknown, but its likely nature
is conjectured based on the strength or morphology of the stream. Extensive,
broad (FWHM > 500 pc), or hot streams (o, > 10kms™') presumably arose
from more massive systems such as dwarf galaxies, whereas narrower (FWHM
< 200pc), less populous, and colder streams (0, < 5kms™!) most likely arose
from globular clusters. This latter conclusion is based primarily on the similarity
in the cross-sectional widths of such streams (~100pc) to those of known
globular cluster streams (Pal 5, NGC 5466). On the other hand, Carlberg (2009)
has shown that streams should be heated by encounters with other Galactic
constituents, and that initially narrow streams should become hotter and broader
with time. Our division between globular cluster and dwarf galaxy streams must
therefore be regarded with some skepticism until more observational evidence
can be brought to bear (e.g. progenitor identifications, c-element ratios, etc.).

Known Extent: To help researchers to identify structures they may come across in
the course of their work, we provide the maximum extent of the streams on the
celestial sphere, as determined either in the discovery paper or in subsequent
investigations. While the positions and trajectories of some features are shown in
Figs. 4.1,4.2,4.3,4.4,4.5, and 4.6, readers are generally referred to the discovery
or follow-up papers for more detailed maps of the streams. In some cases the

Fig. 4.1 A matched-filter surface density map of the northern footprint of the Sloan Digital Sky
Survey. The filter used here is based on the color-magnitude distribution of the metal poor globular
cluster M 13. The stretch is logarithmic and all but the Sagittarius streams have been enhanced
using arbitrarily scaled Gaussians to make them visible at this stretch. Bluer colors correspond to
more nearby stars (<15 kpc) while redder colors reflect the distribution of more distant stars
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60 40 20 0 340 320 300

Fig. 4.2 As in Fig. 4.1, but for the southern footprint of the SDSS

streams evidently extend beyond the discovery survey regions. For these features
we simply provide the R.A. and Dec limits of the survey used.

Distance: This column provides the range of heliocentric distances for differ-
ent portions of streams. Where different distances are estimated by different
authors, we provide only the most recent estimates. These distance estimates
will undoubtedly be refined as deeper surveys are carried out, spectroscopic
metallicities are obtained, proper motions and Galactic parallaxes are measured,
or RR Lyrae can be physically associated with streams. As distances can vary
greatly from one portion of a given stream to another, readers are referred to
discovery and follow-up papers for estimates of distance with position.

Vier: If radial velocities have been measured for one or more portions of a stream,
the range of velocities is given here. This range can be quite large (e.g.,
Sagittarius or GD-1), where the length of the stream, combined with the Sun’s
motion, can produce very substantial gradients over the length of the stream.
Once again, readers are referred to the references for more specific information.

[Fe/H]: Metallicity estimates can be based on the color-magnitude locus of stream
stars, on the metallicity of the matched filter that yields the highest signal-to-
noise ratio, or on spectroscopy of individual stars. Estimates based solely on
photometry can have fairly large uncertainties and are consequently flagged with
question marks.
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Fig. 4.3 Stellar density in the PAndAS survey in the foreground of M31 (coordinates are relative
to the M31 center, with north upward and east toward the /ef). Panels /—4 show smoothed stellar
density maps for CMD-filtered stars at mean distances of 7, 11, 17, and 27 kpc from the Sun,
respectively. The lower left panel shows the Milky Way substructures identified by Martin et al.
(2014) in this so-called “PAndAS Field of Streams.” [Figure 2 from Martin et al. (2014)]

Selected References: We provide a selected set of references for each stream. These
include the discovery paper(s) and subsequent works that demonstrably extend
the stream, provide additional spectroscopic or proper motion measurements,
examine stream morphology, RR Lyrae content, model the orbits of the streams,
or use the streams as probes of the Galactic potential.
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Fig. 4.4 Surface density map of the ATLAS stream, using a filter optimized for a stellar population
with [Fe/H] = —2.1, an age of 12.5 Gyrs, and a distance of 20 kpc. Darker shades correspond to
higher surface densities. [Figure 1 from Koposov et al. (2014)]

Clouds are listed in Table 4.2, and are distinguished from streams by their more
diffuse, non-localized nature. These features are also likely to be the result of tidal
stripping or disruption, but determining their nature and origin may have to await
future radial velocity and proper motion surveys.

The locations and extent of many of the structures in Tables 4.1 and 4.2 are shown
in Figs. 4.1 and 4.2. The PAndAS MW, ATLAS, and Ophiuchus streams are shown
separately in Figs. 4.3, 4.4, and 4.5.

In the remainder of this chapter we discuss some of the particulars of individual
streams listed in Tables 4.1 and 4.2. As the Sagittarius and Monoceros/Anticenter
streams are the subject of much study and controversy, they merit more detailed
discussion, and we refer the reader to Chaps. 2 and 3 for more on these systems.
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Fig. 4.5 Surface density map of the Ophiuchus stream, optimized for old and metal-poor stars at a
distance of 8—12 kpc. Darker shades correspond to higher surface density. The lower panel shows
a reddening map of the same region. [Adapted from Fig. 1 of Bernard et al. (2014)]

4.2.1 Streams with Known or Likely Globular Cluster
Progenitors

Pal 5 The stream associated with the globular cluster Palomar 5 (Pal 5) is one of the
most striking examples among the known tidal streams. The stream is clearly visible
as a narrow ribbon of stars arcing across the corner of SDSS starcount maps such as
Fig. 4.1 and the “Field of Streams” from Belokurov et al. (2006b, also reproduced in
Chap. 1 of this volume). As it is clearly associated with the cluster, is a well-defined,
kinematically-cold stream, and is at a distance (~23 kpc) close enough to be studied
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in detail, this stream has been the object of intense scrutiny. Indeed, as it can be
studied in such exquisite detail, the Pal 5 stream has become something of a test
case for models of tidal disruption (e.g., Dehnen et al. 2004; Mastrobuono-Battisti
et al. 2012) and evolution of the tidal tails in the Galactic halo. The stream is clearly
defined over >25° on the sky, with radial velocity members now identified over at
least ~20° of its extent (e.g., Odenkirchen et al. 2009; Kuzma et al. 2015). As it is
robustly detected above the background stellar density, the Pal 5 stream has been
used to explore gaps in streams and their implications for the density of dark matter
subhalos (Carlberg et al. 2012, see also Chap. 7). As much of the stream is still in
the vicinity of Pal 5, with a rather periodic distribution of clumps near the cluster,
there remains some controversy concerning the extent to which these gaps may be
a product of epicyclic motions of stars within the stream (Kiipper et al. 2008, 2012)
rather than the result of encounters with subhalos.

NGC 5466 The tidal stream associated with the globular cluster NGC 5466 has
been suggested (Lux et al. 2012) to have strong implications for the shape of
the Galactic dark matter halo. Though this stream is quite strong near the cluster
(Belokurov et al. 2006a), its more distant reaches are very much more tenuous
(Grillmair and Johnson 2006). The analysis by Lux et al. (2012) suggested that
the trajectory of the northern tip of the stream may have important consequences
for the inferred shape of the dark matter halo. More definitive results await the
identification of tracers with which to derive velocity and distance to the stream
at large separations from the main body of the cluster.

GD-1 Now traced to over 80° across the northern SDSS footprint, the “GD-1”
stream (Grillmair and Dionatos 2006b) is the longest of the cold streams discovered
to date. At a mean distance of ~9 kpc, the stream’s narrow ~0.5° width corresponds
to only ~70pc in cross section, suggesting that the GD-1 progenitor was (or is) a
globular cluster. The orbit of this stream has been well established using SDSS
velocity measurements by Willett et al. (2009), who found a best-fitting orbit
with pericenter of ~14 kpc, apocenter of ~28kpc, and low inclination (i ~ 35°).
Koposov et al. (2010) explored the constraints that this system places on the shape
and strength of the Galactic potential, and were able to put tight limits on the circular
velocity at the Sun’s radius (V. = 224 & 13kms™!). Constraints on the shape of
the halo are comparatively weak owing to the relatively low orbital inclination and
the strong influence of the Galactic disk. Its relatively high surface density over a
large angular swath, kinematically cold population, presumed great age, and lack of
a nearby progenitor make GD-1 an excellent candidate to search for the perturbing
effects of dark matter subhalos (see Chap. 7). The measurement of 8 £ 3 stream
gaps over ~8 kpc of GD-1’s extent by Carlberg and Grillmair (2013) suggest that
the Milky Way contains some 100 dark matter subhalos with M > 10® M within
the apocenter of the GD-1 orbit. Verifying and refining this estimate will require
both deeper photometric surveys and better radial velocity sampling of GD-1.

EBS The Eastern Banded Structure (EBS) is a ~18°-long stellar overdensity
discovered in the SDSS by Grillmair (2006a). Because of its proximity and similar
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distance (~10kpc) to the Anticenter Stream (ACS), the EBS was originally thought
to be associated with the ACS/Monoceros structures. Grillmair (2011) and Li et al.
(2012) showed that EBS is distinct both in metallicity and kinematics from the
ACS. Furthermore, Grillmair (2011) associated two velocity structures (ECHOS)
of Schlaufman et al. (2009) with EBS and determined that its orbit is likely to be
highly eccentric, unlike that of the ACS. A ~2°-wide overdensity of stars within
the EBS was also noted by Grillmair (2011), who suggested that this object, dubbed
Hydra I, may be the remains of EBS’s progenitor. Deeper and wider surveys of the
EBS are currently in progress and will hopefully shed more light on the nature and
origin of this stream.

Pisces/Triangulum The Pisces/Triangulum Stellar Stream is a narrow (~0.2°)
stream that was found as a ~5.5 kpc-long photometric overdensity by Bonaca et al.
(2012b), who dubbed it the “Triangulum Stream” based on its proximity to M33.
It was detected independently as a kinematically coherent feature among SDSS
spectra by Martin et al. (2013), who called it the “Pisces Stellar Stream” because
it resides in Pisces. While Bonaca et al. (2012b) estimated a distance of 26 £ 4 kpc
to the stream based on fitting isochrones of metallicity [Fe/H] = —1.0 to stars in the
structure, Martin et al. (2013) were able to estimate a spectroscopic metallicity of
[Fe/H]~ —2.2, and revised the distance estimate to the Pisces stream to 35 & 3 kpc.
This stream is prominent in stellar density maps of the PAndAS survey (Martin et al.
2014, reproduced here as Fig. 4.3, see panels 4 and 5), extending the stream several
degrees northward of the SDSS footprint. Interestingly, Martin et al. (2014) found
that the stream ends abruptly, suggesting either a physical truncation or a sharp
distance gradient at the northern end. As no progenitor has yet been identified, and
as kinematical data exist only for only one point along the stream, an orbit has not
been estimated.

Acheron, Cocytos, Lethe, Hermus, and Hyllus These stream candidates are long,
narrow, but relatively low signal-to-noise overdensities of low-metallicity stars in
the northern footprint of the SDSS survey. No velocity information has yet been
gleaned for these streams, but efforts are underway to associate tracers such as blue
horizontal branch stars and RR Lyrae with one or more of them.

Alpheus This nearby (<2 kpc) stream candidate was discovered by combining the
WISE All-Sky and 2MASS catalogs (Grillmair et al. 2013). These authors suggest
that, by virtue of distance and orientation, the stream could plausibly have originated
in the globular cluster NGC 288 some 20° away. Deeper surveys and velocity
information will be required to test this hypothesis.

Ophiuchus This stream is somewhat unique among our current sample of streams
in that it is apparently highly foreshortened, and is seen nearly end-on from our
vantage point. It was detected (Bernard et al. 2014) as an overdensity of metal-poor
stars in the Pan-STARRS1 37 survey. Though only 2.5° long, Sesar et al. (2015)
subsequently determined that the Ophiuchus stream is actually ~1.6kpc in length,
appearing foreshortened due to our nearly end-on viewing angle. Their velocity
and proper motion measurements indicate that the stream is kinematically cold and
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on a fairly eccentric orbit with peri- and apocentric distances of 3.5 and 17.5kpc,
respectively. To explain the rather short length of the stream given its inferred orbit,
Sesar et al. suggested that the progenitor must have suffered a substantial change in
its orbit and become disrupted only rather recently (~250 Myr ago).

4.2.2 Streams with Presumed Dwarf Galaxy Progenitors

Orphan Stream The Orphan stream is a roughly 1-2°-wide stellar stream span-
ning nearly the entire vertical (declination) extent of the SDSS northern Galactic
hemisphere footprint. This stream, so called because its progenitor has not been
identified, was discovered at about the same time by Grillmair (2006a) and
Belokurov et al. (2007b). Because the stream has fairly low surface brightness,
determining the distance and velocity of stream members along its extent is difficult.
However, some such measurements have been done, and a few attempts have been
made to derive orbits. The first of these, by Fellhauer et al. (2007a), explored the
possibility that two objects spatially coincident with the stream—the Ursa Major 11
(UMall) dwarf spheroidal and the HI cloud known as Complex A—are physically
associated with the stream. They concluded that UMall is likely the progenitor of
the Orphan stream, and predicted a strong velocity gradient along the stream. In
contrast, Sales et al. (2008) modeled the disruption of a massive two-component
dwarf galaxy on the Orphan stream orbit, and found that UMall is not likely to be
the progenitor, and indeed the progenitor is likely to be almost completely disrupted.
A more extensive characterization of the stream from SDSS was conducted by
Newberg et al. (2010), who then used the data to derive an orbit for the structure
and produce an N-body model of a disrupting satellite on this orbit. Their models
suggest that the SDSS debris is part of the leading tail of a disrupting satellite on
an eccentric (e ~ 0.7) orbit that carries the dwarf out to Galactocentric distances of
~90 kpc.

The Orphan stream has been traced with RR Lyrae stars to a distance of 55 kpc
by Sesar et al. (2013), who also identified a strong metallicity gradient along the
stream. These authors could not identify members beyond 55 kpc, and suggest that
this is either because the leading stream actually ends at that point, or the tracers are
lost due to survey incompleteness or low metallicity. The large metallicity spread
seen among these RR Lyrae bolsters the case that this is a dwarf galaxy remnant.
The low velocity dispersion and large metallicity spread have been confirmed by
Casey et al. (2013), and high-resolution spectroscopy (Casey et al. 2014) shows
abundances consistent with dwarf spheroidal chemical evolution.

It is unclear whether any of the satellites (UMall and the Segue 1 dwarf galaxy)
or Complex A are associated with the Orphan stream. Further exploration in the
southern celestial hemisphere to identify the path of the stream, its stellar density,
and possibly a progenitor, is currently underway. We note that this stream is likely
to be a particularly good tracer of the Galactic potential, since it is well traced over a
large swath (constraining its orbit quite well) and traverses a large range of Galactic
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radii. The combination of the orbit fit to the Orphan stream by Newberg et al. (2010)
and distance constraints from RR Lyrae (Sesar et al. 2013) suggest a fairly low mass
for the Galactic halo (~3 x 10'! Mg within 60 kpc).

Cetus Polar Stream This structure was identified in a study of the Sagittarius
(Sgr) stream (see Chap. 2) with SDSS data by Yanny et al. (2009) as a set of BHB
stars with velocity and metallicity distinct from that of Sgr. Newberg et al. (2009)
followed this up by tracing the stream with BHB stars from SDSS DR7, finding a
stream aligned roughly along constant Galactic longitude in the south Galactic cap.
The authors showed that the ratio of blue straggler stars (BSSs) to BHBs is higher in
Sgr than the Cetus Polar Stream (CPS), and that most of the BHB stars in this region
of the sky (at distances of ~30kpc) are associated with the CPS and not Sgr. This
was confirmed by Koposov et al. (2012), who used the offset between BHBs and
BSSs to separate Sgr and the CPS in the South. The distance and velocity trends seen
in this work imply that the CPS progenitor is (or was) on an orbit that counter-rotates
relative to that of Sgr, as had also been found via orbit-fitting by Newberg et al.
(2009). Interestingly, Newberg et al. (2009) determined that the massive globular
cluster NGC 5824 lies very close to their computed orbit, at nearly the predicted
distance, and with almost exactly the predicted radial velocity. Moreover, the tidal
extensions found by Grillmair et al. (1995) and Leon et al. (2000) for NGC 5824
also lie along the predicted orbit of the CPS.

The most extensive examination of the CPS was that of Yam et al. (2013). This
group used the additional data available in SDSS DRS8 to refine the kinematic
signature and the distances to the CPS. The newly-available contiguous sky
coverage of DR8 photometry was exploited to map the density of BHB stars along
the stream and fit the stream width. Yam et al. then used all of this new information
to fit an orbit to the stream, and found a low-eccentricity (e & 0.2), highly inclined
(i ~ 87°) orbit with apo- and pericentric distances of ~36 and ~24 kpc from the
Galactic center. N-body models of 108 Mg satellites (assuming mass follows light)
on this orbit were found to reproduce the stream velocities and their dispersions,
along with the width of the stream, as a function of position. However, matching the
density profile of the stream requires a lower mass satellite of 10° M. This suggests
that mass does not (or did not) follow light in the progenitor of the CPS. In other
words, the stream must originate from a low-mass, dark matter-dominated satellite
similar to the “ultra-faint dwarf spheroidals” found in SDSS. This is corroborated
by the low metallicity ([Fe/H] ~ —2.2) of CPS stars, which would place the CPS
progenitor among typical metallicities of ultra-faint dwarfs.

PAndAS MW Stream This stream, seen in panels 3 and 5 of Fig. 4.3, was found
by Martin et al. (2014) in the PAndAS photometric survey of the area around M31.
There is a wealth of Galactic substructure along the line of sight to M31 in this
survey, including both TriAnd 1 and TriAnd 2, the Monoceros structure, and the
Pisces/Triangulum stream. The width and velocity dispersion estimated by Martin
et al. (2014) suggest a dwarf galaxy progenitor for the PAndAS stream. Stellar
populations suggest that this is an old, metal-poor structure, and it follows an orbit
that is roughly parallel to the Galactic plane at a distance of ~17 kpc from the Sun.
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Styx Styx is at a distance of ~46kpc and is presumed to be a relic of a dwarf
galaxy solely by virtue of its fairly substantial girth (~1°) (Grillmair 2009). A
sparse but significant overdensity (Bodtes III) is situated near the stream at a nearly
identical distance, and Grillmair (2009) suggested that this overdensity might be the
remains of the stream’s progenitor. However, subsequent velocity measurements of
Bootes III (Carlin et al. 2009) yielded Vj,,; = 197 kms™', which appears to be at
odds with the near perpendicularity of Styx to our line of sight. No velocities have
yet been measured for the stream itself.

4.2.3 Clouds and Other Diffuse Stellar Structures

Overdensities in Virgo The nature and number of the substructure(s) in the Virgo
constellation is uncertain. Main sequence turnoff (MSTO) stars from SDSS in this
region of the sky have been used to show enhanced stellar densities spanning
a huge sky area that have become known as the “Virgo Overdensity (VOD).”
This was initially seen in a single stripe of SDSS imaging data at a distance of
~20kpc by Newberg et al. (2002). Subsequent SDSS studies have mapped an
overdensity (relative to neighboring regions of sky) spanning distances of at least
10 < d < 20kpc over >1000deg? (Juri¢ et al. 2008), and subsequently over
3000deg® (Bonaca et al. 2012a). Overdensities of RR Lyrae stars are seen in the
same region of sky, but in much smaller numbers. However, the much more precise
distances that can be derived for RR Lyrae have led numerous authors to point out
substructures localized in distance rather than in a large cloud-like structure as seen
in MSTO stars. The first of these was the discovery by Vivas et al. (2001) of 5
RR Lyrae from the QUEST survey at a distance of ~20kpc; this was followed by
a ~19kpc clump in Vivas and Zinn (2003), and a detection at 12 < d < 20kpc
by Vivas and Zinn (2006), also from QUEST. Subsequent RR Lyrae studies from
the SEKBO survey by Keller et al. (2008, 2009) have seen similar overdensities
at ~16-20kpc distances. Additionally, Keller et al. (2010) detected an overdensity
between distances of 12 < d < 18kpc from the Sun using subgiants from SDSS.
While none of the photometric detections of Virgo substructures (see map in
Fig. 4.6) are completely inconsistent with each other, the patchiness among RR
Lyrae detections suggests that there is at the very least some density variation
within a single large structure, and perhaps a superposition of multiple structures
that makes up the overall VOD. It is only with kinematics that this possibility
can be explored. Follow-up spectroscopy of QUEST RR Lyrae initially showed
(Duffau et al. 2006) that six stars apparently form a cold peak at V5, ~ 100km s7!,
which the authors dubbed the “Virgo Stellar Stream.” Subsequent studies of this
general region of sky (e.g., Newberg et al. 2007; Vivas et al. 2008; Prior et al.
2009; Brink et al. 2010; Carlin et al. 2012b) have variously found RV peaks
between 100 and 250kms™' (see Fig. 4.6), with some of these appearing to be
localized in both distance and velocity. For example, Duffau et al. (2014) identified
at least three peaks at distances ranging from ~10 to 20 kpc and velocities between
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Fig. 4.6 Map of positions and velocities of stars that have been associated with the Virgo
substructure(s) in the literature. The upper panel gives GSR-frame velocities as a function of right
ascension, while the lower panel shows RA/Dec positions on the sky. Sources of the data are given
in the legend; those with filled areas on the plot are given as horizontal lines of the same color as
the fill. While there are many “excess” stars in this region of sky at velocities higher than expected
for Milky Way populations, there is no clear spatial overdensity or kinematically cold peak visible
in this figure

~120 and 220kms~". On the basis of such detections, it has been argued that the
substructure in Virgo in made up of many tidal remnants overlapping in phase space.
(Note, however, that Casey et al. (2012) found velocity peaks at Vgsg ~ 120 and
~200-240km s~!. These authors identified the lower-velocity peak as the VSS, and
speculate that the high-velocity feature may be related to the Sagittarius trailing tail.)
Regardless of the origin, the radial velocities (see Fig. 4.6) alone make it clear that
the Virgo substructure is, on average, moving too rapidly away from the Galactic
center to be a “cloud” of debris piling up at orbital apocenter as discussed in Chap. 6.

An important clue to the nature of the Virgo substructures came from the
measurement of an orbit for Virgo stars in a single pencil-beam. Initially, Casetti-
Dinescu et al. (2009) determined the orbit of a single RR Lyrae star known to
be a Virgo member. Their combined proper motions and radial velocity yield a
rather eccentric orbit that suggests this star recently passed the pericenter of its
orbit. This work was expanded by Carlin et al. (2012b), who measured proper
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motions and radial velocities of 17 stars consistent with VOD membership. This
orbit confirms that the Virgo substructure results from an object on an eccentric
orbit that recently made its closest approach. Indeed, Carlin et al. were able to
qualitatively reproduce the large spatial extent (both on the sky and in distance) and
velocity spread of the Virgo Overdensity by modeling a massive dwarf spheroidal
disrupting on their measured orbit. This suggests that the entire structure may be
a “puffed-up” dwarf galaxy that just passed its pericenter rather near the Galactic
center. However, it is unclear how to reconcile the apparent clumpiness within the
larger structure; this may be substructure related to group infall or structure within
the progenitor satellite. Alternatively (as suggested by, e.g., Duffau et al. 2014), the
entire structure may be a superposition of tidal structures overlapping each other on
the sky, similar to the overlapping remnants that fell in along “preferred” directions
in the simulations of Helmi et al. (2011). More observations and modeling are
needed to understand the structures in this complicated region of the sky.

TriAnd1l and 2 Rocha-Pinto et al. (2004) identified an overdensity of 2MASS
color-selected M-giant candidates between roughly 100° < [/ < 150°,—40° < b <
—20°. This feature, dubbed the “Triangulum-Andromeda” (TriAnd) structure, is at
heliocentric distances of ~18-30kpc. Rocha-Pinto et al. (2004) spectroscopically
confirmed that TriAnd is a kinematically cold structure, and found a metallicity
of ([Fe/H]) = —1.2 with ~0.5-dex scatter. These authors also noted a trend of
line-of-sight velocity with Galactic longitude that looks like an extension of the
Monoceros velocity trend; however, TriAnd was thought to be too distant to be an
extension of Monoceros. At nearly the same time, this same substructure was seen
by Majewski et al. (2004) as a clear main sequence in the foreground of combined
CMDs from their photometric survey of M31. These authors estimated the distance
to be ~16-25kpc from the Sun, with ~20 % higher distance at the furthest region
from the Galactic plane compared to the lowest latitudes. The stellar density is
roughly constant over the region surveyed, and is used to estimate a total luminosity
over ~1000deg? of ~5 x 10° Lg.

A much deeper and larger-area survey of the M31 outskirts presented by Martin
et al. (2007) revealed the existence of a second main sequence in the same region of
the sky. This study, which covered ~76 deg? between ~115° < [ < 130°, —30° <
b < —25°, associated the brighter of the two MSTO features with TriAnd, and
the fainter as a new structure dubbed “TriAnd2” (with the original structure called
TriAnd1). These two features were found to be at heliocentric distances of ~20
and ~28 kpc, and both show fairly narrow main sequences consistent with ~2 kpc
line-of-sight depth. TriAndl shows stellar densities at the lowest latitudes (i.e.,
nearest the plane) and lowest longitudes in the region covered that are 2-3 x
higher than at the opposite side of the survey footprint. The surface brightness
(Zy ~ 32 mag arcsec™?) found by Martin et al. (2007) is similar to that derived
by Majewski et al. (2004) for this very diffuse stellar substructure.

Sheffield et al. (2014) undertook an extensive spectroscopic survey of over 200 M
giant stars selected to be consistent with TriAnd membership. These authors found
two distinct RGB features in 2MASS that correspond to the TriAnd1 and TriAnd2
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MSTO features from Martin et al. (2007). Interestingly, even though the two features
are separated by more than 5kpc in line-of-sight distance, their trends in line-of-
sight velocity with Galactic longitude are indistinguishable. The nearer of these
features (TriAnd1) is found by Sheffield et al. to have mean metallicity of [Fe/H] =
—0.57, while TriAnd2 has [Fe/H] = —0.64. A possible origin for the two features
is shown by these authors via an N-body model of a dwarf galaxy disrupting in
the Milky Way halo. In this scenario, the two TriAnd features are debris that were
stripped from a single satellite on consecutive pericentric passages of its orbit. The
fairly large satellite mass required in this model is consistent with the metal-rich
(relative to most dwarf galaxies) stellar populations in TriAnd; in order to enrich to
such a level, the progenitor must have been fairly massive.

The PAndAS deep photometric survey of the M31 vicinity has apparently
resolved some wispy substructure on smaller scales in this region of sky. Martin
et al. (2014) mapped stars from PAndAS in different distance slices, and found a
narrow stream at a distance of ~17 kpc, another wedge-shaped feature at ~27 kpc
that is likely associated with TriAnd2, and wispy stellar structure throughout the
17-kpc slice that is attributed to TriAnd1 suffusing the entire field of view. Clearly
there is a complex web of substructures intermingling in this region of the sky.
Indeed, based on positional and kinematical similarities, Deason et al. (2014)
argued in a recent analysis of spectroscopic data in this sky area that the PAndAS
stream, TriAnd overdensities, and the Segue 2 ultrafaint dwarf galaxy are associated
remnants of a group infall event. This scenario posits that the comparatively more
metal-rich TriAnd represents the group-dominant central galaxy, with Segue 2 and
the PAndAS structure remnants of TriAnd satellites. Finally, we note that Xu et al.
(2015) recently suggested that TriAnd results from the oscillation of the midplane
of the disk below » = 0°, and that the apparent stellar overdensity is part of a disk
that extends out to 25 kpc or more. There is clearly much more work needed to
understand the nature of the TriAnd features.

Hercules-Aquila Cloud This structure was originally discovered as an overdensity
of MSTO stars in the SDSS DRS5 database at heliocentric distances of ~10-20kpc
by Belokurov et al. (2007b). The cloud covers an enormous area of the sky,
apparently extending to at least £40° in Galactic latitude, centered on longitude
of [ ~ 40°. Belokurov et al. attempted to identify the kinematical signature of
the Cloud using SDSS spectra of RGB stars, and suggested that a peak at Vg, ~
180kms™! represents the velocity of Hercules-Aquila stars. Due to its similarity
in the CMD to the SDSS ridgeline of the globular cluster M92 ([Fe/H] = —2.2),
the stellar population of the Hercules-Aquila was suggested to be rather metal poor
(perhaps slightly more metal-rich than M92).

In a series of papers, Larsen et al. (2008, 2011) extensively mapped a nearby
structure between ~1-6kpc from the Sun that was dubbed the “Hercules Thick
Disk Cloud.” The authors (Larsen et al. 2011) suggest that the overdensity seen
by Belokurov et al. (2007b) was actually an artifact of the background-subtraction
method used in that work, and that the true stellar overdensity is actually much more
nearby. However, subsequent studies with unambiguous standard candles such as
RR Lyrae have confirmed that there is a structure at dn; ~ 20kpc. It remains
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unclear whether the more distant Hercules-Aquila cloud is related to the apparent
thick disk extension.

Hercules-Aquila has been extensively mapped with RR Lyrae stars. Sesar et al.
(2010a) used RR Lyrae from SDSS Stripe 82 (on the celestial equator in the south
Galactic cap) to show that the Hercules-Aquila cloud contains at least 1.6 times the
stellar density of the halo at ~15-25kpc. Photometric metallicity estimates from
this work suggest that the cloud’s mean metallicity is similar to that of the Galactic
halo. Watkins et al. (2009) also studied the RR Lyrae in SDSS Stripe 82, using the
proper motions of Bramich et al. (2008). Watkins and colleagues find 237 RR Lyrae
that are likely associated with the Hercules-Aquila cloud; these actually make up
the majority of their RR Lyrae star sample. The mean distance to the cloud in Stripe
82 is estimated to be ~22 kpc, but with dispersion (standard deviation) of ~12kpc.
Watkins et al. estimate a mean photometric metallicity of [Fe/H] = —1.43 for the
Hercules-Aquila stars. This study additionally presents the most reliable estimate
of the velocity of this substructure. Stars with Hercules-Aquila cloud metallicities
separate from the thick disk at 300° < RA < 320° in velocity—the mean velocity is
centered around Vs, & 25kms™!, with a long tail to lower velocities (and blending
with the disk at higher velocities).

Simion et al. (2014) mapped the Hercules-Aquila cloud using RR Lyrae from
the Catalina Sky Survey (Drake et al. 2014). After subtracting off the contribution
of the underlying halo populations, this group concluded that the cloud is more
prominent in the southern Galactic hemisphere than in the north, peaking at
a heliocentric distance of ~18kpc. It is unclear whether the structure is truly
asymmetric about the Galactic plane, or whether higher extinction in the north has
affected the completeness of the RR Lyrae sample. The Hercules-Aquila RR Lyrae
are predominantly of Oosterhoff class I; thus the stellar populations in the cloud are
similar to those of the Galactic halo. The luminosity of the progenitor is estimated
to be between —15 < My < —9, which would place it in the range of the brightest
“classical” Milky Way dwarf galaxies.

Pisces Overdensity The Pisces Overdensity is one of the most distant stellar
overdensities known in the Galactic halo. This structure was originally found in a
study of Stripe 82 RR Lyrae by Sesar et al. (2007) as a grouping of 26 stars (denoted
by the authors as “clump J”) at a mean distance of 81kpc from the Sun. This
structure was confirmed by Watkins et al. (2009) in a separate analysis of RR Lyrae
from SDSS Stripe 82. Watkins et al. dubbed the group of 28 stars at ~80kpc mean
distance the “Pisces Overdensity,” and suggested that the total stellar mass of this
substructure is ~10*~10° Mg, with mean metallicity of [Fe/H]~ —1.5. Kollmeier
et al. (2009) obtained follow-up spectra of a handful of RR Lyrae stars in Stripe 82,
and found five stars tightly clumped in velocity, confirming its identification as a
coherent substructure that the authors suggested was a (possibly disrupted) dwarf
galaxy. Additional spectra of RR Lyrae observed by Sesar et al. (2010b) complicated
this picture by resolving the overdensity into two peaks separated in velocity by
~100kms™!. Thus the Pisces Overdensity may actually consist of more than one
tidal debris feature overlapping in space. Sharma et al. (2010) subsequently found
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a much larger extended structure (dubbed “A16”) in the same region of sky using
2MASS-selected M-giant candidates. In this work, the candidates are at distances of
~100kpc. The large spatial extent (including another possibly associated structure,
“A14,” at similar distances about 30° away) and somewhat metal-rich (as evidenced
by the presence of M-giants) nature of this structure was suggested to indicate an
unbound satellite.

While the origin and nature of the Pisces Overdensity remains unclear, it is
evident that there are tidal debris structures at distances of more than 80 kpc in the
halo. Further kinematical and chemical analysis will be essential to relate the Pisces
substructure to other known satellites or structures in the halo.

Perseus Cloud Another poorly studied apparent substructure is the Perseus Cloud,
originally isolated among 2MASS-selected M-giant candidates by Rocha-Pinto
et al. (2004). Though it appears to be an extension of the TriAnd structure on the
sky, and is at a similar distance, Rocha-Pinto et al. argue that their spectroscopic
velocities show the two structures to be unrelated. The nature of this stellar structure
remains undetermined.

Canis Major and Argo There are other purported stellar overdensities in the Milky
Way that we have not discussed here because their nature (as an actual overdensity
and/or as a tidal debris structure) is still undetermined. These include the Canis
Major overdensity, which was originally seen as a low-latitude excess of 2MASS-
selected M giants by Martin et al. (2004a). This feature has been suggested to be a
recently accreted dwarf galaxy (Martin et al. 2004a,b; Bellazzini et al. 2006a), and
perhaps even the progenitor of the Monoceros Ring (e.g., Pefiarrubia et al. 2005).
Others (including Momany et al. 2006; Moitinho et al. 2006) have attributed this
apparent stellar overdensity to the warp and flare of the Galactic disk. The Argo
stellar overdensity (Rocha-Pinto et al. 2000) is near the Canis Major feature in
2MASS M giants, and is also poorly studied. As the focus of this review is on known
tidal substructures, and the nature of these structures is still under debate, we will
not discuss them further. Some discussion of Canis Major and its possible relation
to the low-latitude Monoceros structure can be found in Chap. 3 of this volume.

4.3 Future Discoveries

Given that the currently available, large-area digital sky surveys do not cover the
entire sky, we expect that a significant number of strong streams remain to be
discovered within 50 kpc. The Pan-STARRS survey (Kaiser et al. 2002), which
covers considerably more sky area than the SDSS, will presumably yield additional
streams, and extend at least some of the streams whose known extent is currently
limited by the SDSS footprint. In the southern hemisphere, the ATLAS (Shanks
et al. 2013), Skymapper (Keller et al. 2007), and Dark Energy Surveys (Rossetto
et al. 2011) remain to be completed. Covering regions of the sky that have been
largely unexplored to date, they will almost certainly yield a number of new streams,
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in addition to extending some of the streams and clouds in Tables 4.1 and 4.2. We
note that extending known streams is at least as important as finding new ones, as
longer streams both reduce the uncertainty in orbit shape and tighten the possible
constraints on the Galactic potential.

Further progress in finding cold or tenuous streams in the SDSS and other
surveys will almost certainly result from simultaneously combining photometric
filtering with velocity and proper motion measurements. Spectra are now available
for ~7 x 10° stars in the SDSS DR10. Newberg et al. (2009) combined photometric
measurements with velocities and metallicities to detect the Cetus Polar Stream,
a structure which had eluded prior discovery through photometric means alone.
Several spectroscopic surveys either planned or in progress (e.g., LAMOST) will
almost certainly make contributions in this area, particularly in detecting streams
that are highly inclined to our line of sight (e.g., ECHOS, Schlaufman et al. 2009).

The Large Synoptic Survey, expected to begin early in the next decade, will
greatly extend the reach of current photometric (e.g., matched filter) methods of
stream detection. Even a single pass over the visible sky will be significantly
deeper than the SDSS, and the end-of-survey photometric depth is expected to reach
r = 27.5 (Grillmair and Sarajedini 2009). On the other hand, background galaxies
will vastly outnumber stars at this depth, and significant improvements will need to
made in the area of star-galaxy separation if we are to take full advantage of the
data. If this can be achieved, then applying matched-filter techniques to upper main
sequence stars should enable us to photometrically detect streams out to as much
as 500kpc. RR Lyrae will enable us to probe even more deeply into the halo (e.g.
Sesar et al. 2013); even with fairly conservative single-pass detection limits, LSST
should enable us to detect RR Lyrae out to more than 700 kpc.

Distance estimates are currently the largest source of uncertainty in the use
of tidal streams as probes of the potential. The Gaia survey will clearly have an
enormous impact here, providing trigonometric distances for giant branch stars
out to tens of kpc. In addition, a number of synoptic surveys have detected many
thousands of RR Lyrae, some of which have been associated with known streams
(e.g. Sesar et al. 2013), and whose distances can now be measured to ~2 % using
infrared photometry. On the other hand, the coldest streams may have very few
giant branch stars or RR Lyrae. Distances for these have often been estimated
photometrically, using filter matching or upper main sequence fitting. However, the
ages and metallicities of the stream stars are only poorly known, and the distance
uncertainties due to inappropriate filter templates are correspondingly large. Eyre
and Binney (2009) and Eyre (2010) have described and demonstrated an alternative
method of finding distances by using proper motions to measure “Galactic parallax.”
This technique relies on the premise that any net proper motion component of stars
perpendicular to a stream must be a consequence of the sun’s reflex motion. The
accuracy of the method is currently on par with photometric distances, limited
primarily by the quality of the available proper motions. The Gaia survey should
enable very significant improvements in the application of this technique.

Proper motions can also be used to verify and even detect streams, and both
Gaia and LSST are expected to make significant contributions to the field. With
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expected end-of-mission proper motion accuracies of <200 micro-arcseconds to
20th magnitude, the Gaia survey will enable us to push well down the stream mass
function out to perhaps tens of kpc. Beyond that, the end-of-survey proper motion
uncertainties for LSST will be on the order of 100kms™" at 100 kpc. With suitable
averaging and the application of Bayesian techniques, this should be sufficient to
detect the remote and particularly high-value, extended tidal tails of many of the
dwarf galaxies.
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Chapter 5
Kinematically Detected Halo Streams

Martin C. Smith

Abstract Clues to the origins and evolution of our Galaxy can be found in the
kinematics of stars around us. Remnants of accreted satellite galaxies produce over-
densities in velocity-space, which can remain coherent for much longer than spatial
over-densities. This chapter reviews a number of studies that have hunted for these
accretion relics, both in the nearby solar-neighborhood and the more-distant stellar
halo. Many observational surveys have driven this field forwards, from early work
with the Hipparcos mission, to contemporary surveys like RAVE and SDSS. This
active field continues to flourish, providing many new discoveries, and will be
revolutionized as the Gaia mission delivers precise proper motions for a billion stars
in our Galaxy.

5.1 Introduction to Kinematic Streams

At first glance the kinematics of disk stars in the solar neighborhood might appear
to be a smooth distribution, but upon closer inspection one can uncover a wealth of
structure. The fact that this velocity distribution is clumpy has been known for over
a century. The German astronomer J.H. von Midler, while carrying out observations
to measure the Sun’s motion, noticed clumping in the distribution of proper motions
(Médler 1846). This collection of stars moving with the same velocity, what we
now refer to as a “moving group”, consists of members of the Pleiades open cluster,
including stars several degrees from the centre of the cluster. This work was built on
by Proctor (1869), who found a further two moving groups—Hyades and Sirius.
The dissection of the local stellar velocity distribution has told us a great deal
about star formation and Galactic structure. Figure 5.1 presents a contemporary
analysis of the velocity distribution, showing that it is rich in substructure. These
moving groups can be attributed to young open clusters which have not yet
dispersed, or could be due to dynamical effects such as stars trapped at resonance
with the Galactic bar or spiral arms (e.g., Dehnen and Binney 1998; Bovy and Hogg
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Fig. 5.1 The local stellar velocity distribution from a compendium of observational datasets. The
two velocity components correspond to the cartesian in-plane velocities, with U increasing in the
direction of the Galactic center and V in the direction of the Sun’s rotation. The approximate
locations of four moving groups are denoted by the dotted lines. Figure taken from Antoja et al.
(2010)

2010; Sellwood 2010; McMillan 2011). However, neither of these will be explored
in this chapter; interested readers are suggested to see Antoja et al. (2010) for a
detailed and comprehensive review on the subject of moving groups. Instead we
will here focus primarily on a third mechanism for creating moving groups, namely
the accretion of extra-galactic systems.

As can be seen from the other chapters in this volume, we know of many tidal
streams in the stellar halo of the Milky Way. However, more diffuse streams, which
are created if the progenitor is less massive, is on a highly eccentric orbit, or was
tidally disrupted in the distant past, are harder to identify as spatial over-densities on
the sky. They can, however, be discovered by exploring higher-dimensional space;
a stream can that has dispersed in configuration space may still remain coherent in
phase space. In this chapter the many successful efforts to find fainter and more
ancient accretion events will be reviewed, starting with the solar neighborhood
(Sect. 5.2) and moving out to structures in the more distant halo (Sect. 5.3).
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5.2 Local Kinematic Streams

5.2.1 The Helmi Stream

In the 150 years since Médler made his initial discovery, many other studies have
identified kinematic substructures. Some of these, such as the Arcturus or Kapteyn
group, have been proposed to be extra-galactic in origin (we will return to these
later). However, the first indisputable accretion remnant was found by Helmi et al.
in their seminal 1999 paper (Helmi et al. 1999), which we will now discuss.

The first step to identifying clumping in velocity space is, by definition, obtaining
a sample of accurate velocities. Large surveys have been crucial in propelling
many fields in astronomy, from Kapteyn’s visionary international survey of the
early twentieth century (Kapteyn 1906; Kinman 2000; van der Kruit 2015), to
the Sloan Digital Sky Survey in the early twenty-first century (York et al. 2000);
for a review of many significant results from such surveys in the field of Milky
Way science, see Ivezi¢ et al. (2012). One of the most important surveys in the
past 20 years in the field of stellar kinematics was the Hipparcos mission. This
was a European-led satellite mission, launched in 1989 and operated until 1993,
which measured the position of stars to unprecedented accuracy. This enabled a
catalogue of proper motions and parallaxes to be constructed for over 100,000 stars
(ESA 1997), although the complex nature of this task meant that the final definitive
catalogue was only published in 2007 (van Leeuwen 2007a,b).

Possessing such accurate proper motion data for large numbers of stars enables
statistically meaningful analyses to be done of rare types of stars. For arguably the
first time researchers were able to construct significant samples of stars from the
halo, which remember constitutes only around 0.5 % of the stellar mass in the solar
neighborhood (Juri€ et al. 2008). With this sample, one could now begin to search
for kinematic over-densities.

The groundwork for Helmi’s discovery was laid in the 1999 paper entitled
“Building up the stellar halo of the Galaxy” (Helmi and White 1999). This paper
used a combination of numerical simulations and analytical techniques to investigate
the disruption of satellite galaxies as they are accreted into the Milky Way, paying
particular attention to the consequences for the local stellar halo. By analyzing the
disruption of the satellite using action-angle variables, they studied how the tidal
stream evolved over 10 Gyr, and showed that the system became phase mixed;
at a particular location (for example in the solar neighborhood) one might detect
multiple kinematic over-densities from the same progenitor. This is because one
(large) progenitor can produce a tidal stream that wraps multiple times around the
Milky Way, and can produce numerous separate clumps in phase space. A simple
calculation shows that if the local stellar halo is entirely made up of debris from 10
to 100 accreted satellites (of luminosity 107 or 108 Lg) then one would expect to
find a few hundred separate kinematic streams in the solar neighborhood, although
the individual stars in these streams would not necessarily be clumped in density.
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Given the high quality data that were becoming available at that time, namely
the aforementioned Hipparcos catalogue, Helmi et al. (1999) were able to construct
a catalogue of 97 metal-poor red giants and RR Lyrae stars within 1 kpc of the
Sun (using data compiled by Beers and Sommer-Larsen 1995 and Chiba and Yoshii
1998). With distances estimated from photometry (to ~20 %), radial velocities from
spectroscopy (to ~10km/s) and proper motions mainly from Hipparcos (to a few
mas/yr), they were then able to analyze the phase-space distribution of this halo
sample.

One then needs to determine the optimal space (combinations of x,y, z, Ux, vy,
and v;) in which to identify accretion debris. To do this one normally identifies
integrals of motion, i.e., quantities that are conserved (or approximately conserved)
along an orbit (see Sect. 3.1.1 et seq of Binney and Tremaine 2008); stream stars are
thus clumped in these quantities. For example, in a spherical potential we know that
the total energy and the three components of angular momentum are all conserved
along an orbit, leading to four integrals of motion. However, the Milky Way is not a
spherical system, particular in the inner regions where the contribution of the disk to
the total potential is important. Fortunately it is close to being axisymmetric (since
we do not need to worry about the Galactic bar, which is restricted to the inner-
most few kpc). For an axisymmetric system, there are two integrals of motion: the
energy, and the component of the angular momentum parallel to the symmetry axis
(L;). It can also be shown that the total angular momentum, although not precisely
conserved, varies only slightly for modest amounts of flattening and, importantly,
shows no long-term evolution.

There are small complications to this picture. First, the stars of a satellite galaxy
do not all follow the same precise orbit, due to the internal velocity dispersion of
the system. This means that stars will have a finite volume in this space defined by
the integrals of motion. Second, the potential of the Milky Way will undoubtedly be
varying over the time-scales under discussion, for example from the build-up of the
disk as gas settles into the equatorial plane of the Galaxy. This leads to an oft-used
term in this field—adiabatic invariants (see Sect. 3.6 of Binney and Tremaine 2008).
These are quantities that are constant for slowly-evolving potentials, i.e., potentials
that vary on time-scales longer than typical orbital periods.

For their analysis, Helmi et al. (1999) chose to use the two-dimensional space

of L, and Ly = /L?+L3. They did this as the former is conserved for

an axi-symmetric potential and, since L> = Li + L? and both L and L, are
approximately constant for stars in a particular tidal stream, the latter is not expected
to vary significantly. These two quantities were selected because they are trivial to
determine for their sample, unlike the energy which, although conserved, requires
one to assume a model for the gravitational potential. The distribution of L, and
L, for the solar neighborhood sample of Helmi et al. (1999) is shown in Fig. 5.2.
For a local sample of stars L, ~ R * vg, Where vy is the azimuthal component
of the velocity. Since the stellar halo shows no significant signs of rotation (e.g.,
Smith et al. 2009b), one would expect that the distribution should be symmetric
about L, = 0; clearly this is not the case at high L, , where there is a significant
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Fig. 5.2 The discovery of kinematic substructure in the solar neighborhood, from Helmi et al.
(1999). The left panel shows the observational discovery, which was based on analysis of stars
from the Hipparcos mission. The lower panel shows the distribution in angular momentum space
(in their notation J = L), while the upper panels show the kinematics. Yellow filled dots are the
candidate members of the substructure. The right panels show an N-body model of the stream,
which is almost entirely phase mixed after 8 Gyr. This panel was taken from Helmi (2008)

cluster of stars in the region (L,, L1) = (1000, 2000) kpc km/s. The probability
of such a clump of seven stars occurring by chance is estimated to be less than 1 %.
Although their original halo sample contained only 97 stars, they augmented it with
more distant and more metal-rich stars, obtaining a total of 12 stars that belong to
this overdensity.

Helmi et al. (1999) also investigated the velocity distribution of stars from this
system (top panels of Fig. 5.2; see also Fig. 1.1 of Chap. 1 which shows a subset of
the sample in a slightly different coordinate system). Note that in Helmi’s coordinate
system, positive L, implies vy is in the same direction as Galactic rotation, so
these stars have azimuthal velocities similar to the Sun, but with very high vertical
velocities (as can be seen from the top-left panels of Fig. 5.2, v, is around 200
km/s). It is also interesting to see that v, is split into two separate clumps—one
moving downward and one upward. This is most likely a manifestation of the
aforementioned phase-mixing, where one progenitor can produce multiple streams
in phase-space. So although there are two streams, these stars are all from the
same accretion event. Helmi and collaborators constructed an N-body simulation
of this system, which provides a very good representation of the observed velocity
distribution (Fig. 5.2, right-hand panels). This shows how the progenitor can be
almost completely disrupted in configuration space, yet remain coherent in velocity
space. The two separate clumps in v, are reproduced, as is the spread in vg. The
simulation also allows them to estimate the properties of the progenitor, which they
concluded was likely to be similar in size to the Fornax dwarf spheroidal.

Subsequent studies have confirmed the Helmi stream and increased the number
of member stars, though somewhat reducing the fraction of the halo it comprises
(for example Chiba and Beers 2000; Re Fiorentin et al. 2005; Dettbarn et al. 2007;
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Kepley et al. 2007). Later surveys containing fainter stars have enabled us to identify
halo subdwarfs in this system (Klement et al. 2009; Smith et al. 2009b), bringing
the total number of members to over 30 out to distances of a few kpc. The reported
fraction of local stellar halo made of Helmi stream debris varies from reference to
reference, probably due to differences in search techniques, but is most likely around
5 %. The chemistry of 12 of these stars has been investigated by Roederer et al.
(2010). They find a spread in [Fe/H] from —3.4 to —1.5, with detailed abundances
similar to those of the general halo population, concluding that star formation in the
progenitor was truncated before the products of Type Ia supernovae or AGB stars
enriched the inter-stellar medium.

The Kepley et al. (2007) study also introduces a novel way to estimate the age
of accretion. They utilize the fact that once the progenitor has become completely
phase-mixed, the total number of stars in the positive and negative v, clumps would
be the same. The observed fraction with positive v, is actually 28 %, which means it
is not entirely mixed. By analyzing an N-body simulation of the accretion (similar
to the right-panel of Fig. 5.2), they can tentatively say that it was likely to have been
accreted between 6 and 9 Gyr ago, i.e., not too recently (otherwise the ratio would be
more lopsided) and not too long ago (otherwise the ratio would be closer to unity).

5.2.2 Other Early Discoveries

As pointed out in the introduction, moving groups have been studied for many years,
but definitively determining their origins is not easy. As a consequence, finding halo
streams in the solar neighborhood can be a precarious venture. Over-densities, as
their name suggests, can only be identified as an excess on top of a background
population. However, in this case the background population in question (the Milky
Way disk) is far from a simple homogenous population; lumps and gradients can
often masquerade as coherent structures and so great care has to be taken in their
classification. This problem has afflicted many potential stream discoveries and, as
can be seen in this chapter, ambiguities still remain for a number of these.

Various streams, such as Hyades-Pleiades, Hercules and Arcturus, are believed
to be Milky Way stars brought together by resonances in the disk. Originally
identified by Eggen (see his 1996 review), the broad metallicity or age spread of
these three streams argues against disruption of a disk star cluster as the origin,
and abundance patterns similar to disk stars disfavors the extragalactic scenario—
hence the conclusion of a dynamical origin (e.g., Famaey et al. 2008; Bovy and
Hogg 2010; Fuchs and Dettbarn 2011). Some of these are more controversial than
others; the Arcturus stream has generated much debate (e.g., Navarro et al. 2004),
but more-recent analyses have shown that the narrow velocity dispersion (Bovy et al.
2009) and chemical inhomogeneity (Williams et al. 2009; Bensby et al. 2014) favor
a dynamical origin. Making definitive claims about the origins of such systems is
not easy.
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Another stream that has been studied extensively is the Kapteyn moving group,
again named by Eggen. The name comes from the fact that the velocities of this
group are similar to that of Kapteyn’s star, which is a well-known very high proper
motion star only 4 pc away from the Sun. This group is on a mildly retrograde orbit,
moving at around —50 km/s.

Quite early it was speculated that this retrograde group might be related to the
globular cluster Omega Centauri (Omega Cen; e.g., Eggen 1978), which is on a
similar orbit. This cluster is interesting, as it appears to possess a broad spread in
both chemistry and age, indicating that it could be the core of a disrupted dwarf
galaxy (Lee et al. 1999). This might suggest that this retrograde moving group is
in fact the stripped remnants of the galaxy. A number of works have pursued this
hypothesis (see Majewski et al. 2012 for a nice overview of the current situation),
including a detailed spectroscopic analysis of 16 stars by Wylie-de Boer et al.
(2010). This latter reference confirms the similarity in chemistry between the cluster
and the moving group, but provocatively questions whether the group may in fact
be material stripped from the host galaxy of Omega Cen as it was disrupted. The
argument against the association of this debris with Omega Cen is that one would
need a significant amount of dynamical friction to bring the system onto its current
orbit, something which would not be possible for an object as small as Omega Cen.
However, the authors acknowledge that their hypothesis is currently unproven; if
they are correct that Omega Cen and the Kapteyn moving group do not originate
in the same dwarf galaxy progenitor, then why the close similarity in chemistry
and why the age spread in the cluster? Clearly more work needs to be done to
address this question and fully understand the connection, especially given that a
large fraction of the inner halo could belong to this moving group (see, for example,
Majewski et al. 2012; Fig. 5.3) and hence it could have played a significant role in
the early development of our galaxy.

5.2.3 Streams in the Geneva-Copenhagen Survey
5.2.3.1 Pieces of the Puzzle

Although Hipparcos was (and still is) clearly a hugely important resource for
studying the kinematics of stars in the solar neighborhood, it was hampered by
a lack of radial velocities. What was needed was a systematic survey of radial
velocities, providing a sample with a well-defined selection function. The Geneva-
Copenhagen survey (Nordstrom et al. 2004; Holmberg et al. 2007, 2009; Casagrande
et al. 2011) produced radial velocities and metallicities for 13,000 nearby stars.
Combining these with proper motions and (for the majority of stars) distances from
the Hipparcos mission, resulted in a complete sample of F- and G-type dwarfs within
40pc and a larger, magnitude-limited sample to around 200 pc. Although this is
a relatively local sample compared to the one analysed in Helmi’s (1999) study,
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Fig. 5.3 Top panel: the distribution of [Ba/Fe] vs [Fe/H] for Milky Way stars (blue points) and
a characteristic locus (blue line), overlaid with the same for Omega Cen (labeled @ Cen) stars
(magenta points and line), where data for both are taken from the literature. Bottom panel: the
distribution of barium abundances for ten stars in the retrograde kinematic stream discussed in
Majewski et al. (2012; red), plus two retrograde stars not in the stream (blue). This retrograde
stream is similar to the Kapteyn stream and is potentially associated to Omega Cen, a hypothesis
which is supported by the close similarity in chemistry between the cluster stars in the fop panel
and the stream stars in the bottom. Taken from Majewski et al. (2012)

and contains only a handful of halo stars, the accurate 6D phase-space information
allows a detailed analysis of the orbital properties of the stars.

In addition to the Helmi stream, which is the most prominent in the local stellar
halo, a number of other candidate streams have been found. Helmi continued her
analysis using this Geneva-Copenhagen survey (Helmi et al. 2006), choosing a
different space to search for accretion debris than in their 1999 study. This time
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space. Each panel shows the distribution of stars in the space of apo- and peri-center (for different
cuts in the L, angular momentum). Darker colors correspond to higher statistical significance
of an excess compared to the smooth background. Notice the group of stars confined within the
dotted lines (corresponding to eccentricities between 0.3 and 0.5). As L, increases, the orbits move
outwards in radii. Taken from Helmi et al. (2006)

they chose three parameters, L, (which, as mentioned above, will be conserved in
an axisymmetric system) and the peri- and apo-center distances (the minimum and
maximum distance that the star’s orbit comes to the Galactic center). We will refer
to this as the APL space (Fig. 5.4). Using simulations, they showed that disrupted
satellites remain reasonably localized in this space, with the extent depending on
the initial size of the satellite. When projected into the 2D space of apo- versus
peri-center distance, debris remain contained within a band of constant eccentricity,
implying that the stars approximately retain the eccentricity of their progenitor’s
orbit. Moreover, in this space one can see the different kinematic streams forming
as the satellite becomes phase mixed, although the accuracy required to determine
this is not feasible with current datasets.

One clear drawback of this method is that it relies on a knowledge of the
gravitational potential in order to calculate apo- and peri-center distances. However,
as the sample under investigation is located in such a small volume, the potential
is approximately constant and hence the orbital parameters are determined by the
kinematics, rather than their location. This means that although the apo- and peri-
center distances may be slightly off due to an incorrectly chosen potential, this will
result in a systematic shift in this space and will not work to smear out any coherent
features.
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By comparing the density of stars in this 3D space to Monte Carlo realizations
of a smooth model, Helmi et al. (2006) were able to show that their distribution
is significantly more structured than what one would expect from a smooth model.
They went on to identify a group of stars with eccentricities around 0.4. This value
is clearly inconsistent with the thin disk, although thick disk stars may possess such
high eccentricities. Folding in metallicities appears to show that this group can be
divided into three separate accretion events, with different trends in v, and age.

The process of determining exactly how many distinct groups are contained in
such a discovery is complex and open to interpretation. High-resolution follow-up
studies have analyzed the elemental abundance patterns of these stars and suggested
that there may actually be only two distinct groups (Stonkuté et al. 2012, 2013;
Zenoviené et al. 2014); the common abundance patterns suggest that Groups 2 and 3
from the original (Helmi et al. 2006) paper may come from the same progenitor.
Tentative ages for these stars show two populations, a relatively metal-rich one
of around 8 Gyr and a more metal-poor one of around 12 Gyr, but the authors
acknowledge that more work needs to be done as ages are notoriously difficult for
main-sequence stars. They conclude by speculating that the similarity between the
chemical composition of stars in these two kinematic groups and in the Milky Way’s
thick disk suggests that the progenitor of this system may be related to the formation
of the thick disk.

The original authors revisited these streams in Helmi et al. (2014), obtaining
high-resolution spectra for even more stars in this eccentricity range (0.3-0.5).
Although they no longer focus on the division proposed in their original paper, they
show that the properties of stars in this eccentricity range are not homogenous, with
an apparent division around [Fe/H] = —0.4.

5.2.3.2 Arifyanto and Fuchs

In the same year as Helmi et al. were mining the Geneva-Copenhagen survey, a
group in Germany (Arifyanto and Fuchs 2006) were searching for accretion debris
in a sample of 742 stars based on a catalogue from Carney et al. (1994). This
resulted in the detection of a number of streams, but none are believed to be due
to accretion; three had been previously identified (Hyades-Pleiades, Hercules and
Arcturus; discussed above) and there was a new discovery, again not conclusively
extragalactic in origin (Ramya et al. 2012).

However, despite not identifying any bone-fide accretion remnants, this paper
warrants discussion here for its approach to identify nearby streams. Using a
Keplerian approximation for orbits developed by Dekker (1976), Arifyanto and
Fuchs (2006) determine proxies for the total angular momentum and eccentricity,
along with a third parameter corresponding to the inclination of the orbit (see
Klement 2010 for a review of this method). They argue that this three dimensional
space is ideal for dissecting velocity space, as evidenced by their success at finding
the above disk streams. This method is simple to apply and unlike the previous
APL approach does not require orbits to be calculated, but it is not perfect as it
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relies on the aforementioned Keplerian approximation that only holds for spherical
potentials. Despite these drawbacks it has proved a popular approach that has been
used by numerous authors, mainly by employing the proxy for the eccentricity
(v/U? 4+ 2V?). Although the approximations behind this proxy break down for high
eccentricities, overdensities should remain coherent, and so the simplicity of this
approach has resulted in its widespread use.

Another early paper to adopt this technique was Dettbarn et al. (2007), who
analysed the sample of Beers et al. (2000) and found a number of candidate halo
streams, including existing groups (such as the Helmi stream) and some new ones
(named Sy, S, and S3).

5.2.4 The Modern Era
5.2.4.1 The RAVE Survey

It should be evident by now that progress in understanding the formation and
evolution of our galaxy rests on large surveys. We will now discuss two influential
surveys in this field from the past decade: the RAdial Velocity Experiment (RAVE)
and the Sloan Digital Sky Survey (SDSS). Both of these have led to numerous
discoveries, as can be seen from this and many other chapters in this volume.
Taking a kinematic census of large populations of the Milky Way requires both
photometric and spectroscopic surveys. Many proper motion catalogues have been
assembled, often by combining various existing ground-based astrometric surveys
(e.g., the Hipparcos/Tycho catalogue, UCAC4, and PPMXL). Spectroscopic surveys
are in some sense rarer as it requires significant telescope time to amass spectra for
hundreds of thousands of stars. One of the largest such surveys is the RAVE survey
(Steinmetz et al. 2006), which began in 2003 on the 1.2 m UK Schmidt Telescope at
the Anglo-Australian Observatory. Despite not being particularly new (it was around
30 years old when the survey started) or having a large aperture, this telescope had
a number of important assets: the field of view was very large (6° diameter field); it
had relatively high multiplexing capabilities (150 fibers per plate); and, crucially, for
most of the survey it had dedicated use of the telescope. The combination of these
factors allowed RAVE to efficiently produce large catalogues of radial velocities and
abundances, resulting in a final catalogue of around 500,000 stars in the Southern
hemisphere with magnitude range 9 < I < 12 (the fourth public data release is
presented in Kordopatis et al. 2013). By concentrating on a narrow window around
the calcium triplet region (8410-8795 /0\) with reasonable resolution (R ~ 7500),
the radial velocity accuracy is excellent, at around a couple of km/s (see Fig.29 of
Kordopatis et al. 2013). Furthermore, stellar parameters can be derived at a level of
around a few tenths of a dex for log g and metallicity (see Table 2 of Kordopatis
et al. 2013). For the higher signal-to-noise spectra it is even possible to estimate
abundances for a number of individual elements, such as Mg, Al, Si, Ca, Ti, Fe,
and Ni (Boeche et al. 2011; Kordopatis et al. 2013). If we are interested in learning
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about the kinematics of stars, the final piece of information is distances, which can
be estimated by combining the observed stellar parameters with stellar models. This
was first undertaken by Breddels et al. (2010) and subsequently refined by Zwitter
et al. (2010) and Binney et al. (2014a).

With all this information in hand, RAVE has proved to be a hugely important
survey for understanding the kinematics of the solar neighborhood, for example
Binney et al. (2014a). In terms of streams, the first attempt to investigate this was
Seabroke et al. (2008). By looking at stars from a couple of surveys, including
RAVE, they came to the conclusion that there were no massive streams (with
hundreds of stars) present in the dataset. They contrasted this to the situation in the
outer halo (see Sect. 5.3 of this chapter, as well as other chapters in this volume),
where the system is clearly far from relaxed and contains a number of streams and
substructures. The results here are in agreement with previous studies, for example
the work of Gould (2003), which used a sample of 4000 halo stars with proper
motions to conclude that no more than 5 % of the local halo can be made up of a
single stream. At first glance this may appear to conflict with some estimates for the
density of the Helmi et al. (1999) stream, but one should note that their discovery
is made up of two separate kinematic streams due to the extensive phase-mixing
(Fig. 5.2).

The first attempt to systematically search for small-scale clumping in velocity
space in the RAVE survey was undertaken by Klement et al. (2008), who adopted
the Keplerian approximation described in Sect. 5.2.3.2. One issue here is that
6D phase-space information is required and, back in 2008, distances had not
yet been estimated for RAVE stars. To overcome this issue they made the naive
assumption that the sample would be dominated by main-sequence stars and applied
a simple monotonic color-magnitude relation suitable for dwarf stars. Due to the
bright magnitudes that RAVE probes, this assumption is rather weak and it was
subsequently found that around half of the stars are likely to be giants or sub-
giants (e.g., Binney et al. 2014b). They later rectified this issue (Klement et al.
2011), basically finding that their results were unchanged. Despite this problem
in their original paper, they were still able to recover a number of existing
streams, calculating their significance by comparing to expectations from a smooth
background model (Fig. 5.5). One new stream (dubbed “KFR08”) was also detected
at a level of 3-sigma. Despite being relatively metal-rich (—1 < [Fe/H] < 0)
and on a prograde orbit (with vy of around 160km/s), the high vertical velocity
(vertical dispersion being around 100 km/s) indicates that this feature is unlikely to
be associated with the disk and is therefore believed to be the remnant of an accreted
satellite. This was later analyzed by Bobylev et al. (2010) in a sample constructed
from Hipparcos stars with accurate trigonometric parallaxes (van Leeuwen 2007a)
and metallicities and ages (Holmberg et al. 2007, 2009); by identifying additional
giant stars in this stream they were able to identify the main sequence turnoff and,
through isochrone fitting, determining this is likely to be a very old stream (likely
13 Gyr in age). We will return to this stream briefly in Sect. 5.2.4.2, as it is was
subsequently confirmed using an independent data set.
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Fig. 5.5 Distribution of kinematic over-densities in RAVE, as presented by Klement et al. (2008).
The upper-left panel shows the full distribution of the observed dataset, which can be compared
to the expected distribution from a smooth model (upper-right) and its corresponding dispersion
(lower-left). By subtracting the model from the data, normalized by the dispersion, one obtains the
distribution of overdensities (lower-right). This reveals known substructures, such as Hercules, and
new ones, such as KFROS8. This figure is taken from the later analysis presented in Klement et al.
(2011)

As discussed above, determining the origin of moving groups can be tricky due
to the complex nature of the background in which they reside (i.e., the Milky Way
disk). This difficulty is highlighted by another candidate stream identified by the
RAVE survey, entitled the Aquarius Stream (Williams et al. 2011). It was discovered
through its radial velocity offset from the surrounding population (Fig. 5.6)—a
cluster of 15 stars localized on the sky and with very similar metallicities. This
old stream was not connected to any other existing structures and Williams et al.
concluded that it was likely recently stripped material from a globular cluster or
dwarf galaxy. However, despite being relatively close by (most of the stars are within
a few kpc), uncertainties in the distances and proper motions mean that the clumping
in angular momentum space is inconclusive.

At this point detailed abundances are required to definitely determine the origin
of this stream. Two teams took up this task, one led by Wylie-de Boer et al. (2012)
using the AAT telescope and one led by Casey et al. (2014) using the Magellan Clay
telescope. Unfortunately, instead of clarifying the issue, these studies raised more
questions than they answered. The first analysis (Wylie-de Boer et al. 2012) looked
at six member stars, concluding that the exceptionally tight metallicity spread
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Fig. 5.6 These plots, from Williams et al. (2011), show the disputed Aquarius stream/group.
Despite the strong signature in kinematics (which we see localized at Vios ~ —200km/s), it is
still argued whether this is the remnant of a disrupted globular cluster (Wylie-de Boer et al. 2012)
or just a perturbation in the disk (Casey et al. 2014)

(0[re/qp = 0.1dex) and abundance ratios unambiguously show that the Aquarius
stream is a disrupted globular cluster. The second analysis (Casey et al. 2014), on
the other hand, looked at 5 stars and unambiguously found that this system cannot be
a disrupted globular cluster, giving their paper the unequivocal title “The Aquarius
comoving group is not a disrupted classical globular cluster”. After finding a wide
metallicity spread (ofge/n; = 0.4 dex) that is inconsistent with a globular cluster and
abundance ratios that are inconsistent with a dwarf galaxy, they conclude that the
stars are indistinguishable from the Milky Way field population. The coherence in
their kinematics may be a result of the perturbation of the disk when a satellite fell
in, but this is just conjecture and their main conclusion is that the chemistry of these
stars clearly shows that they are not the accreted remnants of either a globular cluster
or dwarf galaxy. The fact that any two studies disagree is not surprising. What is
surprising is that one cannot easily explain away this discrepancy on the grounds of
small number statistics, since these two analyses have four stars in common! So the
fact that very different conclusions have been reached is hard to reconcile, although
the higher signal-to-noise of the spectra in the Casey et al. study certainly works in
their favor and they consequently argue that the Wylie-de Boer et al. metallicities
may be inaccurate. To conclude, the nature of the Aquarius stream/group is still
open for debate.

5.2.4.2 The SDSS Survey

In terms of studies of the Milky Way, another major survey in the past decade has
been the Sloan Digital Sky Survey (SDSS). The photometric part of the survey has
led to the discovery of a host of new streams and dwarf galaxies, including a new
population of ultra-faint dwarf galaxies (see Belokurov 2013 for a recent review).
Furthermore it has spurred on many different analyses on the state of the disk both
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through its photometry and spectroscopy (for example, see review articles by Ivezié¢
et al. 2012 and Smith et al. 2012).

The sub-project dedicated to stellar spectroscopy, called the Sloan Extension for
Galactic Understanding and Exploration (SEGUE; Yanny et al. 2009), was included
in SDSS-II and SDSS-III and collected spectra for nearly 350,000 stars. There were
also a large number of stars targeted in the other sub-projects (over 300,000) and
although they have a very complex selection function, these stars are still useful for
studies of the Milky Way. These SDSS spectra were taken at a much lower resolution
than RAVE (with R ~ 2000) but with a much broader wavelength coverage (3800-
9200 A). With these data the SDSS team were able to measure stellar parameters to
precisions similar to those of RAVE, namely log g and [Fe/H] to around 0.3 dex (Lee
et al. 2008). Alpha element abundances have also been obtained (Lee et al. 2011),
but of course these are harder to determine and, at the time of writing (i.e., SDSS
Data Release 12), are yet to be officially released as part of the SDSS survey. Despite
not being officially released, a number of authors have used these alpha-element
abundances, for example measuring the abundance “knee” of the Sagittarius stream
(de Boer et al. 2014). The spectroscopy has also led to a variety of papers on the
Milky Way disk, most provocatively the series of papers led by Jo Bovy arguing
that the thick disk is not a separate entity from the thin disk (Bovy et al. 2012). The
SDSS survey is still ongoing, with the stellar spectroscopy now undertaken by the
ambitious APOGEE project, which will be discussed later in Sect. 5.4.

The search for phase-space substructures in SDSS was undertaken by Klement
et al. (2009) and Smith et al. (2009b), using complimentary datasets and techniques.
Klement et al. took the seventh data release from SDSS and applied the same
methods as used during their search for overdensities in the RAVE survey. Since the
SDSS stars are much fainter than the RAVE stars, proper motions are generally less
precise. Therefore in order to reduce the corresponding uncertainties in tangential
velocities, they decided to focus on stars within 2 kpc of the Sun. They were able
to confirm their candidate overdensity from the RAVE survey (the KFRO8 group,
discussed above), further breaking this into two separate groups, one of which is
likely to have a disk origin (R1) and one of which is likely accretion debris (R2).
They also confirm one of the previously mentioned streams from Dettbarn et al.
(2007), adding more members and arguing that this is actually smeared out in phase-
space, resulting in multiple clumps in their analysis. As with most works, the Helmi
stream was found with very strong significance. Finally, two additional candidate
halo streams were identified (C1 and C3).

At the same time as Klement et al. (2009) were working on their paper, Smith
et al. (2009b) were working on an independent study using SDSS data. Their
approach was complimentary in that it was able to probe much greater distances
thanks to precise proper motions from Bramich et al. (2008). These proper motions
were constructed using the 250 square degree Stripe 82 region of SDSS, which was
repeatedly monitored primarily for the purpose of detecting supernovae. However,
the multiple epochs are also ideal for constructing proper motion catalogues. The
fact that the proper motions come from a single survey avoids the problem of cross-
matching data from separate telescopes with often very different conditions and
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Fig. 5.7 Analysis of kinematic overdensities in SDSS subdwarfs. The left panel shows how
the subdwarfs can be selected from a reduced proper motion diagram. The subdwarfs, which
are located within the dotted lines, separate from the disk sequence owing to their fainter
intrinsic magnitudes and greater velocities. The two right panels show the resulting distribution
of subdwarfs in angular momentum space, after subtraction of a smooth halo model. Note the
prominent Helmi stream, located around J, = —1000 and J; = +2000kpc km/s. The dotted
lines in these panels denote the detection efficiency, which has to be considered as these stars are
kinematically selected. Figure taken from Smith et al. (2009b)

imaging systems, significantly reducing the systematic errors. Despite the relatively
short baseline (7 years), proper motions were measured to a few mas/yr precision,
even at faint magnitudes. Koposov et al. (2013) updated the catalogue using
improved techniques, reducing the systematic errors even further and obtaining a
precision of around 2 mas/yr per star. The stunning precision enabled the authors to
detect the proper motion of the Sagittarius stream, even at a distance of 30 kpc.
These accurate proper motions allowed Smith et al. to investigate halo stars out
to 5 kpc, with accuracy around 30-50 km/s for each component of the velocity. The
halo stars were identified using a reduced proper motion diagram (Fig. 5.7). This
technique, which uses the proper motion as a proxy for distance, is often used
to separate (nearby) dwarfs from (distant) giants, but is a powerful technique to
separate halo stars from disk stars, as halo stars are faster moving and hence have
higher proper motions for a given distance. Although this selection is kinematically
biased, it is easy to correct for this, as the cut in reduced proper motion corresponds
to a cut in tangential velocity; from a simple model one can calculate the detection
efficiency for stars of a given velocity without accurate distances or luminosity
functions. An additional factor which helps to separate out halo stars is that
metal-poor stars are bluer, meaning that (for a given color) metal-poor stars are
intrinsically fainter than metal-rich ones by as much as a couple of magnitudes [see,
for example, equation A2 of Ivezi¢ et al. (2008); see also Bochanski et al. (2013)].
Once the halo stars were identified photometrically from the reduced proper motion
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diagram, they were cross-matched with SDSS spectroscopy to provide metallicities
and velocities. Distances were estimated by combining spectroscopic metallicities
with the photometric distance relation of Ivezi¢ et al. (2008), amended slightly to
include a minor correction as one approaches the turn-off region [see Appendix B of
Smith et al. (2009b) and the Appendix of Smith et al. (2012)]. Here also the Stripe
82 data were beneficial; the multiple epochs provide much improved photometric
accuracy compared to the rest of the SDSS footprint (e.g., median (g — i) error was
less than 10 mmag), enabling much more precise photometric distances.

This halo sample was exploited for a variety of studies, including measuring
the tilt of the halo velocity ellipsoid out of the plane (Smith et al. 2009a) and
investigating the global kinematics (Smith et al. 2009b). In the context of this
chapter, the sample was also important for investigating halo substructures. By
working in angular momentum space (L., L] ), the sample shows clear evidence
for the Helmi stream, for the first time detecting candidate members up to 5 kpc
away (see Fig. 5.7). New candidate substructures were also found, dubbed Sloan
Kinematic Overdensities (SKOs). The first one of these (SKOa) is particularly
interesting—detected as a weak overdensity of stars with high L , it turned out that
the feature coincides (in angular L, — L space) with a number of globular clusters
taken from Dinescu et al. (1999). Figure 10 of Smith et al. (2009b) shows how
these four clusters (NGC 5466, NGC 6934, NGC 7089/M2 and NGC 6205/M13)
lie apart from the main distribution, raising the intriguing possibility that SKOa
may be either the remains of tidal debris from one of these clusters or alternatively
the remnant of a larger galaxy which hosted a number of smaller systems (i.e., these
clusters, possibly including the progenitor of SKOa). Such hypotheses are difficult
to test, but a detailed abundance analysis will be able to determine if its chemistry
is consistent with any of these four globular clusters.

The remaining two over-densities, (SKOb and c) arose from a search for distant
systems that are localized on the sky. The orientation of the Stripe 82 field (it is
a long, thin stripe measuring 2.5 x 100° on the sky) means that coherent streams
are likely to “cut through” this narrow stripe, and so Smith et al. (2009b) sliced the
field along its length and searched for clumping in angular momentum space. Of the
two overdensities, the most prominent is SKOb. This has been confirmed using data
from MMT (Smith et al., in preparation; see Fig. 5.8), pinning down the distance to
between 4 and 5 kpc. This structure is intriguing because, unlike most of the other
halo moving groups mentioned in this chapter, it appears to be coherent, i.e. more
like a stream than a moving group. As it is close enough to measure proper motions,
this means that if we can trace an extension of this system across the sky it will
become a 6D stream, which are very rare and important for modelling the halo (e.g.,
Koposov et al. 2010). As with SKOa (and, for that matter, the other overdensities
found by Klement et al. in SDSS), detailed abundances would be useful to better
understand the origins of this system. However, as SDSS photometric data extends
to relatively faint magnitudes, high resolution follow-up studies are prohibitively
expensive in terms of telescope time.
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Fig. 5.8 Confirmation of the SKOb overdensity, which was initially discovered by Smith et al.
(2009a). This figure shows the radial velocity distribution of stars with distances between 4.2 and
4.9 kpc, exhibiting a clear peak at +60 km/s. The red curve denotes the expected distribution for
the smooth halo

5.3 Distant Halo Streams

The above discussion of local halo streams focused on those found using three-
dimensional kinematics. However, once we move beyond the solar neighborhood,
uncertainties in proper motions prohibit the use of tangential velocities. Tangential
errors scale linearly with distance; for example, a proper motion error of 1 mas/yr at
1 kpc corresponds to a tangential velocity error of 4.7 km/s, but at 10 kpc this error
will grow to 47km/s. As a consequence, any detailed structure in phase-space is
washed out. Fortunately, radial velocity uncertainties do not scale with distance and
so these can be used to probe large volumes of the halo, with the caveat that it is now
harder to interpret any identified substructures with two components of the velocity
missing. Also working in our favor is that in the outer halo the mixing times are
much longer, which allows ancient structures to remain coherent in configuration
space for many Gyr.

The most spectacular and important discovery of halo substructure through radial
velocities is that of the Sagittarius dwarf galaxy. For many years observers had
found dwarf galaxies around the Milky Way, beginning with the Magellanic Clouds,
but one lay hidden behind the bulge of the Milky Way and was only discovered
in 1994 (Ibata et al. 1994). This was uncovered serendipitously during a radial
velocity survey of stars towards the Galactic bulge. When analyzing the radial
velocity distributions in certain fields, instead of the expected Gaussian distribution,
a secondary peak was identified. This peak corresponded to the Sagittarius dwarf
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galaxy, whose systemic radial velocity is offset from the bulge by around 150 km/s.
Subsequent works have revealed that this dwarf is in the process of being devoured
by our Galaxy, with tidal streams being discovered encircling the entire Milky Way
(see Chap. 2).

At higher latitudes other streams have been identified by their coherent radial
velocities, including the Cetus Polar Stream (Newberg et al. 2009), the cold metal-
poor stream of Harrigan et al. (2010) and the high-velocity stream of Frebel et al.
(2013).

One of the most impressive studies of radial-velocity selected substructures in
the halo was led by Kevin Schlaufman in the “ECHOS” series of papers (Schlauf-
man et al. 2009, 2011, 2012). Their approach was to take each SDSS/SEGUE
spectroscopic plate and determine, using robust statistics, whether the radial
velocity distribution of the main-sequence stars matches what one expects for a
smooth halo. This was done using two statistical tests, as described in Sect. 3.2 of
Schlaufman et al. (2009) and illustrated in Fig. 5.9. The first test compared the radial
velocity histogram to a similar histogram (with the same number of radial velocity
measurements) drawn from a smooth model halo. This realization of the smooth
halo was repeatedly resampled in order to test the significance of any peaks in the
observed distribution. In the upper panel of Fig. 5.9, the grey shaded region shows
the 95 % confidence interval from these realizations of the smooth halo model; the
fact that the observation (black histogram) and its error bar do not overlap the grey
shaded region implies that this is a robust detection of velocity substructure. The
second test is based on the cumulative distribution of velocities, which retains more
information than the previous approach (i.e., unlike the previous approach, it avoids
any binning of the data). Again the observed distribution is compared to one drawn
from a smooth model, but this time they compare the steepness of the cumulative
distribution function. This is shown in the lower panel of Fig. 5.9, where one can see
that the observed slope (given by the black curve) reaches into the high-significance
regions (shown by the dark grey region).

Schlaufman et al. applied these techniques to observations of main-sequence
halo stars out to 17.5kpc on 137 individual spectroscopic plates of SEGUE data.
In these 137 lines of sight, they identified a total of ten strong candidates (where the
number of false positive detections is estimated to be less than 1) and a further 21
weaker candidates (estimated to have fewer than three false positives). A number
of these are likely to be detections of existing substructures, such as the Monoceros
stream, but seven of the strong candidates are new detections. Note that this does
not translate to seven new independent halo substructures, as some streams could
intersect multiple lines of sight, but it does show that the halo of the Milky Way
is (at least in terms of its kinematics) lumpy, even in the inner halo where phase
mixing should occur on relatively small time-scales. Schlaufman et al. quantify
this “lumpiness,” concluding that around 34 % of the inner halo is in the form of
elements of cold halo substructures (ECHOS) and estimate that there could be as
many as 10° individual kinematic groups in the entire inner halo.

The chemical composition of these ECHOS was investigated in the series’
second paper (Schlaufman et al. 2011). They found that these ECHOS were
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Fig. 5.9 Example of the search for an ECHOS from Schlaufman et al. (2009). The upper panel
shows the radial velocity distribution (black histogram with error bars) and the 95 % confidence
interval from the multiple realizations of the smooth halo model (grey shaded histogram). The
middle panel shows the cumulative distribution function from the observed data (black) and mean
from the realizations of the smooth halo model (grey). The lower panel shows their measure of the
statistical significance © (black line), with the various significance levels denoted in /ight and dark
grey. The wide Gaussian in this panel shows an envelope around the most significant region, which
is included to remove any spurious detections due to small-scale fluctuations
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more iron-rich and less alpha-enhanced than the smooth halo, concluding that
the most-likely origin is that they were formed from the tidally disrupted debris
of relatively massive dwarf galaxies (M, > 10°Mg). In the final paper of this
series (Schlaufman et al. 2012) the authors investigated the spatial coherence in
[Fe/H] as a function of Galactocentric radius, concentrating only on main sequence
turnoff stars from the kinematically smooth halo (namely SEGUE fields in which
no ECHOS were detected). Although these fields are phase mixed and show no
kinematic substructures, the chemistry of these stars can illuminate their origins.
By studying the distributions of stars in the [Fe/H]—[a/Fe] plane they found that the
accreted halo becomes dominant beyond around 15 kpc from the Galactic center,
arguing that at smaller radii the halo is probably formed from a combination of
in-situ star formation and dissipative major mergers at high redshift.

As the careful work of Schlaufman et al. has shown, statistical studies are
important if we are to dissect the halo of the Milky Way beyond the solar
neighborhood, especially when the sky coverage is not contiguous and the sampling
of stars with spectra is sparse. Various tools have been developed, including the
4distance measure introduced by Starkenburg et al. (2009, see also the similar
approach of Clewley and Kinman 2006). This technique, which is based around the
separation of pairs of stars in four dimensions (angular position on the sky, distance
and radial velocity), has proved influential for subsequent works (e.g., Cooper et al.
2011; Xue et al. 2011) and will undoubtedly continue to be used on surveys of
distant halo stars where proper motions are unavailable.

5.4 Future Prospects

Despite extensive progress in identifying kinematic streams, the field is far from
exhausted. On the contrary, this decade is likely to see a resurgence in this field,
leading to unprecedented insights into the formation of our Galaxy.

From the current generation of spectroscopic surveys, we can expect significant
progress in the coming years. In terms of sheer volume of spectra, the Chinese
LAMOST survey is unsurpassed (Deng et al. 2012). By gathering over a million
spectra each year, this spectroscopic survey has great potential. Already one new
candidate kinematic overdensity has been identified (Zhao et al. 2014) and various
works are analysing substructure in the local velocity distribution, for example the
work of Xia et al. (2015) which is utilizing the extreme deconvolution technique
(Bovy et al. 2011).

If we think about the accreted galaxies which built up our stellar halo, they will of
course have a range of masses and accretion times. Their chemical composition will
therefore vary since the amount of enrichment that can take place depends on these
factors (see, for example, Lee et al. 2015). As a consequence, a detailed dissection
of the accretion history of our halo will require both kinematics and chemistry.
By combining dark matter simulations with semi-analytic prescriptions for the star
formation and chemistry, it is possible to make predictions for what we may be able
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to detect and how much we can infer about our Galaxy’s accretion history from a
given set of kinematic and chemical abundance data (e.g., Johnston et al. 2008).

There are a number of spectroscopic surveys that operate at resolutions sufficient
to carry out detailed chemical abundance analyses, for example the SDSS project
APOGEE (Holtzman et al. 2015), the GALAH survey (Freeman 2012), or the Gaia-
ESO survey (Gilmore et al. 2012; Randich et al. 2013). These detailed abundances
open up the possibility of “chemical tagging,” whereby abundance ratios are used
to disentangle the different formation sites for groups of stars (Freeman and Bland-
Hawthorn 2002). Clearly these additional dimensions will be extremely valuable
when attempting to identify kinematic substructures in the local disk, where groups
may overlap if one looks at only the 6D phase-space. Although this technique
is ideally suited to finding moving groups in the disk, chemistry will allow us
to classify halo streams and understand their origins—in effect carrying out the
discovery and follow-up in one step.

As the Gaia satellite begins to deliver scientific return, there is no doubt that we
are on the cusp of a true revolution in this field. This mission, which is led by the
European Space Agency, is collecting high precision astrometry of a billion stars
in our galaxy. All stars in the sky brighter than 20th magnitude will be observed,
leading to exquisite proper motions and parallaxes. The precision is so great that
it will be able to measure distances (through trigonometric parallax) to less than
1 % for ten million stars. In addition to the astrometry, Gaia will provide detailed
photometric information (from spectrophotometry) including stellar parameters
and, for stars brighter than around 17th magnitude, spectroscopic information
including radial velocities. A description of the science capabilities can be found
in de Bruijne (2012), although continually updated performance information can be
found on the Gaia webpage.' The final catalogue is expected in 2022, with interim
releases before then.

Clearly such an unprecedented mapping of 6D phase space will open up an
entirely new view of the local velocity distribution. While we wait for the first
Gaia data to appear, many authors have attempted to estimate what we might be
able to see. One example of this is Gémez et al. (2010), who modelled the Milky
Way halo through the accretion of satellite galaxies, then convolved these with
Gaia’s observational errors. Figure 5.10 shows what we may be able to detect in
a solar neighborhood realization; there are 10° stellar halo particles within this
sphere of 4kpc radius, plus around 20,000 stellar disk particles. Upon applying
a detection algorithm to identify substructure, Gémez et al. (2010) confirm 12
separate accretion events, corresponding to around 50 % of all disrupted satellites in
this volume. For some of these detections the authors find that it should be possible
to directly estimate when these satellites were accreted, exploiting the fact that
disrupting satellites form separate clumps in frequency space and the separation of
these clumps relates to the time since accretion (McMillan and Binney 2008; Gémez
and Helmi 2010). This remarkable feat requires a large enough sample of stars with

Thttp://www.cosmos.esa.int/web/gaia/science-performance.
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Fig. 5.10 An example of how Gaia might see the distribution of accreted satellites in the solar
neighborhood. The different colors correspond to different satellites in the space of energy and the
vertical component of the angular momentum. Black circles denote the four satellites for which it
will be possible to estimate the time of accretion. Taken from Gdémez et al. (2010)

accurate parallaxes (typically 50 or more stars with parallax error less than 2 %), but
in this realization Gémez et al. predict that it should be attainable for at least four of
their detected satellites. Being able to determine the time of accretion, together with
a detailed analysis of the chemistry of these stars, will undoubtedly teach us a great
deal about the evolution of star formation in these earliest galaxies.

With Gaia in mind, a number of other studies have devised methods to search
for substructures. One such work is that of Mateu et al. (2011), who utilize the
fact that (for a spherical potential) streams will fall on great circles as viewed from
the Galactic center. This is based on an earlier study (Johnston et al. 1996), but by
extending the analysis to include data such that will be available from Gaia (i.e.,
parallaxes and kinematics) the method has much greater efficacy. Of course this
technique still requires streams to be confined to orbital planes and, as such, is ill-
suited to the inner halo where the shorter dynamical times lead to significant phase
mixing. However, at intermediate distances in the halo where Gaia will still be able
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to provide reasonable parallaxes (with distance accuracy of say 30 %), this technique
will thrive.

Although Gaia will play a dominant role in the coming decades, it will not
provide all of the answers. The onboard spectroscopy is limited to only the brightest
stars and will not deliver detailed chemistry, meaning that a huge ground-based
follow-up program is required. The realization that this limitation hampered the
scientific return of the Hipparcos mission motivated the development of the Gaia-
ESO survey, and also provides strong motivation for future instruments, such as
Subaru’s Prime Focus Spectrograph (Takada et al. 2014), 4-MOST (de Jong et al.
2014), WEAVE (Dalton et al. 2014) and the Maunakea Spectroscopic Explorer
(Simons et al. 2014).

It is fascinating to see how, 150 years since Méddler and his contemporaries
made their first discoveries, the analysis of kinematic substructures is still playing
an important role in understanding the evolution of the Galaxy. Midler couldn’t
have imagined that some moving groups could be the relics of other galaxies, but
today these substructures are illuminating our knowledge of the earliest galaxies and
hierarchical assembly. As new surveys are undertaken, the census of substructures
becomes more complete. Perhaps in 150 years accretion events such as these will
still be contributing new insights.
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Chapter 6
Origins and Interpretation of Tidal Debris

Kathryn V. Johnston

Abstract The stellar debris structures that have been discovered around the Milky
Way and other galaxies are thought to be formed from the disruption of satellite
stellar systems—dwarf galaxies or globular clusters—by galactic tidal fields. The
total stellar mass in these structures is typically tiny compared to the galaxy around
which they are found, and it is hence easy to dismiss them as inconsequential.
However, they are remarkably useful as probes of a galaxy’s history (as described in
this chapter) and mass distribution (covered in a companion chapter in this volume).
This power is actually a consequence of their apparent insignificance: their low
contribution to the overall mass makes the physics that describes them both elegant
and simple and this means that their observed properties are relatively easy to
understand and interpret.

6.1 Introduction

Figure 6.1 contrasts internal and external views of two examples of debris structures
seen in numerical simulations: streams from the disruption of a satellite along a
mildly eccentric orbit (lower panels) and shells from the disruption of the same
satellite along a much more eccentric orbit (upper panels; see Sect.6.2 for a
more detailed description of these simulations). This chapter first outlines our
understanding of the formation of such debris structures (Sect. 6.3) and then goes on
to explore what we can learn about dying and long-dead satellites from observations
of their debris (Sect.6.4) and the implications of the cosmological context for
properties of the combined system of all debris structures that form our stellar halo
(Sect.6.5).

The following chapter discusses what debris structures can tell us about the tidal
field—i.e. the mass distribution of the galaxy that destroyed them.
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Fig. 6.1 External (left panels) and internal (i.e. all-sky projections—right panels) views of two
examples of debris structures seen in numerical simulations described in Sect. 6.2. Both debris
structures were formed along orbits with the same energy as a circular orbit at radius 25 kpc in the
parent potential. The fop panels are for a 6.5 X 103M( satellite falling in along a highly eccentric
orbit (angular momentum L/L.;,. = 0.1) and the bottom panels are for the same satellite on a more
mildly eccentric orbit (L/Leie = 0.9)

6.2 TIllustrative N-Body Simulations

The descriptions of debris evolution in this chapter are illustrated with a set of
N-body simulations (see Dehnen and Read 2011, for a review of techniques) of
satellite disruption presented in Hendel and Johnston (2015). The self-gravity of the
satellite in these simulations was calculated with the Self-Consistent Field (SCF)
code, which uses basis function expansions to represent the mutual influence of
the particles on each other (Hernquist and Ostriker 1992). In each simulation, a 10°
particle NFW-profile (Navarro et al. 1996) satellite was inserted at the apogalacticon
of its orbit in a static, spherical host halo, with characteristics of dark matter
halos thought to host Milky-Way-sized galaxies (NFW profile with a virial mass
of M = 1.77 x 10"2M¢, and a scale radius of 24.6kpc, see Navarro et al. 1996).
The satellite was evolved first in isolation, then the host potential was turned on
slowly over ten satellite internal dynamical times to reduce artificial gravitational
shocking. Total energy is conserved to better than ~1 % of the satellite internal
potential energy during all simulations.

Our figures illustrate the results of simulations for satellites with masses m =
6.5 x 10°Mg to m = 6.5 x 108M (where m is the mass enclosed within 35 NFW
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scale radii, the radius out to which particles were realized in the NFW distribution).
The scale radius ry was adjusted for each mass so that their density was the same
with a base value of 0.86kpc for the 6.5 x 10°M, satellite. These satellites were
allowed to evolve for 8 Gyrs along orbits with the same energy as a circular orbit
at R = 25kpc in the host potential, but with angular momenta between 10 and
90 % of that of a circular orbit (i.e. L/L¢, = 0.1 —0.9) to contrast evolution on a
near-circular to a highly-eccentric orbit.

6.3 Basic Principles of Debris Formation and Evolution

By definition, the tidal disruption of a satellite causes stars that used to be orbiting
the satellite (which is in turn orbiting the parent galaxy) to become unbound and
follow their own orbits around the parent galaxy. Figure 6.2 shows that, following
disruption, the stars spread out through configuration space (i.e. they phase-mix,
roughly along the satellite’s orbit) as the distribution of orbital properties in debris
corresponds to a distribution in orbital time-periods (described in Sect. 6.3.1). The
rate at which the debris disperses reflects the scales over which debris orbital
properties are distributed—which are set by the nature of tidal disruption (described
in Sect. 6.3.2). The combination of tidal disruption and phase-mixing leads to phase-
space morphologies for the debris that are primarily influenced by the mass of the
satellite, its orbital path (which is in turn influenced by the parent galaxy potential),
and the time since the debris became unbound. The scales of these morphologies
can be broadly described by analytic formulae (Sect. 6.3.3.1) and represented by
simple generative models (Sect. 6.3.3.2).

6.3.1 Debris Spreading: Phase-Mixing

The term phase-mixing beautifully encapsulates the physics of the evolution of
debris structures. The nature of tidal disruption ensures that debris initially starts
at the same phase (or position) along the orbit as the satellite from which it came,
but with small offsets in its orbital properties (see Sect. 6.3.2). These offsets mean
that the typical orbital frequency and time-periods in the debris differ systematically
from those of the satellite, and hence that the debris will increasingly trail or lead
the satellite in orbital phase as time goes by, mixing along the orbit to form streams
and shells.

6.3.1.1 Intuition from Spherical Potentials

Figure 6.3 illustrates how and why phase mixing occurs for the idealized case of
orbits in the spherical NFW potential used in our simulations. The top-left and
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Fig. 6.2 Evolution of debris along highly (top panels) and mildly (bottom panels) eccentric orbits
for two different mass satellites (labelled in left-hand panel). Note that highly eccentric orbits
produce shells, while more circular orbits form streams

upper-right-hand panels contour the radial time periods (time between successive
apocenters or pericenters) and precession rate (angle between successive apocenters
or pericenters) for orbits of a given energy and angular momentum per unit mass.
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Fig. 6.3 Orbital properties in the spherical potential used in the N-body simulations as a function
of energy (represented by the radius of a circular orbit of that energy) and angular momentum. The
maximum angular momentum at a given energy is that of a circular orbit. The rosette width, «, is
the angle the orbit travels through during half a radial period, centered around apocenter

While the radial time periods depend much more strongly on energy than angular
momentum, the precession angle depends more strongly on angular momentum,
though to some extent on energy as well.

Figure 6.4 shows how a set of moderately eccentric orbits that have a small
range of orbital energies (left panel) or angular momenta (right panel) diverge in
phase over just a few orbits. In particular note that: orbits with the same angular
momenta but different energies spread in radial phase (i.e. positions along their
oscillation in radius between apocenter and pericenter), while those with the same
energies but different angular momenta spread in precession angle; the physical
spread is much more striking for energy differences than for the equivalent angular
momentum differences because the precession rate is a much weaker function of
orbital properties than the orbital frequencies; and there is little dependence on
orbital phase of these observations.

Figure 6.5 applies this intuition to one of our simulations, by color-coding par-
ticles with their differences in energy (first and third rows) and angular momentum
(second and fourth rows) relative to the satellite from which they came. The sorting
in energy along the orbital path and angular momentum around the orbital path is
striking for both highly (top two panels) and mildly (lower two panels) eccentric
orbits. It is also clear that the angular extent of the shells that form for the highly
eccentric orbit is driven by differences in angular momenta, while the angular extent
of streams is dominated by differences in energy.

Overall, these simple experiments give us an intuitive understanding of not
only why phase-mixing occurs, but also the role that orbital properties play in
determining whether debris is likely to form stream-like or shell-like morphologies.
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Fig. 6.4 Evolution of 11 particles that started at the same place along an orbit, but with a small
spread in energy at fixed angular momentum (left hand panel) or angular momentum at fixed
energy (right-hand panel). The orbit of a galactic satellite is shown by the solid line, and the
galaxy’s center is shown by the solid dot. The particles are shown at five subsequent times, one
time for each petal of the orbit. Note that the positions of the particles diverge in phase in just a
few orbits

6.3.1.2 Action-Angle Formalism

The description in the previous section is useful for developing an intuitive under-
standing of debris evolution since it employs familiar orbital descriptors (i.e., energy
and angular momentum) that can be written down analytically for any potential
and any point in phase-space. However, this description does not work for non-
spherical potentials where angular momentum is not conserved and cannot be used
to label orbits. Debris evolution can be described elegantly for more general (but
integrable—see below) potentials using the action-angle variables of Hamiltonian
dynamics. A formal development of this description is given in Helmi and White
(1999) (and summarized in Binney and Tremaine 2008). We restrict ourselves here
to a summary of the key ideas and equations.

Any point in phase-space can be located using the traditional spatial and velocity
co-ordinates (x, v). For regular (i.e. non-chaotic) orbits in integrable potentials, any
phase space point can be equivalently labelled by conjugate variables (8, J) where:
(1) the actions, J, are conserved orbital properties which fully specify the path of
the orbit through phase-space; and (2) the angles, @, represent the position along
the orbit at which the point lies. The actions and angles can be related through
Hamilton’s equations:

j=- M 6.1)
087 )] ‘
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Fig. 6.5 Same as Fig. 6.1 but color-coded by differences between the satellite and debris in energy
(first and third rows) and angular momenta (second and fourth rows)

where the function H (the Hamiltonian) is the energy of the orbit. Since the actions
are conserved along an orbit (J = 0), dH/d0 = 0 and hence the Hamiltonian H can
only be a function of the actions, H = H(J). Then the Hamiltonian defines three
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unique orbital frequencies associated with each angle,

b = H (6.2)

e oy’

which are also conserved along the orbit since they are only functions of J.
Equation (6.2) can be trivially integrated to give the position along the orbit at any
time:

0 =0+ 21 (6.3)

Note that these Hamiltonian angles are not trivially related to the angular position
along an orbit derived from position (x,y,z): Eq. (6.3) shows that they increase
linearly with time at a rate that is not orbital-phase dependent (i.e. with constant
frequency), unlike, e.g., the angular coordinate along an eccentric orbit in a spherical
potential, where the angular velocity is greater at pericenter than apocenter.

In this framework, the small range of orbital properties in tidal debris (illustrated
with energy and angular momentum differences in Fig. 6.3) can be represented by
small changes to the actions, AJ, which in turn lead to a range in orbital frequencies,

082; 0’H
A2 = A)— = AJj———. 6.4
J aJ 1 97;0; ©4
This equation can also be trivially integrated to describe debris spreading (i.e. phase-
mixing)

Al = Aby + ALt (6.5)

This action-angle description allows a re-statement of our understanding of
the origins of debris morphology in terms of the properties of the Hessian
matrix—a>H /3J;dJ; in Eq. (6.4)—which governs how orbital frequencies change
in response to perturbations in the actions. This is a real symmetric matrix, which
can be diagonalized and from which eigenvalues and eigenvectors can be derived.
Assuming an isotropic distribution in actions (i.e. AJ the same in every dimension—
not strictly true, see Sect.6.3.2 and Bovy 2014) the eigenvectors of the Hessian
define the principal directions (in angle) into which debris spreading occurs and the
eigenvalues define the rates at which this occurs. For realistic galactic potentials
for which the Hessian has been derived, one eigenvalue has typically been found
to dominate, indicating preferential spreading in just one dimension to form a tidal
stream.

While action-angle variables offer an elegant description of debris dispersal, their
versatility and applicability are not unlimited. Action-angles can be found for any
spherical potential, but are only known for one family of non-spherical potentials:
the triaxial Stidckel potentials (see Binney and Tremaine 2008). Otherwise, they
cannot generally be written down nor exactly derived numerically. This means
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that the transformation from (@, J) to the more familiar co-ordinates (X, v) is non-
trivial and hampers the development of a simple intuitive understanding of how
they correspond to each other. Moreover, this description breaks down entirely for
chaotic regions of non-integrable potentials. Approaches to tackle these limitations
typically involve approximating general potentials in which the actions are unknown
with ones in which they are known. Examples include representing a general
potential using an expansion in Stickel potentials (Sanders 2012) or calculating
actions for an orbit in a general potential from the actions derived for a set of orbits
in a slightly perturbed potential (Bovy 2014; Sanders and Binney 2014).

6.3.2 Orbital Properties of Tidal Debris

The previous section attributed the dispersal of stars stripped from satellite disrup-
tion to the range in orbital time-periods within the debris. This section examines
what sets that range.

Suppose a satellite of mass my, is following a circular orbit of radius R around a
galaxy of mass Mg enclosed within R, with speed V. = /GMg/R. Moving to a
frame co-rotating with the orbit allows the definition of a time-independent effective
potential, e, and the conserved Jacobi integral, E; = v?/2 + @, The tidal
radius, 4., at which the size of the satellite is limited by the gravitational influence
of the parent can be estimated from the saddle points (the inner and outer Lagrange
points) in Peg as:

.
sal
Ttide = (_BMR) R (6.6)

(see Binney and Tremaine 2008, Sect.8.3 for derivation), which also defines a
limiting Ey for escape from the satellite. However, since the escape of a star from
the satellite depends on both its position and velocity, the tidal radius should not be
considered as a solid boundary between bound and unbound stars. Moreover, it is
not possible to define a strict tidal radius or Ej for satellites on non-circular orbits as
there is no steadily-rotating frame in which the joint potential appears static. Never-
theless, numerical experiments have repeatedly demonstrated that the tidal scale,

e \ /3
== 6.7
* (MR ) (61

suggested by Eq. (6.6) captures much of the physics that creates debris distributions
from satellites of a variety of masses and on a variety of orbits (Johnston 1998;
Helmi and White 1999; Eyre and Binney 2011; Kiipper et al. 2012; Bovy 2014).
Figure 6.6 illustrates this understanding with plots of the orbital distributions
produced in our numerical simulations (see Sect. 6.2), for satellites on orbits from
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Fig. 6.6 Distribution in orbital properties for debris (blue) and satellite (black), relative to the
satellite’s orbit at apocenter (fop row) and pericenter (second row). The illustrated orbits are for a
6.5 x 107M@ satellite on orbits with L/ L., = 0.1,0.7,0.95. Left panels show the most eccentric
orbits, and the most circular are on the right, with each case color-coded with a particular shade of
blue. The axes in the top two rows are scaled by the expected energy and angular momentum
scales given in Eq. (6.8). The blue points representing the debris are distributed similarly at
apocenter and pericenter, for a given eccentricity. The bottom panels combine the energy and
angular momentum distributions for all eccentricities and for two different masses (6.5% 10’ M¢, in
blue and 6.5 X 106M@ in red) and plot them in physical units (bottom left) and scaled units (bottom
right). Material that is still bound to the satellite is not shown in the lower two panels. Note that in
scaled units (bottom right panel), the width of the leading/trailing distributions as well as the gap
between them are similar across a wide range of eccentricities

highly eccentric to nearly circular (top panels, left to right). Each panel plots the
energies (AE) and angular momenta (AL,) of escaped particles (in blue) relative to
the satellite’s own (i.e. at origin in each plot—bound particles are shown in black).
The axes have been scaled by simple estimates for the energy and angular momenta
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ranges over which the particles are expected to be distributed,
do
€ = Tiide o and [ = sL, (6.8)

where @ is the potential of the parent galaxy.

Each panel in Fig. 6.6 shows paired distributions of unbound particles corre-
sponding to debris leading/trailing the satellite along its orbit at negative/positive
values of AE corresponding to systematically larger/smaller frequencies and
shorter/longer orbital time periods. There is a distinct gap in orbital properties
between the debris distributions for tidally stripped stars which is occupied by
particles still bound to the satellite. (On the last pericentric passage, when all the
particles become unbound the debris distribution will fill in this gap, see Johnston
1998.) While the boundary between bound and unbound is not exact in configuration
space, the separation between black and blue points in orbital properties is clear. The
bottom panels contrast the debris distributions for all orbits (overplotted on each
other) and two different satellite masses in physical (left-hand panel) and scaled
(right-hand panel) units. All together, the figures show that both the width of the
leading/trailing distributions and the gap between them are similar in these scaled
units across a wide variety of eccentricities. Similar scaled distributions can be
plotted for orbital actions and frequencies (see, e.g., Bovy 2014, for a discussion).

This uniformity in orbital properties for orbits with a range of eccentricities,
when normalized with a single physical scaling, is one of the factors that enables
the very simple descriptions of subsequent evolution outlined below in Sects. 6.3.3.1
and 6.3.3.2. Since the satellite is typically small, the global potential is dominated by
the (nearly static) parent galaxy and the debris orbital properties can be assumed not
to evolve with time. Of course this assumption is a simplification—the gravitational
influence of the satellite does not just turn off when a particle crosses the tidal radius
but actually shapes the final distribution of debris orbital properties (see Choi et al.
2009; Gibbons et al. 2014, for some discussions of this).

6.3.3 Application: Models of Streams
6.3.3.1 Estimating Physical Scales in Debris

The understanding of distributions of orbital properties in tidal debris (Sect. 6.3.2)
can be combined with the behavior of orbits (i.e. the azimuthal time periods, Ty,
for increasing the azimuthal angle by 27 and precession angles between turning
points, ¥, see Fig. 6.3 and Sect. 6.3.1) to make simple predictions for the physical
scales and time-evolution of the debris. Exploiting the fact that orbital time periods
in spherical potentials are largely independent of angular momenta (as illustrated
in Fig. 6.3) the azimuthal time period for any orbit can be approximated by that of
a circular orbit of the same energy Tf,,irc. Then, the angular extent of the debris at
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time ¢ after disruption due to the characteristic energy scale over which it spreads
(~ 4e,—see Eq. (6.8) and Fig. 6.6) is of order:

1 9Tg™ 2nt
W, = de [ — . (6.9)
TS 9E ) Tgr

Similarly, given the angle ¥ between subsequent apocenters along the orbit of the
parent satellite, the angular extent due to the spread in apocentric precession rates
over the characteristic angular momentum scale (~ 4/;) can be estimated as:

U =4li———. (6.10)

Lastly, for a purely spherical potential, where the orbits are planar, the height /& of
debris perpendicular to the orbital plane is set by the range of orbital inclinations
available to debris escaping at the Lagrange (i.e. saddle) points in the effective
potential with the characteristic ranges in energies and angular momenta. It has been
shown to be of the same order as the tidal radius,

h~ SR ~ Fiide. 6.11)

These simple formulae can be used to characterize the length ¥, and width ¥; in and
height & above the orbital plane for debris from a satellite of any mass disrupting
along any orbit in any spherical potential (e.g. as confirmed with N-body simulations
in Johnston et al. 2001). Note that, since both ¥, and ¥; are proportional to time, the
ratio ¥, /¥, is constant in time, and typically much greater than 1. This explains the
tendency for debris to form streams (as also suggested by the unequal eigenvalues of
the Hessian in the action-angle description). This ratio decreases for more eccentric
orbits, which contributes towards the more shell-like appearance of debris in these
cases (see Sect. 6.4.1 for a more complete description).

6.3.3.2 Generating Predictions for Density Distributions Along Streams

The understanding of orbits and orbital distributions in debris can also be combined
to build more detailed predictions for the full phase-space distribution along
tidal streams. One approach is to first integrate only the orbit of the satellite
and subsequently calculate at each phase along the orbit the centroid, width and
density of debris that material tidally stripped over time must have under some
assumptions for the mass-loss history of the disrupting object. This was first done
using approximate, analytic expressions for debris morphology, derived from energy
and angular momenta considerations alone (as outlined above and in more detail in
Johnston 1998; Johnston et al. 2001). Helmi and White (1999) instead followed
how the density of a single packet of debris (i.e. unbound at the same point in
time and at the same orbital phase) evolved using an action-angle formalism. More
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recently, Bovy (2014) and Sanders and Binney (2014) have built models in action-
angle space, where the full phase-space distribution of a stream can be predicted by
calculating the expected offset in angles at a given orbital phase from a single orbit
integration. These latter models have the advantage over models built around energy
and angular momenta in that they are also applicable to non spherical potentials and
rely on a precise mapping rather than approximate scalings to calculate widths and
offsets. However, they do rely on having methods to calculate actions and angles in
arbitrary potentials, which introduce an additional layer of both complications and
approximations (see Bovy 2014; Sanders and Binney 2014).

A second approach, slightly more computationally expensive but applicable to
arbitrary potentials, is to integrate the satellite orbit and, at each time-step, release
a set of particles to represent the stars lost at that time. At the point of release, the
positions and velocities of the debris particles relative to the satellite are chosen to
collectively reproduce the orbital distributions seen in full N-body simulations (e.g.
as illustrated in Fig. 6.6). The particles’ subsequent orbital paths in the combined
field of the host and satellite can then be simply calculated using test-particle
integration. At any point in time the integration can be stopped and the phase-space
distribution of the particles be used to trace the resultant shells and streams. This
simple approach has been used both for debris modeling (Yoon et al. 2011; Kiipper
et al. 2012) and potential recovery (Varghese et al. 2011; Gibbons et al. 2014).

6.4 Morphologies of Individual Debris Structures in
Observable Co-ordinates

A broad summary of the dependencies of debris structures can be drawn from the
physical models outlined in the previous section (and by inspection of Fig. 6.2):

* The orbit of the progenitor satellite sets the large-scale morphology of the debris
structure.

* The mass of the satellite sets the scales over which debris is distributed.

* The time since the satellite starts losing stars determines the degree to which the
debris is phase-mixed.

Armed with these descriptions we can now go on to interpret observations of
debris structures in terms of the history of the progenitor satellite. There is a rich
literature with exact models (typically based on N-body simulations) of individual
structures (Johnston et al. 1995; Velazquez and White 1995; Helmi and White 2001;
Penarrubia et al. 2005). Here we instead discuss in principle how and why these
models are uniquely sensitive to progenitor properties.

Note that the potential of the parent galaxy also affects debris properties, so
debris can also be used to constrain the mass distribution in the Milky Way. This
will be discussed in Chap. 7.
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6.4.1 Young Debris

As debris ages, it spreads further and further apart in orbital phase away from the
progenitor along its orbit, overall decreasing in density over many orbits. The debris
is considered fully phase-mixed once it fills the configuration-space volume defined
by the progenitor’s orbit. For example, for an eccentric orbit in a spherical potential,
fully phase-mixed debris would be a spread over a (near-planar) annulus with inner
and outer radii corresponding to the pericenter and apocenter of the parent satellite’s
orbit. For a loop orbit in a potential where the orbital plane precesses, the debris
would fill a three-dimensional donut shape. For a given orbit, debris becomes fully
phase-mixed much more rapidly for more massive progenitor objects.

The term “young debris” is used to refer to structures that have not had time to
fully phase-mix and are apparent as distinct spatial overdensities in star-count maps,
such as the Sagittarius and Orphan streams, and the GD-1 and Pal 5 globular cluster
streams. These have been found at distances of 10—100kpc from the Sun where the
background stellar density is low enough for such low surface brightness features to
be apparent and orbital timescales sufficiently long for mixing not to have proceeded
far during the lifetime of the Galaxy.

As illustrated in Fig. 6.1, streams result from satellite destruction along mildly
eccentric orbits. In these cases, the spreading due to differences in turning point
precession (¥}, see Eq. (6.10)) is much smaller than the initial angular width of the
stream (of order sR ~ rge) for many orbits and always less than the spreading along
the orbit due to differences in orbital time (¥,, see Eq. (6.9)). Hence the width of a
stream is an indication of the progenitor mass. Once the mass is known, the age of
the debris (or time since the satellite first started losing stars) can be estimated from
the length of the streams.

Shells result from destruction along more eccentric orbits. There have been
extensive studies of the properties and interpretation of shell systems seen around
external galaxies (Quinn 1984; Sanderson and Helmi 2013), though these have
largely concentrated on structures formed along almost radial orbits. The transition
between conditions that produce stream-like or shell-like morphologies primarily
depends on orbital eccentricity (e.g. Johnston et al. 2008, found this to occur on
orbits where L/L¢.. ~ 0.3 —0.5), but also depends on satellite mass and time
since disruption. Both stream-like and shell-like morphologies can occur in the
same structure in this transition region. For a given mass and orbit, streams are
most apparent in the early stages of evolution as the spreading along the orbit that
produces them (i.e. as estimated by ¥, in Eq. (6.9)) typically occurs more rapidly
than the differential precession of the apocenters that gives rise to shells (i.e. as
estimated by ¥; in Eq. (6.10)). However, along the more eccentric orbits, the rapid
passage of debris through pericenter significantly reduces the density at these orbital
phases and the apparent angular extent of contiguous streams can be effectively
limited by the angular size subtended by the region around the apocenter of the
orbit where debris spends most of its time (estimated in Hendel and Johnston 2015,
as the angle centered on apocenter where the satellite orbit spends half of its time, o



6 Origins and Interpretation of Tidal Debris 155

in Fig. 6.3). Under these circumstances, a single disruption event can produce what
appear to be distinct structures, centered at two or more orbital apocenters with
orbital precession becoming the dominant effect that dictates the apparent angular
spread around each one. The time at which these structures start taking on shell-
like characteristics can be estimated by finding when ¥; is greater than «. (See also
Amorisco 2015, for an independent discussion of these effects.)

6.4.2 Fully Phase-Mixed Debris

Despite the low density and lack of spatial coherence of fully phase-mixed debris, its
presence can often still be detected. For example, Liouville’s theorem states that the
flow of points through phase-space is incompressible: that the phase-space density
of debris remains constant in time even as it evolves to form streams and shells.
An inevitable consequence is that debris must become locally more concentrated in
velocity space even as it becomes more diffuse in configuration space (Helmi and
White 1999). Hence, signatures of the disruption of satellites can remain apparent in
catalogues of stellar velocities even if no spatial structures remain detectable. This
idea was first conjectured by Olin Eggen (for a summary see Eggen 1987), who
proposed that nearby moving groups of stars could be the remnant of long-dead star
clusters. In Chap. 5 the more recent work on velocity substructure in the stellar halo
(e.g. Xue et al. 2011; Schlaufman et al. 2009) is discussed in more detail.

Surveys with full phase-space information can exploit the fact that the orbital
properties of the debris (e.g. their actions or frequencies) remain constant in a static
potential. Helmi et al. (1999) were the first to apply this idea to data using the
Hipparcos catalogue of proper motions and parallaxes to derive angular momenta
and estimate energies for giant stars within 1 kpc of the Sun. They found ~10 % of
the stars in their sample to be clumped in orbital-property space and concluded that
10 % of the local halo must be formed from an object similar to the dwarf galaxy
Sagittarius being disrupted in the distant past.

Once larger samples with more accurate orbital properties are found in near-
future surveys, Gémez and Helmi (2010) have shown how the ages of these
structures might also be determined by looking for substructure in orbital properties
within a group (see also McMillan and Binney 2008). To develop some intuition for
this idea, consider the (incorrect) model of debris spreading exactly along a single
orbit. In the early stages of mixing the local volume will contain just one wrap
of the debris stream at one orbital phase. As the debris spreads, the local volume
will gradually fill with more and more wraps. The spreading itself is caused by the
debris having a range of orbital properties. Hence, each wrap of the debris within
the local volume will have different orbital properties and the degree and spacing of
substructure within the orbital properties of the group gives an estimate of the age.

The beauty of using orbital properties to identify debris members is that stars
can be connected even if they have no clear association in velocity or configuration
space alone. For example, looking to the future, combining a distance indicator with
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Gaia’s assessment of proper motions and radial velocities suggests that satellite
remnants throughout the inner 100 kpc of the Milky Way might be identified using
this method even if their members are spread on disparate planes and a wide range
of radii.

6.5 Debris in a Cosmological Context: Modeling and
Interpreting Properties of Stellar Halos

Within the current cosmological paradigm for structure formation, galaxies are
thought to form, at least in part, hierarchically, with small galaxies forming first
within small dark matter halos and gradually agglomerating to form larger galaxies
within larger dark matter halos. Gas from this agglomeration process can dissipate
and fall towards the center of the main halo to form a new generation of stars in the
combined object. Unlike the gas, stellar orbits are dissipationless, so, once stripped,
the stellar populations of infalling galaxies can be left behind orbiting in the halo
of the galaxy. Of course, the orbits of infalling galaxies are affected by dynamical
friction. For those that are more massive than a few percent of the parent this can
lead to significant evolution within a few orbital periods so stars from these objects
can potentially make a minor addition to the central stellar galactic components that
are forming from the in situ gas (i.e. spheroid or disk, as seen in the hydrodynamic
simulations of Abadi et al. (2006)). In contrast to the spheroid and disk, stellar halos
are a great place to look for stars that have been accreted from other objects. Current
models and data favor a picture where a significant fraction—and possibly all—of
the stars in the halo originally formed in other objects.

The accreted nature of at least a significant fraction of stars in galactic halos
suggests their observed properties can be used to address a number of questions.
Cosmological parameters dictate the nature of hierarchical clustering: the frequency
and epoch of infall of dark matter halos of different mass-scales and their orbital
properties. In other words, the cosmology sets the parameters discussed in Sect. 6.4
that fully specify the type and number of tidal disruption events that have occurred.
Hence, adopting a given cosmology (with the addition of some assumptions for how
stars occupy different dark matter halos) leads to specific expectations for the level
of substructure due to accretion within stellar halos (Sect. 6.5.1) as well as chemical
trends between substructure and field stars (Sect. 6.5.2.2). These understandings can
be exploited now and in the future to understand to what extent the distribution on
the Milky Way’s stellar halo matches our expectations (Sect. 6.5.3.1), and what we
can learn about our accretion history from the extent and properties of substructure
(Sect. 6.5.3.2). In turn—identifying stars that were originally formed in other objects
at much higher redshift offers a unique perspective on the stellar populations in these
galactic progenitors (Sect. 6.5.3.3).
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6.5.1 Cosmological Simulations of Stellar Halo Formation

Stellar halos are hard to observe because they contain a tiny fraction of stars (and
an even tinier fraction of the total mass) in a galaxy, spread out over a large volume.
Moreover, surveys need to be sensitive to even smaller fractions of stars to learn
about substructure within these halos, and the presence of this substructure makes
it challenging to characterize the global characteristics of the halo itself. Early
discussions were largely restricted to global properties and formations scenarios
(e.g. see classic works by Eggen et al. 1962 and Searle and Zinn 1978) extrapolated
from either local studies of high-velocity stars, larger volume surveys with tracer
populations where distances could be estimated, or pencil beam surveys. The field
has been revolutionized in the last two decades with the emergence of large-scale
stellar surveys covering a significant fraction of the sky, such as the Sloan Digital
Sky Survey (Abazajian et al. 2003) and the Two Micron All Sky Survey (e.g.
Majewski et al. 2003).

Models of stellar halos face the same challenges as the observations in resolving
such a tiny component of the galaxy, as well as substructure within it. One approach
is to restrict attention to only stars that have been accreted from other systems and
hence avoid the need to follow gas physics and ongoing star formation explicitly.
Bullock et al. (2001) presented a first attempt by combining a semi-analytic,
generative model of tidal disruption events (developed in Johnston 1998, and
outlined in Sect. 6.3.3.2 above) with merger histories for Milky-Way like galaxies
predicted in a cosmological context using the Press-Schechter formalism (Lacey and
Cole 1993). These models showed abundant substructure in the model halos, which
was coincidentally being mapped by SDSS in the real stellar halo. Bullock and
Johnston (2005) made the next step to a more sophisticated approach by replacing
the simple generative model of each disruption event with an N-body simulation to
represent the dark matter evolution of the infalling object. Stars were “painted” onto
the purely dark matter satellites by assigning a variable weight or mass-to-light ratio
to each N-body particle. The weights were chosen in such a way that the properties
of the latest infalling objects matched the internal spatial and velocity distributions
observed for stars in nearby dwarf galaxies. The Bullock and Johnston (2005)
models were limited in that the parent galaxy was represented by (slowly evolving)
analytic functions and the results of the separate simulations were superposed only
at the present time to make a stellar halo model. Hence they did not include either
the influence of the accreting objects on the parent or on each other. Nor did they
represent the cosmological context (such as preferential infall along filaments or
global tidal influences due to nearby neighboring structures). Computational power
is now such that full self-consistent N-body simulations of the formation of a Milky
Way sized dark-matter halo are sufficiently resolved to address this limitation and
there are now several example of stellar halo models made by painting stars onto
these more realistic backdrops (De Lucia and Helmi 2008; Cooper et al. 2010;
Lowing et al. 2015).
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Of course, the ultimate goal is to simultaneously build a model of all components
of a galaxy (dark matter along with stellar and gaseous components) using cosmo-
logical hydrodynamical simulations of structure formation capable of following the
baryonic as well as dark matter physics. There are several examples already in the
literature where the stellar halo components have been resolved in these models and
their characteristics and history discussed (Abadi et al. 2006; Zolotov et al. 2009;
Fontet al. 2011; Tissera et al. 2013). In particular, these models drop the assumption
that all stars in the halo come from accretion events and allow an exploration of how
much of the stellar halo might have instead formed in situ. However, the properties
of the stellar halos vary systematically between the simulations, as prescriptions for
star formation and feedback also vary, so the results at this point seem indicative
rather than conclusive.

For the remainder of this section we concentrate solely on the accreted compo-
nent of the stellar halo and illustrate some general results common to all the models
using the Bullock and Johnston (2005) simulations.

6.5.2 General Results of Cosmological Accretion Models
6.5.2.1 Accreted Phase-Space Structure in Halos

Figure 6.7 shows one of the Bullock and Johnston (2005) purely-accreted stellar
halo models from external viewpoints, in space and velocity. The simplicity of
the model permits sensitivity to both small as well as low surface brightness
substructures within the halo. Generic features of this (and other) models are:
a smooth, fully phase-mixed inner region; abundant substructure in the outer
parts, detectable both in space and velocity; and an increasing prevalence of the
substructure with Galactocentric radius. Beyond the phase-mixed inner regions,
such model halos typically appear dominated by a handful of striking shells and
streams, with shells tending to be more prevalent at the largest distances and streams
in the intermediate parts (Johnston et al. 2008).

These generic features can broadly be explained in the context of the current
cosmological expectations which suggest a history for the Milky Way where: (1)
the majority of accretion events occurred more than 7-8 Gyrs ago; (2) the events
had a range of luminosities associated with them; and (3) the accretions occurred
on a mixture of orbits. Figure 6.8 illustrate this with external views of model halos,
constructed by Johnston et al. (2008), that are instead built entirely from: (1) ancient
or recent accretion events (left panels); (2) high or low luminosity events (middle
panels); and (3) events evolving on high or low eccentricity orbits (right panels).
The consequences of these differences are obvious with a simple visual comparison
of the panels and can be easily explained with the physical intuition developed
in Sects.6.3 and 6.4: younger/older halos are more/less substructured because
of the time available for phase-mixing; larger/smaller substructures correspond
to higher/lower luminosity events because the total mass sets the tidal scales
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Fig. 6.7 Surface brightness (left), line-of-sight velocity (middle) and velocity dispersion (right)
from external views of two stellar halo models built entirely from accretion events drawn from a
merger history consistent with our current expectations (from Bullock and Johnston 2005; Johnston
et al. 2008). Each box is 300 kpc on a side. Only the stellar halo component is shown. Image credit:
Sanjib Sharma

at distruption; and the orbit distribution dictates the debris morphology because
more/less eccentric orbits tend to produce shells/streams.

6.5.2.2 Accreted Stellar Populations in Halos

Figure 6.9 shows an alternative visualization of the model stellar halos shown
in Fig. 6.7, but with the grid points color coded by the average metallicity and
[a/Fe] abundance ratio along the line-of-sight. These were derived by assigning a
simple star formation history to each infalling dwarf and running a leaky-accreting
box model to estimate the associated chemical evolution (Robertson et al. 2005;
Font et al. 2006). The parameters of the chemical evolution models were tuned
to reproduce known properties of dwarf galaxies in the Local Group today—the
observations that more luminous dwarfs tend to be more metal rich (e.g. Grebel
et al. 2003), and that all nearby objects contain «-poor populations (e.g. Venn
et al. 2004). Star formation was truncated in each dwarf at the time when it was
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Fig. 6.8 Surface brightness projections for stellar halos with the same total luminosity, but merger
histories that were artificially constrained to be dominated by different types of accretion events
(following Johnston et al. 2008). In the left panels, the events had the same luminosity and orbit
distributions, but were either all accreted a long time ago (upper panel) or recently (lower panel).
In the middle panels, the events had the same accretion time and orbit distributions, but were either
all of high (upper panel) or low (lower panel) luminosity. In the right panels, the events had the
same accretion time and luminosity distributions, but were either all on near-radial (upper panel)
or near-circular (lower panel) orbits. Image credit: Sanjib Sharma

accreted onto the Milky Way, as might be expected given that dwarfs near larger
galaxies are observed to be quenched relative to their field counterparts (Grebel
et al. 2003; Geha et al. 2012). The last attribute of the model effectively means that
the cosmological framework also influences the nature of the stellar populations in
accreted components of galactic stellar halos, setting the characteristic time over
which star formation can occur.

In the left-hand panels of Fig. 6.9 the mass-metallicity relation is apparent, as
the largest and most dominant debris structures tend to be the most metal rich. The
influence of the cosmological background is apparent in the right-hand panels; the
smooth stellar halo component is ¢-enhanced relative to both surviving satellites and
the brighter debris features. Physically this trend can be attributed to the relative
delay expected following star formation of Type Ia Supernovae (SNe) compared
to Type II SNe. The progenitors of Type II SNe are massive stars, whose deaths
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Fig. 6.9 Average [Fe/H] and [a/Fe] projected along the line-of-sight for the two stellar halo
models shown in Fig. 6.7 (using chemical model developed in Robertson et al. 2005; Font et al.
2006). Image credit: Sanjib Sharma

produce both iron and a-elements, within a few million years of a star formation
event. In contrast, Type Ia SNe, producing mainly iron, arise from the explosion
of an accreting white dwarf star—objects which will not form for hundreds of
millions of years after a star formation event. Hence, the oldest stellar populations
in infalling dwarf galaxies are not expected to have been polluted by SNe Type
Ia and should be rich in « elements, while younger populations will be relatively
a-poor. In our accreted halo model, the smooth, fully phase-mixed portion of the
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halo comes from early infalling objects that do not have a chance to ever make the
younger populations. In contrast, these younger populations are apparent in more
recently destroyed objects or surviving satellites that generally fell in even more
recently. Zolotov et al. (2010) points to analogous trends in « element patterns when
contrasting hydrodynamic simulations of the formation of galaxies with differing
merger histories.

Distinctions between the chemical properties of field stars in the halo and satellite
galaxies that have been known about for some time (Unavane et al. 1996; Venn et al.
2004) can naturally be explained within this cosmological context (Robertson et al.
2005; Font et al. 2006). Moreover, studies of stellar populations in the satellites,
stellar halo and debris around M31 suggest this scenario can also be applied to
understand variations there (see, e.g., Font et al. 2008; Gilbert et al. 2009, and
Chap. 8).

6.5.3 Implications and Applications
6.5.3.1 Statistical Comparisons with Observations

As discussed in the previous section, combining our cosmological picture of how
structures form in the Universe with tidal disruption and chemical evolution models
leads to some specific expectations for phase-space and stellar population charac-
teristics of debris structures as well as some general trends. Both the characteristics
and trends are broadly consistent with current observational surveys. However,
the stochastic nature of hierarchical structure formation means that there is large
variation about the average properties among the stellar halo models produced and
more quantitative comparisons employing a statistical approach are just starting.
The average spatial structure of the stellar halo, as well as the level of substruc-
ture within it, can be assessed using large scale photometric catalogues of stars. For
example: Bell et al. (2008) fitted triaxial, power-law models to star counts of main-
sequence turnoff stars selected from SDSS and also quantified the level of deviations
around these smooth models; and Sharma et al. (2010) exploited the distinct colors
of metal-rich, evolved stars in the 2MASS filters (following Majewski et al. 2003) to
select distant M-giant stars and ran a group-finding algorithm on the selection in the
space defined by their angular position and apparent magnitude (from Sharma and
Johnston 2009). In both studies, the analyses were repeated on equivalent synthetic
stellar samples generated from the simulated stellar halos of Bullock and Johnston
(2005). The results (both numbers and scales of groups and level of deviations from
a smooth model) varied significantly between the eleven different simulated stellar
halos, with the results from the analysis of real data sitting within this spread. While
this agreement is encouraging, when Helmi et al. (2011) repeated the Bell et al.
(2008) analysis on the Cooper et al. (2010) model stellar halos (which were derived
by “painting” stars in the “Aquarius” self-consistent dark matter simulations), they
found systematically larger deviations from a smooth background than the prior
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work at a level that was inconsistent with the observations. Recent work by Bailin
et al. (2014) contrasting simulations with and without Galactic disk components
suggest that this inconsistency with both observations and the Bullock and Johnston
(2005) work might be attributed to the Aquarius simulations lacking the extra
potential structure due to the disk.

Following photometric surveys with spectroscopic surveys allows assessments
of the level of spatially correlated velocity substructure (e.g., using K-giants in
the Spaghetti Survey, metal-poor MSTO stars from SEGUE, or BHBs from SDSS,
see Starkenburg et al. 2009; Schlaufman et al. 2009; Xue et al. 2011). Currently,
comparisons to models seem consistent, but again not conclusive (Xue et al. 2011).

Stellar populations in accreted halos are expected to exhibit spatial variation.
These spatial variations have been found photometrically (by looking at the ratio of
MSTO to BHB stars across the sky in the SDSS catalogue, see Bell et al. 2010) and
spectroscopically (Schlaufman et al. 2012). In particular, Schlaufman et al. (2011,
2012) looked at the Fe- and - element abundances of the velocity substructures
they had found, and concluded that they tended to be chemically distinct from the
smooth stellar halo, having systematically higher metallicity and lower [«/Fe], as
might be expected for more recently accreted objects (Font et al. 2008). Analogous
studies have also found these variations in M31 (Richardson et al. 2008; Gilbert
et al. 2009; Bernard et al. 2015).

6.5.3.2 Recovering Accretion Histories

If stars, which may now spread throughout our dark matter halo, can be connected in
such a way as to reassemble their original associations with infalling satellites, then
the understanding of debris evolution outlined in Sect. 6.3 might be applied to learn
about the original masses, orbits and infall times of those satellites. Collectively,
these reconstructed groups might tell us the accretion history of our Galaxy from
the stellar halo.

Several approaches have been proposed to attempt this reconstruction. Concep-
tually, the simplest is to take a sample of a single type of star (i.e. with restricted
absolute magnitude range) from a large-scale photometric catalogue (e.g. M-giant
stars from 2MASS or MSTO and BHB stars from SDSS) and search for groups in
the 3-D space of angular position and apparent magnitude (e.g. Sharma et al. 2010).
This approach is only effective for more recent accretion events (last several billion
years) since earlier events have time to phase-mix and are not apparent as separate
spatial groups. Exactly how far back in time, and the lowest luminosity of objects
that might be recovered depends on the scale and depth of the survey as well as the
stellar population that it is sensitive to Sharma et al. (2011a).

Helmi and White (2001) proposed a much more powerful approach to recovering
stars from early events, but also one that requires rather more data dimensions.
If the full six dimensions of phase-space can be measured for stars, then (within
a given potential) their orbital properties can be calculated. In a static potential,
while they spread out over time in phase-space, they will conserve their orbits and
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hence remain as a group in the space of orbital characteristics (e.g. energy and
actions) indefinitely. Several studies have analyzed prospects for Gaia in this context
(G6mez et al. 2010; Sharma et al. 2011b; Gémez et al. 2013).

One limitation to identifying satellite members by using observed orbital prop-
erties is defining what those properties are: it is as yet unclear whether the Milky
Way can be represented by an integrable mass distribution in which actions can
be derived. Moreover, the potential of the Milky Way is time-evolving and this
can scatter debris stars away from their original orbits. However, stars can also
“remember where they came from” in other ways: their chemical abundances reflect
the gas cloud in which they are born. Freeman and Bland-Hawthorn (2002) proposed
that, given a large enough sample of high-resolution spectra of disk stars, this
chemical memory could be exploited to measure the history of star formation in
the disk: while stars might be spread throughout the six-dimensional phase-space
volume occupied by the disk, those born in the same cluster would all lie at a
single location in the N-dimensional space of chemical abundances. These distinct
chemical abundance patterns could be used to regroup them in their original birth
clusters—an approach that Freeman and Bland-Hawthorn (2002) dubbed chemical
tagging.

While stellar populations in satellite galaxies are spread out over a range of
abundances (i.e. a small volume in N-dimensional chemical abundance space), the
trends with satellite mass and assumed accretion time already seen in observations
and simulations suggest that an analogous chemical tagging might work in the
halo—perhaps not to reconstruct the exact objects from which stars came, but at
least to look at the numbers of satellites of a given luminosity that might have
accreted onto the Milky Way at different times. And, since the composition of a star
cannot be erased by any dynamical evolution, this approach might work to recover
the luminosity function of the very earliest infalling objects. Preliminary studies of
how feasible this idea is to implement in practice are only just coming to fruition
(Lee et al. 2015).

6.5.3.3 Accreted Populations as a Window on Galaxy Formation over
Cosmic Time

Reconstructing the accretion history of our Galaxy is an exciting goal in itself, but
it also opens up other possibilities. If we can find the stars—or at least identify the
stellar populations—from similar-mass, long-dead objects infalling into the Milky
Way at earlier epochs, this can give us a unique window on what baryons were doing
in galaxies over cosmic time. In particular we can study baryons in the high-redshift
progenitors of Milky-Way-type galaxies that may be impossible to see in situ even
with the next generation of space telescopes (Okrochkov and Tumlinson 2010). In
fact, the stellar populations in the Milky Way’s halo today were originally formed
in potential wells of many different depths (from the expected mass-spectrum of
infalling dark matter halos) and that formed stars for different lengths of times
(dictated by the spread in accretion times for those smaller halos onto the main
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Milky Way halo). Moreover, these infalling halos may have formed in a variety of
environments as later infalling objects are expected to be spread out over a larger
volume at early times compared to earlier infalling objects (see Corlies et al. 2013).
Indeed, the difference between the abundance patterns in low-metallicity stars in the
halo and those observed in several ultra-faint dwarf satellites of the Milky Way can
be attributed to differences in the degree to which they evolved in chemical isolation
in the early Universe (see Lee et al. 2013, for a discussion). Hence, the study of
detailed chemical abundances of stars in the halo can tell us not just about our own
Galaxy, but about the properties of stellar populations in many smaller galaxies over
cosmic time.

6.6 Summary of Status and Prospects

Overall, the discovery (over the last two decades) of debris structures encircling our
Galaxy has motivated the development of a fairly sophisticated understanding of
and tools for modeling debris structures. Putting these models and observations in a
cosmological context has led to a dramatic, local confirmation of the hierarchical
contribution to structure formation on small-scales: there is broad agreement
between the models and data with the picture that a large fraction of our stellar
halo results from the accretion of smaller systems. However, the wide variety of
possible accretion histories means that this demonstration itself, while interesting,
does not place strong constraints on cosmological models.

Two aspects of studies of debris around the Milky Way remain ripe for further
exploration with near-future data. First, we can use stars from disrupted satellites
to recover the accretion history of our Galaxy. The unbound structures apparent in
current data sets represent the most dominant events accreted in the last several
billion years. Data sets that will be available in the near future will enable the
identification of debris that is either older (i.e. more fully phase-mixed) and from
lower luminosity objects, both because of the large numbers of stars that will
be catalogued (e.g. by Gaia) and because of the additional data dimensions that
will have accurate measurements (e.g. proper motions from Gaia and detailed
chemical abundances from the GALAH survey). Most importantly, the additional
data dimensions will allow the calculation of quantities that are likely to be
conserved during the lifetime of the stars (e.g. orbital properties such as energy and
actions as well as chemical composition), which will further enable the “tagging”
of these stars into the groups in which they originally formed. We can look forward
to using these approaches to look much further back to the very earliest epochs of
galaxy formation using stellar surveys.

While the accretion history of our Galaxy will play a key part in understanding
the specific story of its formation and evolution, it is unlikely to have broader
implications for the histories of other Milky-Way-sized galaxies, which are expected
to have accretion histories that vary widely. However, a by-product of the accretion
history will be the luminosity function of smaller infalling galaxies, along with
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the identification of stellar populations associated with these different mass objects
looking back to the higher redshifts at which they were accreted. Such small galaxies
will be very hard (if not impossible) to observe at higher redshift even with the next
generation of telescopes. Hence the second aspect of debris studies that should be
further explored is what we can learn about the evolution of dwarf galaxies over
cosmic time from our stellar halo. In particular, what can the stellar populations tell
us about the baryonic physics of galaxy formation within small dark matter halos—
the processes of gas inflow, star formation, and feedback that remain key challenges
in understanding galaxies in the Universe today?
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Chapter 7
Tidal Debris as a Dark Matter Probe

Kathryn V. Johnston and Raymond G. Carlberg

Abstract Tidal debris streams from galaxy satellites can provide insight into the
dark matter distribution in halos. This is because we have more information about
stars in a debris structure than about a purely random population of stars: we know
that in the past they were all bound to the same dwarf galaxy; and we know that
they form a dynamically cold population moving on similar orbits. They also probe
a different region of the matter distribution in a galaxy than many other methods of
mass determination, as their orbits take them far beyond the typical extent of those
for the bulk of stars. Although conclusive results from this information have yet to
be obtained, significant progress has been made in developing the methodologies for
determining both the global mass distribution of the Milky Way’s dark matter halo
and the amount of dark matter substructure within it. Methods for measuring the
halo shape are divided into “predictive methods,” which predict the tidal debris prop-
erties from the progenitor satellite’s mass and orbit, given an assumed parent galaxy
mass distribution; and “fundamental methods,” which exploit properties fundamen-
tal to the nature of tidal debris as global potential constraints. Methods for quantify-
ing the prevalence of dark matter subhalos within halos through the analysis of the
gaps left in tidal streams after these substructures pass through them are reviewed.

7.1 Introduction

Understanding how matter is distributed in galaxies is a fundamental problem in
astronomy. In particular, cosmological simulations of structure formation within
the standard ACDM model of the Universe suggest that the stars we see collected
together as galaxies are surrounded by much more massive and extended dark
matter halos. The simulations outline expectations for the average properties of
halos, including their characteristic density profiles (Navarro et al. 1997) and triaxial
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shapes and orientations as a function of radius (Jing and Suto 2002). They also
suggest that each Milky-Way-sized dark matter halo encompasses a swarm of
satellite subhalos in numbers far greater than the number of observed satellite dwarf
galaxies in the Milky Way halo (traditionally referred to as the “missing satellites”
problem, see Moore et al. 1999; Klypin et al. 1999). While it is possible that the
observed dwarf galaxies account for all of the largest of these satellite subhalos
(though this is far from clear, see Boylan-Kolchin et al. 2011), a multitude of smaller
halos (masses of order 10’M¢, or less) are still predicted to exist for which observed
counterparts have not been identified (see Sect. 7.3 for a more complete discussion).

The expectations for the structure of and substructure within dark matter halos
from the cosmological simulations are in general hard to test with great accuracy
since we currently observe dark matter only by its gravitational effects on stars, and
the dark matter extends well beyond where the majority of the stars in any galaxy lie.
Tracer populations such as planetary nebulae and globular clusters have been used to
estimate global masses beyond the visible components of galaxies (Coté et al. 2003),
while satellite systems are thought to provide some accounting of the substructure—
though it remains far from clear how complete and unbiased that accounting is
(Tollerud et al. 2008). Some progress on the projected shapes, total masses and
largest substructures within dark matter halos has come from gravitational lensing
(Vegetti et al. 2010). This chapter outlines why tidal debris is considered a promising
and sensitive probe of dark matter halos as well as the subhalos they are expected to
contain. In particular, this chapter concentrates on debris around our own Milky Way
galaxy since this is the one place in the Universe where we might hope to measure
the three-dimensional structure of a dark matter halo, as well as be sensitive to the
proposed multitude of lower mass subhalos that may not contain gas or stars.

Historically, the knowledge that stars in disk systems are moving on near-circular
orbits has been exploited to sensitively measure their mass distributions—indeed,
the first systematic studies of the rotation curves of galaxies promoted the idea that
galaxies were dominated by dark matter rather than baryonic matter (Rubin and
Ford 1970). Although the nature of the dark matter particles themselves has yet to
be determined, the idea that the majority of the mass in the Universe is composed
of particles that are so far not observed because they do not interact with light is
generally accepted in the field.

Stars in tidal debris structures make excellent probes of the matter distribution
around galaxies for analogous reasons to disk stars. Like disk stars, we know more
about their orbits than we would know for a purely random population—we know
that the stars in tidal streams were once all part of the same parent satellite galaxy,
and consequently have a small range of orbital properties about the progenitor
satellite’s orbit. Moreover, to be detectable in a photometric study, these debris
structures must lie well outside the bulk of the stars in the parent galaxy and hence
typically probe a very different region of the dark matter halo than the bulk of the
stars in a galaxy.

Images of streams of debris in particular suggest that stars lie close to a single
orbit, and this gives some simple insight into why they are such sensitive potential
probes. If the stars were actually on exactly the same orbit and you could measure
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the positions x and velocities v of each, then the potential (up to the unknown,
constant energy E of the orbit) would simply be @(x) = E — v*/2. A more detailed
discussion of methods for measuring the global potential is presented in Sect. 7.2.

The dynamical coldness of streams, as determined from the small velocity
dispersions and narrow spatial cross sections observed for many streams, also
provides simple insight into their use as substructure probes. This low temperature
means that discontinuities in the debris on much smaller scales than the apparent
orbital path can arise due to asymmetries in the potential that are also on much
smaller scale than the global potential. This leads to the exciting possibility of
using debris to detect substructures within the potential, such as those arising from
the thousands of dark matter subhalos that are expected to be orbiting within the
main halo. Direct evidence of a large number of dark subhalos would solve the
missing satellite problem. The characteristic signatures that substructure may leave
in streams are discussed in Sect. 7.3.

7.2 Using Tidal Debris to Probe the Global Potential

As indicated in the introduction, adopting the simplifying (but ultimately incorrect)
assumption that debris exactly traces a single orbit allows us to develop some
intuition for how this data might be used. We can expand this intuition a little more
by considering properties of orbits in different potentials. For example:

1. Orbits in a spherical potential are purely planar, while in oblate potentials, the
orbital plane itself precesses with time. Figure 7.1 illustrates this by showing the
orbital path (in red) and orbital pole (i.e., direction of angular momentum, in
blue) in 3-D (top panels) and projected onto the plane of the sky (as viewed from
the center of the parent galaxy—bottom panels) for the same orbit in spherical
(left panels) and oblate (right panels) potentials. In the spherical case, the orbit
aligns with a single plane on the sky and the pole appears as a single point. In the
oblate case, the precession of the orbital plane is apparent as the orbital path not
aligning with a single great circle and the direction of the pole evolving in time.

2. Within the orbital plane, the precession of the angular position of apocenters
reflects the radial density profile of the parent potential. Figure7.2 (from
Belokurov et al. 2014) shows this precession angle calculated for a variety of
potentials and orbital eccentricities, with zero precession corresponding to the
point-mass, Keplerian potential in which orbits are ellipses and the apocenters
are coincident.

3. The eccentricity (or ratio of apocenter to pericenter) of the orbit for a given
pericentric velocity is set by the overall depth of the potential.

We are now in a position to measure the attributes listed above for observed
streams. For example, using debris from the (ongoing) destruction of the Sagittarius
(Sgr) dwarf spheroidal (see Chap.2 of this volume), we know the precession of
the orbital plane (Majewski et al. 2003), the trends of velocity along the stream
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Fig. 7.1 The left and right panels show (in red) external and internal views of orbital paths in
spherical and oblate potentials respectively. External views are as seen from outside the galaxy;
the center of the galaxy is shown by a small blue dot. Internal views are Aitoff projection all-sky
maps, as seen from the galaxy center. The direction of the orbital pole is shown by the blue line in
external views and blue dots (in the oblate case a moving dot) in the internal views. The position
of the pole changes over time for the oblate case due to the precession of the orbital plane, but the
position of the pole does not change for the spherical case

(Majewski et al. 2004), as well as the angular separation between successive
apocenters (Belokurov et al. 2014). It is this level of detailed data that has enabled
the first attempt to reconstruct the three-dimensional shape and orientation of our
Galactic dark matter halo (Law and Majewski 2010), or indeed of any galaxy in the
Universe. However, significant controversy remains over what this reconstruction
means, and this is inspiring a thorough and rigorous examination of how debris can
robustly be used to measure potentials.

A multitude of approaches to exploiting our rich debris data sets to measure
potentials have been proposed. They can be very broadly divided into two cate-
gories:

Predictive models predict the exact six-dimensional phase-space position and
density of tidal debris from the progenitor’s properties, orbit and parent galaxy
potential. It is trivial to project the predictions of these models from phase-
space to observables and hence to perform the comparison of data and model in
coordinates where error distributions are well-understood. Hence these methods
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Fig. 7.2 Potential profile dependence of the precession of turning points. The plot shows the angle
between successive apocenters for potentials varying from logarithmic to Keplerian. The colors are
for orbits of different eccentricity. Reproduced from Belokurov et al. (2014)

are the easiest for which to account for the effect of errors (or even missing
dimensions of information) on any parameter estimates. However, they are also
the most sensitive to biases that may result from incorrect assumptions in the
model—in particular in how stars are distributed in the satellite. For example, a
rotating satellite can produce tidal streams with centroids systematically offset
from those produced by a non-rotating satellite (Pefiarrubia et al. 2010).
Fundamental methods exploit some more general intrinsic property that debris
obeys rather than matching the full density distribution in phase-space. Typically,
these methods require few (if any) assumptions about the satellite’s internal
structure and may be less prone to such biases than predictive models. On the
other hand, they always involve a non-trivial transformation from observed co-
ordinates to perform a comparison with model predictions, so correcting for
systematic and random biases on parameter estimates due to errors in observables
is difficult, if not impossible.

Methods in both categories are reviewed in more detail below.

7.2.1 Predictive Models

The most obvious example of a predictive model is an N-body simulation in which
a ball of particles is allowed to evolve subject to its own gravity and the influence of
external forces from the parent galaxy in which it is orbiting. These models naturally



174 K.V. Johnston and R.G. Carlberg

include the physics of tidal stripping and are hence expected to generate the most
physically realistic debris distributions for a satellite of a given mass and internal
stellar distribution, orbiting in a given potential. Comparison of such models with
data have been used most extensively in the case of the Sagittarius dwarf galaxy
to measure the radial profile, depth and even triaxial shape of the Milky Way’s
potential (Helmi 2004; Law et al. 2005; Law and Majewski 2010). Nevertheless, the
results for Sgr remain perhaps the most controversial, as the size and morphology of
Sgr’s streams suggest they might have been affected by additional physical effects
beyond those incorporated in the current models (such as internal properties, orbital
evolution due to a much larger primordial mass, or encounters with another satellite;
see Chap. 2 of this volume for a more complete discussion).

The downside of a purely N-body approach is the computational cost of
the models. Law and Majewski (2010) performed perhaps the most complete
exploration of parameter space in any N-body study by identifying a modest region
of parameter space using simple test-particle methods and then exploring this region
with a grid of models to find a “best” fit by brute force. The ever-improving quality
and quantity of data demands a more sophisticated, automated approach to exploring
possible models, which in turn motivates exploration of how more approximate but
computationally cheaper methods might be utilized.

The cheapest and most trivial example of a predictive model is to assume that
a stream traces a single orbit (e.g., Johnston et al. 2005; Koposov et al. 2010;
Deg and Widrow 2013). Note that Binney (2008) describes how this principle
could be exploited even in the case of missing data dimensions. However, this
approach cannot be used as anything more than broadly indicative of the behavior
of the potential as studies have repeatedly revealed that debris occupies a range
of orbits with properties systematically offset from the satellite (Johnston 1998;
Helmi and White 1999; Johnston et al. 2001; Eyre and Binney 2011; Bovy 2014)
and demonstrated that this offset leads to systematic biases in potential parameters
(Sanders and Binney 2013a; Lux et al. 2013). Recent work in this area has taken
the approach of instead using test-particle explorations to outline which streams
(or which combination of streams) might be the most informative in measuring the
Galactic potential assuming that these biases can be corrected for (Lux et al. 2013;
Deg and Widrow 2014).

A number of methods have been proposed that move beyond the single-orbit
approximation, without resorting to N-body simulations. All rely on our knowledge
of scales in tidal debris gleaned from our understanding of the physics of tidal
limitation and disruption as well as simulations of this process, as outlined in
Sects.6.3.2 and 6.3.3.1 of Chap.6. For example, once lost from a satellite, the
evolution of debris can be reasonably represented by test particle orbits (though
care has to be taken in setting up the initial conditions for this unbound debris, see
Gibbons et al. 2014), so an approach adopted by several authors is to follow many
orbits with properties offset from the satellite’s own over scales observed in full
N-body simulations (Varghese et al. 2011; Kiipper et al. 2012; Gibbons et al. 2014).
In these methods, the satellite’s own orbit is followed with additional, offset debris
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orbits being initialized as the satellite loses mass, and subsequently integrated. The
offset orbits represent the stream properties.

Section 6.3.3.2 of Chap. 6 outlines other predictive models for streams that also
start from the orbit of the satellite, but do not rely on additional particles to represent
the debris. Instead, these methods calculate the phase-space structure of stream
populations offset from the satellite path given the orbital-phase and time since
the material was lost using analytic approximations (Johnston 1998; Bovy 2014;
Sanders 2014). These methods can also be used to search through trial potentials to
find a good fit to stream data (Johnston et al. 1999b; Sanders 2014). However, they
are limited by the extent to which the adopted analytic approximations apply, or are
at least accurate enough for the purposes of recovering the potential. For example the
model of Johnston (1998) is based on a description of debris scalings in energy and
angular momenta and hence is only strictly applicable to purely spherical potentials.
The methods proposed by Bovy (2014) and Sanders (2014) are instead formulated
in action-angle space and hence provide elegant descriptions for a much wider range
of some non-spherical potentials.'

7.2.2 Fundamental Methods

We use the term “fundamental methods” to refer to potential-measuring algorithms
that do not generate full models of the phase-space distribution of debris structures,
but rather exploit some basic principle that debris must obey.

For example, Helmi and White (1999) were the first to point out that the accreted
nature of stars within a random population in the halo might be uncovered by
looking at their orbital properties: stars accreted from a single object would be
clustered around the original orbit of the parent satellite. Helmi and White (1999)
used this idea to search for debris in energy and angular momenta in the Solar
Neighborhood and Helmi and de Zeeuw (2000), Gémez et al. (2010) went on to
explore how these clusters might appear in action-space for a Gaia-like survey of the
halo. More recently, Sanderson et al. (2014) have noted that, since orbital properties
(energies and actions) depend on the form of the Galactic potential, these same ideas
could be used to constrain the mass distribution around our Galaxy. If a significant
fraction of the stellar halo is composed from several long-dead satellites then the
stars in a random survey should not appear random in orbital property-space, but
rather clustered. However, if the orbital properties are calculated in a potential that
is not a good representation of our Galaxy, then the clustering in orbital properties

'As discussed in Chap. 6, while there are a very limited number of potentials for which exact
analytic actions are known, there has been recent progress in various approximate techniques
for finding actions more generally (Sanders 2012; Bovy 2014; Sanders and Binney 2015). These
advances are promising, but the extent of their effectiveness for the purposes of generating accurate
models of streams in realistic triaxial potentials has yet to be fully assessed.
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will be less apparent: only in the correct potential is the clustering maximized.
Penarrubia et al. (2012) proposed an analogous approach using entropy as the test
statistic to be minimized (equivalent to maximizing the clustering).

Equation (6.5) in Chap. 6 points to another fundamental property that debris must
obey: in action-angle space, the angular offset (A6) of debris from the satellite must
lie along the same direction as the orbital frequency offset (A£2) (Helmi and White
1999; Sanders and Binney 2013Db). Since both the angles and the frequencies depend
on the form of the potential, this requirement can be used as a potential measure with
the correct potential being the one in which the vectors are most closely aligned
in the same direction. (Note that this method implicitly assumes that the debris is
distributed isotropically in action space, which is not strictly true—as pointed out
by Bovy 2014.)

Finally, the common origin of debris can be exploited in another way—if the
orbits of stars that are all part of the same debris structure are integrated backwards
then their paths should all at some point coincide with the instantaneous phase-space
position of the satellite from which they came. Only in the correct potential will this
“recombination” happen (Johnston et al. 1999a; Price-Whelan and Johnston 2013;
Price-Whelan et al. 2014).

In some ways, these methods are very powerful in that they require fewer (if
any) assumptions about the properties of the satellite that created the debris. In
addition, the statistical nature of the approaches of both Sanderson et al. (2014)
and Pefiarrubia et al. (2012) have the great advantage of not needing to have clear
streams already identified in their data sets in order to work.

7.2.3 Summary: Status and Prospects

The many papers that have thus far used data on tidal debris to actually measure the
properties of the Milky Way’s dark matter halo are illustrative both of the potential
power of this approach as a well as the extent of the data available (e.g., Johnston
et al. 1999b; Ibata et al. 2001; Johnston et al. 2005; Koposov et al. 2010; Law and
Majewski 2010; Newberg et al. 2010). However, these works have generally either
used the data in very simplistic ways or employed debris models that have not been
thoroughly tested.

The field is rapidly maturing with the prospect of much larger and more accurate
data sets in the near future motivating the recent development of more sophisticated
potential recovery algorithms (outlined above), many of which have been tested with
N-body models. However, a number of other issues need to be more thoroughly
explored:

* Most of the algorithms have only been tested on perfect data and only a couple
have attempted to incorporate a rigorous treatment of observational errors (e.g.,
Koposov et al. 2010; Price-Whelan et al. 2014; Gibbons et al. 2014).
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e Tests so far have typically asked how well parameters can be recovered for
some assumed form for the Milky Way’s potential. Ideally the Milky Way
would be represented in a non-parametric way, allowing more flexibility in
the representation of the underlying mass distribution. For example the mass
distribution could be defined by a spatial grid of values or by the coefficients
of a basis function expansion.

e Methods that have been formulated in action-space (Pefiarrubia et al. 2012;
Sanders and Binney 2013b; Bovy 2014; Sanders 2014; Sanderson et al. 2014)
rely on being able to represent the Milky Way with an integrable potential in
which actions can be found. Recent work has suggested ways of approximately
recovering actions for any potential (Sanders and Binney 2015; Bovy 2014).
For example, the true potential can be represented by the sum of a series of
integrable potentials with known actions. However, the level of bias that these
approximations introduce into potential-recovery have not yet been explored.

» All the algorithms have been developed and tested only for static, smooth and
non-evolving potentials, while we know that the Milky Way has grown and
contains many, moving substructures. In a preliminary investigation of these
effects, Bonaca et al. (2014) show that individual stream measurements of the
mass of the Milky Way in such an environment can vary by several tens of
percent.

* None of the proposed algorithms have yet investigated the effect of the internal
dynamical distribution in the progenitor satellite, which is known to affect the
properties of streams (Pefiarrubia et al. 2010).

Despite these current limitations, the promise of this approach provides ample
incentive for further investigation. In particular, as noted above, while gravitational
lensing studies are sensitive to the projected shapes of dark matter halos, the Milky
Way is the one place in the Universe where we can look at the shape and orientation
of a dark matter halo in three dimensions. As an illustration of this power, Fig. 7.3
shows some results of tests of the Rewinder algorithm (reproduced from Price-
Whelan et al. 2014) applied to synthetic observations of just four particles drawn
from an N-body simulation of satellite disruption. The observational errors were
accounted for using a Bayesian approach during the recovery. The tests show that in
the idealized case, where the form of the smooth and static potential is known, few
percent errors on potential parameters are possible using even a very small sample
with near-future data sets. For comparison, current estimates for the mass of the
Milky Way differ by more than a factor of two (e.g., Barber et al. 2014). Since real
sample sizes will be orders of magnitude larger than those used in the idealized
experiment, the results suggest that there is ample room to introduce more flexible
(and hence complex) and even time-dependent potentials that will provide a better
representation of the true Milky Way mass distribution.
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Fig. 7.3 Example using the results from the Rewinder algorithm to illustrate the power of the
tidal tails as potential measures. A model galaxy containing a tidally disrupted dwarf galaxy was
simulated. Four debris particles were then “observed” with errors expected for RR Lyrae stars
surveyed with Spitzer (i.e., 2 % distances from the mid-IR period-luminosity relation, see Madore
and Freedman 2012), Gaia (i.e., very accurate proper motions) and ground-based radial velocity
errors of Skms™!. In this case, four potential parameters (the velocity scale vy, axis ratios ¢, g.
and orientation ¢ of the dark matter halo component in which the simulation was run) were
recovered with few percent accuracies on each. Reproduced from Price-Whelan et al. (2014)

7.3 Using Tidal Debris to Probe Dark Matter Substructure

7.3.1 Cosmological Context

As discussed in the Introduction to this chapter, standard ACDM models of the
Universe predict an order of magnitude more dark matter subhalos within the
halos of typical galaxies than the number of known satellite galaxies orbiting
the Milky Way (Klypin et al. 1999; Moore et al. 1999) This discrepancy can
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partially be explained by accounting for the incomplete sky coverage of SDSS and
the distance-dependent limit on this survey’s sensitivity to low-surface brightness
objects (Tollerud et al. 2008; Koposov et al. 2009). Indeed, models which take this
into account and consider diffuse, (i.e., undetectable) satellite galaxies can reconcile
the number counts for subhalos (Bullock et al. 2010). However, when they impose
the suppression of stellar populations in low mass subhalos (which have masses
below 5 x 108 M) the number of undetectable galaxies significantly declines and
the prediction of numerous purely dark matter subhalos less massive than 5x 108 Mg
remains. Proof of the existence (or lack) of these “missing satellites” could provide
an important constraint on the nature of dark matter, which sets the minimum scale
for the formation of dark matter subhalos.

In much the same way that there is predicted to be a spectrum of dark matter
subhalos in orbits about the Milky Way, we know there is a spectrum of tidal debris
structures; the dominant (more extended and hotter) structures (e.g., Sgr and the
Orphan Stream) arise from the infall of the larger subhalos (i.e., the ones that contain
stars) while the thinner and colder streams typically come from globular clusters.
All will be disturbed by subhalo-induced fluctuations in the Milky Way’s potential
(as first investigated by Ibata et al. 2002; Johnston et al. 2002; Siegal-Gaskins and
Valluri 2008).

The key question is which streams will be most sensitive to the “missing
satellites”—in particular, the multitude of low mass (M < 10’Mg) subhalos that
are predicted but whose existence has never been definitively proved. The more
dominant streams have much larger cross sections and thus will encounter such
subhalos more frequently, but they are also much thicker and hotter, making the
effect of such individual encounters less apparent. Hence, to address this question,
both the frequency of encounters of different mass subhalos as well as the size
of the effect of those subhalos compared to the stream’s own distribution must be
accounted for (see Yoon et al. 2010, for explicit calculations). For the spectrum of
subhalo masses predicted by ACDM, it has been found that hotter stellar streams,
such as Sgr, are large enough to hide the signatures of the many encounters it suffers
with smaller subhalos, though the (known) subhalos containing visible satellites
could have an observable effect (Johnston et al. 2002). Thinner streams, such as Pal
5 and GD-1, should contain significant fluctuations in density and velocity at degree
and sub-degree scales due to dozens of direct encounters with subhalos in the mass
range 10°~107 Mg over their lifetimes (Yoon et al. 2010; Carlberg 2012).

Given these results, in subsequent sections we restrict our attention to the case
of direct encounters of lower mass subhalos with thin streams that are typically
generated by the destruction of a globular cluster.
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7.3.2 Dark Matter Encounters with Thin Stellar Streams
7.3.2.1 The Dynamics of Gaps in Stellar Streams

Star stream density variations on scales much smaller than the orbit of the stream are
the result of encounters with perturbers (such as dark matter subhalos), the dynamics
of the ejection of stars from the progenitor, and compression and expansion of a
stream around an orbit.

The response of an infinitely thin stream to an encounter with a relatively
low mass perturber is straightforward to calculate analytically using the impulse
approximation, and the results can be generalized to streams with finite width. The
results are in good agreement with numerical orbit integrations for streams with
width to orbital radius ratios of 1:300, which includes the regimes of the two well
studied thin streams (Pal 5 and GD-1). If a section of a stream encounters a massive
satellite (e.g., the LMC), then that section of the stream will be completely pulled
away and spread around the host galaxy.

Figure 7.4 introduces a coordinate system for calculating the effects of subhalos
passing through a stream. A perturbing mass with a spherically symmetric gravita-
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Fig. 7.4 A coordinate system to analyze the development of gaps in a stream. The stream is
moving upward along the y axis. The guiding centers of three masses at different locations across
the tidal stream are shown at y = 0. At the fop of the figure, the guiding centers of the same
three masses are shown at a later time. The differential rotation of a galaxy means that the guiding
centers of particles at larger radii drift backward. The width of the stream is determined by the
combination of epicyclic motions and spread of guiding centers, the details of which depend on
the orbit of the progenitor system (Carlberg 2013). In the text, we consider a subhalo that crosses
the stream at y = 0 at # = 0. [Reproduced from Carlberg (2013)]

S




7 Tidal Debris as a Dark Matter Probe 181

tional potential, @(r), induces a net velocity change, as a function of distance along
the stream of:

AV(y) = — /_ vo(d(y, 1)) dr, 7.1

o0

where d(y,t) is the distance along the stream from the stream crossing point at
(x,¥) = (0,0). Equation (7.1) are straightforward to numerically integrate for most
radially symmetric density profiles.

To illustrate the behavior, Carlberg (2013) analytically integrated the velocity
changes of Eq.(7.1) for a perturbing point mass, M, moving at speed (v., v,), and
crossing a stream that is moving along the y axis at speed V. The velocity of the
point mass relative to the stream is defined as v = v, — V,, (the velocity parallel to
the stream), and v] = v, (toward the stream). The distance of closest approach of
the mass to the stream is the impact parameter, b. The change in the v component
of the stream stars produces a change in the relative velocity of the stream and the
subhalo given by:

—2GMv, %y

— 50> 7.2
v (v2b% + v 2y?) (7.2)

Avy(y) =

where v = 1/vﬁ + vﬁ_ is the speed of the perturbing mass relative to the stream

stars. This equation has been previously derived in Yoon et al. (2010) with slightly
different notation. For the direction of motion perpendicular to the stream, the
velocity change is Avyi(y) = —(vj/vi)Av;(y). In the direction of smallest
separation between the perturber and the stream (here called the z direction) the
change is Av.(y) = (v3y/(v?b))Avj(y), which has the same sign at any location
along the stream.

The effect of the perturber is to pull particles along the stream towards the
crossing point, since Av(y) is positive for negative y and negative for positive y. In
addition, the displacement perpendicular to the stream has the same dependence on
distance along the stream and is proportional to —v) /v _; that is, the displacement is
toward the incoming side below the crossing point (negative y) and away above it.

The velocity change was derived for a stream moving in a straight line; however,
the velocity changes can be applied to a stream moving in a nearly circular orbit. For
circular orbits, the particles travel along their guiding centers. The velocity changes
along the stream are angular momentum changes which cause stars ahead of the
crossing point (positive y) to have a reduced angular momentum and hence move to
a smaller guiding center which always has a higher rate of angular rotation. Thus
the stars ahead of the crossing point are pulled ahead. Similarly, the star behind the
crossing point (negative y) are moved to lower angular rotation and fall behind. In
this way, a gap is formed in the tidal stream.

The equations below are developed for the case of a perturber moving parallel
to the orbital plane of the stream, so that the impact parameter is zero. For other
orientations of the perturber, the direction of the response of the stream stars changes
but the density profile of the resulting gap is essentially the same.
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Stars behind the crossing point gain angular momentum and move to a larger
guiding center, which has a lower rate of angular rotation, according to:

—1
20) = }”70 [1 n Avv'—'(y)} . (7.3)

&

Hence, the stars begin to move apart, and a gap develops over a rotation period. The
density profile of the gap can be derived from Eq. (7.3), which gives the change in
angular position of the stars with time (see Carlberg 2013). The gap starts with a
size comparable to the impact parameter or scale radius of the perturbing object,
and continues to grow in length with time. The material that moves out of the gap
piles up on either side and creates a characteristic “double horned” density profile.
The infinitely narrow stream can be broadened to a finite width by introducing
a Gaussian distribution of epicycles on the stream. Epicycles are often used to
describe non-circular orbits as the combination of a guiding center with a circular
orbit combined with the motion of an orbiting body on an “epicycle” orbit around
the guiding center. In this case, the epicycles are introduced to give the stream width;
the particles will wiggle back and forth around the center of the tidal stream. The
cold stream density profile of a gap is then convolved with the appropriate Gaussian
distribution along the stream. Numerical integrations show good agreement with
this simple theory (Fig.7.5). Recently Erkal and Belokurov (2015) have extended
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Fig. 7.5 The gap at two times (6.4 and 12.8 orbits after the encounter) in a detailed orbit
integration (jagged continuous line) in a warm stream of width 0.005 relative to the orbital radius.
The dotted line shows the predicted density profile for a cold stream and the dashed line is
the prediction allowing for epicyclic motions. The simple theory is in good agreement with the
simulation. [Reproduced from Carlberg (2013)]
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this analysis into the mildly nonlinear regime, demonstrating that the folding of the
stream leads to caustics in the density profile and that the growth in the width of the
stream with time slows from  to /7 .

More general simulations of the dissolution of a progenitor system in a realistic
halo potential are essential to give a more realistic view of a stream. Because
they contain no unseen dark matter to confuse the dynamical situation, disrupting
globular clusters are the most straightforward systems to model. Nevertheless, even
this fairly well defined situation is yet to be completely understood. This is largely a
result of the range of orbits and potentials that need to be investigated as well as the
details of how the progenitor is modeled. Kupper and collaborators have shown that
when stars leave a globular cluster they stream through the Lagrange points with a
fairly narrow spread of (primarily radial) velocities. Consequently the stars follow
a cycloidal path. However, the dominant effect for clusters on non-circular orbits is
that the mass loss varies around the orbit, leading to “spurs” which oscillate above
and below the centerline of the stream at the epicyclic frequency.

One important outcome of a number of simulations is that the range of angular
momentum within the streams from a globular cluster is quite small. This implies
that there is an almost unique association between time since ejection from the
globular cluster into the stream, and distance from the progenitor along the stream.
Furthermore, there is very little shear present at any given distance along the stream,
meaning that features in the stream are not blurred out significantly with time (Bovy
2014; Carlberg 2014).

Although in principle it is possible to work out the distribution of the number
of gaps of a given size in a stream, the number of effects that need to be modeled
mean that it is easier to do either a partially numerical integration, or a complete
simulation. The basic idea is straightforward: small sub-halos cause small gaps
(which subsequently grow with time). Therefore we expect that there will be a
spectrum of gap sizes rising as a power law towards smaller gaps until the spectrum
rolls over because random motions in the stream blur out gaps that are smaller than
about the stream width. Carlberg and Grillmair (2013) presented a semi-analytic
calculation of this spectrum. Two important effects are left out of the calculation.
First, the gaps will overlap, meaning that the semi-analytic calculation is an upper
limit. Second, some of the gaps might not be observable given a finite number of
detected stars in the stream.

7.3.2.2 The Cumulative Effect of Sub-halos

Carlberg and Grillmair (2013) refined the cold-stream analysis of Carlberg (2012)
to predict that the number of gaps created per unit time per unit length in the stream
(the gap creation rate, Ry) as a function of galactocentric distance, r, in units of

30kpc, and Mg = M/108M of,

Ry = 0.004337%%° M " kpc ™' Gyr . (7.4)
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At an encounter age of around 4 Gyr, sub-halos of mass Mg create gaps of mean
length £,

¢ = 9.57""° M3 kpc. (7.5)

Eliminating Mg between Eqs. (7.4) and (7.5), we find the gap creation rate as a
function of gap size is:

—d’f) dt = O.O6Or0'44€_1'16kPC_lGYT_ld?f (7.6)

for gaps of size £, which is measured in kpc and the variable r is scaled to 30 kpc. If
we evaluate this at 15 kpc for a stream of 4 Gyr age and integrate over all gap sizes
larger than £ we find the fraction of the stream length that has gaps is

T
f(>0) = 1.1@““"Wyr. (1.7)

That is, for streams within about 30 kpc of the Galactic center, every position along
a star stream of this age has been affected by a subhalo (Carlberg 2009). The
dependence on gap size is very weak. The low mass subhalos heat the stream and
to some degree frustrate and complicate the formation of subsequent small gaps.
However, the stream remains intact. The larger subhalos that create gaps of several
kpc in size cause sufficiently large perturbations perpendicular to the stream that it
becomes possible for the orbits of stream segments to diverge, particularly if the
overall potential is strongly triaxial (or more complicated) and/or time evolving
(Figs.7.6 and 7.7).

Work has begun on the dynamical modeling of streams in realistic cosmological
halos. Cooper et al. (2010) examined streams already formed within a cosmological
simulation which usefully illustrate the complicated time evolution of the stream
shape. However, these simulations do not have the mass resolution to follow cool
streams or globular cluster dissolution. Bonaca et al. (2014) have published a
realistic, but approximate, approach to following a dissolving cluster in an evolving
halo. One basic outcome is that streams that orbit in the outer parts of the galaxy
halo are much less disturbed than those that orbit within the much more dynamic
inner parts of the galaxy halo, as expected. The buildup of the visible stellar mass
which dominates the potential field of the inner galaxy has yet to be modeled.

7.3.2.3 Detecting Gaps in Stellar Streams

The calculations of gap shapes above usefully predict that gaps should have a
double-horned profile with an integral along their length of zero, meaning the
mass displaced from the gap is simply piled up on either side of the stream. Gap
finding then consists of running filters of all widths along the stream to find regions
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Fig. 7.6 Left panels: simulation of a stream that develops from a globular cluster, projected onto
its orbital plane, and transformed to cartesian coordinates. Ar is the difference between the distance
from the progenitor to the Galactic center and the distance from the stream debris to the Galactic
center. Stream position is measured along the tidal stream. Right panels: same as the left column,
but with subhalos included in the simulation, excluding subhalos above 108 M,

where there is a good match, identified as local peaks in the filtered distribution.
To quantify the statistical confidence, the same filter is run through a density
distribution with the same noise properties. The resulting distribution of peaks is
sorted to identify what level constitutes 99 % confidence that a peak is not a false
positive. Although this filtering procedure gives gap-finding a statistical foundation
(Fig. 7.8), the current procedures could be improved. In particular, the rate of
false positives is currently about 30 % of the peaks. This factor can be included
as a correction, but reducing their number would be helpful. The shape of the gap
filter is currently essentially an informed approximation and is not driven by the
characteristics of the gaps in the data. That is, there is no current empirical approach
to generate a gap spread function, comparable to the point spread function of a
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Fig. 7.7 The view from the center of the galaxy of the 7.5 Gyr timeslice of Fig. 7.6. The top panel
shows the simulated tidal stream without subhalos, and the bottom panel includes a cosmologically
motivated set of subhalos in the simulation. This projection is likely closer to a typical view
of a stream outside the solar circle. The youngest part of the stream, close to the progenitor,
contains epicyclic oscillations which phase mix away. The stream becomes older further away
and is dominated by subhalo induced gaps
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Fig. 7.8 A demonstration of the gap filter applied to artificial data with noise characteristics
comparable to GD-1. The filter systematically over-estimates the number of gaps by about 44 %.
The filter is a well-defined approach to finding and measuring gaps, but this version is subject to
(calibratable) systematic errors

star that can be empirically determined in image data. Work is now beginning to
undertake more extensive simulations; placing those results into a simulated sky
will greatly improve the understanding of gap finding techniques.
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7.3.3 Current Observations and Future Prospects

Currently there are only two really well studied thin streams: the Pal 5 stream,
emanating from the tidal lobes of the Pal 5 globular cluster, and the GD-1 stream,
having no known progenitor.

There are three primary reasons for density variations in streams: the dynamics of
mass loss from the progenitor, variations in velocity around the stream’s orbit, and
perturbations caused by encounters of the stream with any massive object. Massive
objects range from baryonic structures to dark matter sub-halos, possibly containing
visible stars or gas. The orbital effects are necessarily smooth variations around the
orbit and hence on scales much larger than those which vary with the comparable
size scales of the progenitors and the dark matter sub-halos of interest, which we
review below (Fig.7.9).

So far streams are detected through measurements of sky density, most often in
the SDSS survey where the requirement for photometric colors precise to about
10% or better limits the data to about 21-22 magnitude in the SDSS system.
Reaching large numbers of stars requires getting to at least the bottom of the red
giant branch and ideally to main sequence turn off stars (or beyond) at absolute
magnitudes of +5 or so. The outcome is that streams tend to be found at distances
in the range of 10-20kpc in the currently available data. Even with the very good
optimal weighting procedures of Rockosi et al. (2002), which dramatically reduce
the weight of background stars, the summed weight of stars in the stream is typically
about 10-30 % of the backgrounds. To obtain a local signal-to-noise of about one
usually requires binning over the entire width of narrow streams, so no information
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on 2D structure is available with current data. As deeper images, with more filters
and eventually kinematic data become available, the local signal to noise will
dramatically rise. Consequently, the currently available data is usually restricted to
being a one dimensional density along the path of the stream.

Even a 60° long thin stream like GD-1 is expected to have only about a dozen
or so detectable gaps over its visible length. Detecting more streams, which means
going to larger Galactic radii, is a key element of the future of the field. In addition,
more filter bands will allow improved optimal photometric matched filtering to
include metallicity information to further suppress the foreground and background
stars of the same temperature and luminosity. And finally, as better kinematic data
slowly become available (note that Gaia will only reach about 20th magnitude,
which is the regime where streams discovered in the SDSS pick up much of their
signal), the use of improved distances and velocities for each individual star will
allow us to more accurately identify which stars are in the stream, and will thus
improve the detail with which models can be matched to the data. Moreover, it will
then be possible to use kinematic signatures of gaps (a sideways S in velocity space)
to find gaps and characterize the perturbers that caused them.

There is a vast array of planned all-sky imaging and spectroscopic surveys from
both the ground and space that will transform our knowledge of stellar streams over
the next decade. First, we will find new streams in the southern hemisphere, links
with known streams in the north, and, in both hemispheres, find streams out to
about 100 kpc with higher signal-to-noise than current data. Spectra will provide
astrophysical information about the nature of the stream progenitors and stream
kinematics, which will be particularly powerful in combination with proper motion
and distance data. The challenge will then be to make use of these data, which will
be somewhat noisy by theoretical standards, to put new and interesting constraints
on the nature of both the smooth large scale potential of the galaxy, and the small
scale variations in the potential expected in a ACDM universe.
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Chapter 8
Substructure and Tidal Streams
in the Andromeda Galaxy and its Satellites

Annette M.N. Ferguson and A.D. Mackey

Abstract Tidal streams from existing and destroyed satellite galaxies populate the
outer regions of the Andromeda galaxy (M31). This inhomogeneous debris can be
studied without of many of the obstacles that plague Milky Way research. We review
the history of tidal stream research in M31, and in its main satellite galaxies. We
highlight the numerous tidal streams observed around M31, some of which reside at
projected distances of up to ~120kpc from the center of this galaxy. Most notable
is the Giant Stellar Stream, a signature of the most recent significant accretion event
in the M31 system. This event involved an early-type progenitor of mass ~10° Mg
that came within a few kpc of M31’s center roughly a gigayear ago; almost all of
the inner halo (R < 50kpc) debris in M31 can be tied either directly or indirectly
to this event. We draw attention to the fact that most of M31’s outer halo globular
clusters lie preferentially on tidal streams and discuss the potential this offers to
use these systems as probes of the accretion history. Tidal features observed around
M33, M32, NGC 205 and NGC 147 are also reviewed. We conclude by discussing
future prospects for this field.

8.1 Introduction

Within the context of the cold dark matter paradigm, structure formation proceeds
hierarchically and galaxies like the Milky Way and Andromeda (M31) are predicted
to arise from the merger and accretion of many smaller sub-systems as well as from
the smooth accretion of intergalactic gas (e.g., White and Rees 1978; White and
Frenk 1991). Galaxy outskirts are of particular interest since the long dynamical
timescales in these regions mean that coherent debris from past accretion events
has the greatest longevity at such large radii. The discovery of the Sagittarius dwarf
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galaxy and associated tidal stream (see Chap.2) demonstrated beyond a doubt that
satellite accretion played an important role in the growth of the Milky Way’s halo,
but the veracity of this aspect of the hierarchical model could not rest solely on a
single event observed within a single galaxy. In this spirit, the late 1990s saw the
quest begin to identify other galactic systems which were visibly in the process of
devouring smaller satellites.

Our nearest giant neighbour, M31, provides the most obvious target for such
studies. Lying at ~780kpc, it is in many respects a sister galaxy to the Milky Way.
It has a similar total mass (e.g., Diaz et al. 2014; Veljanoski et al. 2014), is of a
similar morphological type, and it resides in the same low-density environment—
one which is deemed typical for much of the present-day galaxy population. M31’s
proximity means that individual stars near the tip of the red giant branch (RGB)
can be resolved from the ground; this offers a powerful method for probing very
low effective surface brightnesses, such as those expected for tidal debris streams.
Furthermore, its high inclination to the line-of-sight (i ~ 77°) means that it is ideally
suited for studies of its halo regions.

There are some disadvantages to studying tidal streams in M31 as opposed to our
own Milky Way. Even with the world’s largest telescopes, ground-based studies of
M31’s halo are limited to using luminous giant stars whereas Milky Way studies can
harness the power of the much more numerous main sequence turn-off population
(e.g., Belokurov et al. 2006). Additionally, in M31 we are mainly confined to
analysis of projected positions on the sky (although occasionally some line-of-
sight distance information is available), and we can only measure radial velocities.
This can be contrasted with the situation in the Milky Way where it is possible to
additionally determine line-of-sight distances' and proper motions, and thus probe
the full six dimensional phase space. In effect, these differences imply that in M31
we are sensitive to tidal streams that are of higher surface brightness than those we
can uncover in the Milky Way, and moreover typically only the subset retaining a
high degree of spatial and/or kinematical coherence.

On the other hand, there are some clear advantages to studying an external
system such as M31. Our vantage point largely alleviates complicated line-of-sight
projection and extinction effects, such as must be endured in studies of the Milky
Way. This means that we have a better understanding of the morphology of tidal
features and where stellar substructures lie (at least in projection) with respect to
each other, and with respect to additional halo tracers such as globular clusters
(GCs) and dwarf satellites. Our bird’s-eye view also makes it fairly straightforward
to construct in situ samples of halo stars at various radii. Remarkably, we currently
know more about the outer halo (R > 50kpc) of M31 than we do of the Milky
Way. In the Milky Way, the outer halo is obscured by a dense veil of foreground
stars making the robust identification of the low density population of outer halo

'In practice, individual distances to large samples of stars in the Milky Way are crude at the
moment. ESA’s Gaia mission will change this when it starts to deliver data in 2016 but the most
accurate distances will be limited to stars within roughly 10 kpc of the Sun.
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stars difficult. In addition, while the main sequence turn-off method so extensively
used by the Sloan Digital Sky Survey (SDSS) teams has probed out to distances
of ~40kpc, such stars are not detected in SDSS imaging at distances beyond this.
While some outer halo substructures have been uncovered using other tracers (e.g.,
Newberg et al. 2003; Watkins et al. 2009), the inhomogeneous and sparse nature
of these studies precludes any meaningful conclusions about the global properties
of the Milky Way’s outer halo. In M31, we also have a far clearer view of the
low latitude regions of the galaxy, enabling discrimination between perturbed disk
features and accreted substructures.

Over the last 15 years, a multitude of studies have targeted the outskirts of M31,
and it can be readily argued that it is the system for which we currently have the
most complete map of halo stars. This chapter reviews the tremendous progress and
exciting results that have emerged from this work.

8.2 Historical Studies

While the first detailed studies of faint structure and substructure in M31 did not
appear until the early 2000s, there were a number of studies prior to this which are
of particular note.

Baade and Gaposchkin (1963) were the first to comment on the strong warp
present in the outer parts of M31’s stellar disk. Baade (p. 73) notes that the disk
signature is still present at a major axis distance of 2° but that the opposing sides
of the disk have “swirled” off in anti-symmetric directions by a radius of 2.25°—an
observation he speculates could be due to the tidal action of the Milky Way on M31.
The existence of the prominent stellar warp was further confirmed by Innanen et al.
(1982) who stacked digitised Palomar Schmidt plates to reach surface brightnesses
in M31 of wy>25.8 mag arcsec™2. Early HT studies of M31 also revealed a strong
warp in the neutral hydrogen disk (e.g., Roberts and Whitehurst 1975; Newton and
Emerson 1977; Cram et al. 1980). While the stellar and H 1 disks are warped in the
same direction, the stellar warp appears to begin at a smaller radius than the HT
warp and it exhibits a greater deviation from the disk plane; this holds true along
both major axes but seems especially apparent in the north-east.

Walterbos and Kennicutt (1988) conducted the definitive study of the light
distribution in M31 before the era of wide-field resolved star mapping, including
a first quantitative exploration of the peripheral disk. They constructed multi-band
images from digitised Burrell Schmidt plates and analysed surface brightness and
color profiles across the disk. They also detected a clear warp, but speculated that
the north-eastern warp, due to its faintness and extreme bend, may actually be a
galactic reflection nebula and not a stellar feature associated with M31. This issue
was settled by Morris et al. (1994) who resolved the stellar populations in the north-
eastern warp (which they termed the ‘Spur’) for the first time and showed they lay
at the distance of M31. Figure 1 of Walterbos and Kennicutt (1988) shows beyond
doubt that the north-eastern half of the disk is far more perturbed than the south-
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western half, and, in hindsight, one can even see a slight luminosity enhancement in
the direction of the Giant Stellar Stream.

Equally influential were the first studies of M31’s resolved stellar halo. Mould
and Kristian (1986), Crotts (1986) and Pritchet and van den Bergh (1988) all
presented colour-magnitude diagrams (CMDs) of small regions located at several
kpc along M31’s minor axis, a region perceived at the time to be dominated by pure
halo. These studies revealed a moderate metallicity population ([Fe/H] ~ —1) with
a large metallicity spread, in stark contrast to the metal-poor halo of the Milky Way.
The disparity of the halo populations in two galaxies that were otherwise considered
rather similar remained a significant puzzle throughout the following decade.

8.3 Wide-Field Mapping Surveys of M31

The relative proximity of M31, while advantageous for detailed study, also poses
a problem in that even the main body of the galaxy subtends a substantial
angle on the sky. In the mid-to-late 1990s, wide-format CCD detectors became
increasingly available on medium-sized telescopes and this development opened up
new possibilities for surveying the faint outlying regions of M31. With a distance
modulus of m — M = 24.47 £+ 0.07 (McConnachie et al. 2005), stars near the tip of
M31’s RGB (M; ~ —4) have I ~ 20.5 and thus could be easily detected in modest
exposures with a 2-m class telescope. As a result, it became feasible to contiguously
map resolved stars at the bright end of the luminosity function over very large areas.

RGB stars are the evolved counterparts of low to intermediate mass (M ~
0.3-8 M) main-sequence stars with ages of at least 1 Gyr. While asymptotic giant
branch stars and high mass main sequence stars can be even more luminous than
RGB stars, RGB stars are the most interesting in the context of tidal stream research
since they are long-lived and can be used to trace the old stellar components
of galaxies, where signatures of hierarchical assembly are expected to be most
prevalent. Additionally, for a fixed age, the colour of an RGB star depends almost
entirely on its metallicity; thus, for a roughly uniform age stellar population,
individual stellar metallicities can be derived purely from photometry.

Resolved star surveys map the spatial distribution of individual RGB stars which
can in turn be used to infer the surface brightness distribution of the underlying
light. This technique allows much lower surface brightness levels to be reached
than typically achievable with conventional analyses of diffuse light. As a simplistic
illustration of how the method works, consider a population of M31 RGB tip
(TRGB) stars with Iy ~ 20.5 and (V —I)g ~ 1.5. A surface density of 10° such
stars per square degree corresponds to py A 27 mag arcsec”> while a surface
density of 10* stars per square degree corresponds to sy =~ 32 mag arcsec™ 2.
This calculation is crude since it neglects the fact that there is a range of RGB
luminosities within a population, and also that some sizeable fraction of the total
light will come from stars fainter than the magnitude limit, but these are corrections
that can be easily calculated for any given survey (e.g., Pritchet and van den Bergh
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1994; McConnachie et al. 2010). Nonetheless, it is sufficient to demonstrate that,
in the low crowding outer regions of M31 (and external galaxies in general), the
resolved RGB star technique is clearly the optimal means to search for and map
very faint structures. The main challenges in using this method are to image to
sufficient depth to detect a statistically significant population of RGB halo stars, and
to disentangle genuine RGB stars from contaminating populations, which typically
consist of foreground Milky Way dwarf stars and unresolved background galaxies
(see left panel of Fig. 8.1).

The breakthrough in our ability to search for low surface brightness structure
in the outskirts of M31 led to the discovery of a plethora of faint streams and
substructure in the inner halo, including the dominant Giant Stellar Stream. The
pioneering INT Wide Field Camera survey (e.g., Ibata et al. 2001; Ferguson et al.
2002; Irwin et al. 2005) mapped ~40 square degrees (163 contiguous pointings)
around M31 in the V and i passbands, reaching to ~3 magnitudes below the TRGB
(see right panel of Fig.8.1). M31 was also targeted by the SDSS (Zucker et al.
2004a), where stars near the TRGB were mapped to large distances along the
major axis. These surveys also uncovered several previously-unknown M31 dwarf
satellites and globular clusters (e.g., Zucker et al. 2004b, 2007; Irwin et al. 2008;
Huxor et al. 2008).

In parallel to these efforts to survey RGB stars, other groups began to explore
the halo and outer disk populations using planetary nebulae (PNe) (e.g., Merrett

18
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Fig. 8.1 (Left) A Hess diagram of the point sources in the PAndAS survey at distances beyond
2° of M31 (reproduced from Ibata et al. 2014). A series of fiducial tracks spanning [Fe/H]=
—1.91,—1.29,—0.71 and —0.2 are superimposed on the RGB while contaminating Milky Way
foreground disk and halo sequences are indicated by dashed boxes. Blueward of (g — i)y ~ 1
and fainter than iy ~ 23, unresolved background galaxies become the primary contaminant. The
orange box shows the adopted colour-magnitude selection for M31 RGB stars. (Right) An early
map of metal-poor RGB star counts around M31 from the INT/WFC survey (reproduced from
Ferguson et al. 2002). The outer ellipse has a flattening of 0.6 and a semimajor axis length of
55kpc
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et al. 2003, 2006; Morrison et al. 2003; Kniazev et al. 2014). Although PNe
offer some advantages over RGB stars as tracers of halo light (for example, they
are more luminous, suffer much reduced sample contamination, and can provide
simultaneous information on radial velocities), they are far rarer. From a survey
of PNe in the M31 bulge, Ciardullo et al. (1989) found that the ratio between the
number of PNe in the top 2.5 magnitudes of the luminosity function and the V-
band luminosity was a5 ~ 30.8 x 1077 PNe per L. This leads to the expectation
of ~50 PNe per square degree at ity ~ 24 mag arcsec” 2 but only ~1 per square
degree at 1y ~ 28 mag arcsec™ 2. This makes surveys for resolved RGB stars far
more efficient than those for PNe in the outer regions of M31. However, the situation
changes for more distant galaxies, where RGB stars become too faint to resolve
while PNe can still be detected (e.g., Coccato et al. 2013; Foster et al. 2014).

Based on the success of these early studies, exploration of the M31 outer halo
began in the mid 2000s. Due to the lower stellar density in these parts, deeper pho-
tometry was required in order to sufficiently sample the RGB luminosity function
and this in turn required larger telescopes. The Pan-Andromeda Archaeological
Survey (PAndAS) was conducted using the MegaCam instrument on the 3.8-m
CFHT to contiguously map over 380 square degrees around the M31-M33 region
and detect stars to ~4 mag below the TRGB (e.g., Ibata et al. 2007; McConnachie
et al. 2009; Ibata et al. 2014). Other wide-field ground-based work concentrated
on deep pencil beam studies of the outer halo (e.g., Ostheimer 2003; Tanaka et al.
2010).

8.4 Major Tidal Features in the Halo of M31

Figures 8.2 and 8.3 show maps from the PAndAS survey of RGB stars in the inner
and outer halo regions of M31, displayed to highlight prominent substructures.
Additionally, Fig. 8.4 shows the distribution of RGB stars in four different metal-
licity bins, revealing how the morphology of the tidal debris changes as a function
of metallicity. A striking feature of all of these visualisations is the non-uniformity
of the stellar distribution in the outer regions. The most metal-poor map presented in
Fig. 8.4 has a smoother appearance than the others, but it still exhibits a substantial
degree of substructure.

The inner halo (R < 50kpc) of M31 appears as a flattened structure (axis ratio
~0.5) in Fig.8.2, around the edge of which bright tidal features (e.g., streams,
clumps, spurs, shelves) can be seen. In the outer halo (R > 50kpc), the most
prominent features are a multitude of faint narrow streams and arcs. Based on their
appearance in Fig. 8.4, these outer streams are also considerably more metal-poor
than the substructures which dominate the inner halo. Lewis et al. (2013) searched
for a correlation between the tidal structures seen in stars, and features in the HT gas
around M31. Interestingly, they found a general lack of spatial correlation between
these two components on all scales, with very few potential overlaps.
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Fig. 8.2 The PAndAS map
of metal-rich RGB stars in the
inner halo of M31, upon
which a typical textbook
image of M31 is superposed.
The map is constructed from
stars with iy < 23.5, having
—1 < [Fe/H] < 0. The large
white ellipse has a
semi-major axis of 27 kpc and
delineates the full extent of
the bright disk; the dashed
blue circle has a radius of
50kpc. Prominent inner halo
substructure is outlined and
labelled, as are the dwarf
satellites M32 and NGC 205
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A brief description of some of the most prominent tidal features seen around

M31 is given below:

* Giant Stellar Stream (GSS): Discovered in the first quadrant of M31 that was

mapped by the INT/WFC survey, the GSS is the most prominent overdensity
in M31’s halo and covers a large fraction of its south-east quadrant (Ibata et al.
2001). It can be traced as a coherent structure to a projected galactocentric radius
of ~100 kpc, and spans a width of ~25kpc. The stream has a linear morphology
with a sharp eastern edge and an estimated absolute V-band magnitude of My ~
—14 (Ibata et al. 2001). However, this is a crude estimate based on only that part
of the stream which is visible in the earliest INT maps. As the stream is now
known to be more than twice as long as this, and other debris features have been
identified as forward wraps of the structure, the total luminosity of the GSS could
easily be 1-2 magnitudes higher. Ibata et al. (2007) show that there is a large-
scale stellar population gradient present, with the high surface brightness core
region of the stream having relatively more metal-rich stars than the peripheral
regions. Both photometric and spectroscopic studies reveal the core stream to
have a moderately high metallicity of [Fe/H] > —0.5 to —0.7, with the envelope
dropping to [Fe/H] ~ —1.4 (Guhathakurta et al. 2006; Ibata et al. 2007; Gilbert
et al. 2009).

G1 Clump: This feature was first recognised in the INT map published by
Ferguson et al. (2002) and appears as a rather round clump of stars located at a
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Fig. 8.3 A map of metal-poor RGB stars across the full extent of the PAndAS survey (ip < 23.5
and —2.5 < [Fe/H] < —1.1). The white ellipse is the same as in Fig. 8.2 while the dashed circles
surrounding M31 have radii of 50 kpc (yellow) and 150 kpc (blue) respectively and that surrounding
M33 has a radius of 50 kpc. Prominent outer halo substructure is outlined and labelled, as are tidal
streams associated with the satellite galaxies M33 and NGC 147

projected radius of ~30kpc along the south-western major axis of M31. It has
dimensions of 0.5° x 0.7°, or 7 x 10kpc at the distance of M31. Ferguson et al.
(2002) estimate an absolute magnitude of My ~ —12.6 and a V-band surface
brightness of ~28.5 mag arcsec™2. The feature was originally named because
the luminous M31 globular cluster G1 lies nearby. This star cluster is notable
because it has been argued to have both an internal metallicity spread as well
as an intermediate-mass black hole, characteristics that suggest it could be the
remnant core of a nucleated dwarf elliptical galaxy (e.g., Meylan et al. 2001;
Gebhardt et al. 2005). While the detection of tidal debris in the vicinity of this
enigmatic object was very exciting, subsequent observations of the properties of
stars in the G1 Clump appear to rule out any association between the two (Rich
et al. 2004; Reitzel et al. 2004; Ibata et al. 2005; Faria et al. 2007).

¢ North-East Clump (NE Clump): Located at a projected radius of ~40 kpc and
near the north-eastern major axis, this substructure is one of the most nebulous
features in the inner halo of M31. It subtends a diameter of ~1° or ~14 kpc at the
distance of M31, and appears to connect to the main body of the galaxy by a faint
filament. It is estimated to have an absolute g-band magnitude of M, ~ —11.6
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Fig. 8.4 The PAndAS map of RGB stars, as in Fig. 8.3, but presented this time as a function of
metallicity. The two high metallicity bins (fop panels) are dominated by the Giant Stellar Stream,
although note that this structure changes morphology slightly between the two panels. While the
low metallicity bottom left panel is dominated by numerous streams, the more metal-poor right-
hand panel appears much smoother. [Reproduced from Ibata et al. (2014)]

and a g-band surface brightness of ~29.0 mag arcsec™> (Zucker et al. 2004a).
Although it was initially suggested that the NE Clump was a disrupting dwarf
satellite, subsequent observations have disfavoured this interpretation (Ibata et al.
2005; Richardson et al. 2008; Bernard et al. 2015a), since the stellar populations
are more representative of the disk.

¢ North-Eastern (NE) and Western (W) Shelves: The NE Shelf is a diffuse but
fairly sharp-edged extension lying north-east of M31’s center, while the Western
Shelf is a fainter feature of similar morphology and size on the opposite side
of the galaxy. On the basis of their comparably high metallicities, Ferguson
et al. (2002) suggested the NE Shelf could be an extension of the GSS. Using
inferences from N-body simulations, Fardal et al. (2007) argued that both the NE
and W Shelves were forward continuations of the stream, representing material
stripped off during successive pericentric passages.
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e Streams B, C, D: Identified by Ibata et al. (2007), Streams B-D are a series
of approximately parallel tangential streams which cross the southern minor
axis of M31 inside a radius of 100kpc. Their metallicities are in the range
—1.5 < [Fe/H] < —0.5. The eastern portions of Streams C and D appear
to overlap in projection and all of the streams seem to terminate, or at least
dramatically fade, once they reach the GSS. Stream C has been shown to be
particularly complex, consisting of two distinct (but overlapping) metallicity and
kinematic components (Chapman et al. 2008; Gilbert et al. 2009). Along with the
GSS, the metal-rich component of Stream C is the only other outer halo feature
visible in the most metal-rich maps of Fig. 8.4.

* Far Outer Halo Streams (R >100kpc): Figs. 8.3 and 8.4 show that the outer
halo is littered with various faint streams and clumps, including Stream A, the
North-West (NW) Stream, the South-West (SW) Cloud and the Eastern (E) Cloud
(Ibata et al. 2007; McConnachie et al. 2009; Richardson et al. 2011; Carlberg
et al. 2011; Bate et al. 2014). With uy > 31.5 mag arcsec ™2, these streams
represent the faintest spatially-coherent debris yet identified around M31. Stream
A crosses the minor axis at a projected radius of ~120kpc and aligns with the
inner network of tangential streams. The E and SW Clouds appear as stellar
arcs at slightly smaller radii on either side of Stream A. The NW Stream is a
long (~100kpc) and narrow (~3 kpc) radial feature; although there is no visible
connection between the upper and lower branches of the stream, the fact that both
trace out segments of a single ellipse and have a similar metallicity has supported
the notion they are related (Carlberg et al. 2011). Part of the NW Stream was
also seen in the deep pencil beam study of Tanaka et al. (2010) (their (Stream F);
however, their Stream E was not recovered in the PAndAS survey.

8.5 Understanding the Nature and Origin of Tidal Features
in M31

Following the initial discovery of tidal features in the M31 halo, concerted follow-
up observations and detailed modelling have been carried out in order to develop a
complete understanding of this material. In this section, we review and summarise
some highlights from this work.

8.5.1 The Giant Stellar Stream

Over the last decade, the GSS has been the subject of intense study. On the
observational side, efforts have concentrated on deriving quantities (e.g., distance,
velocity) that can be used to model the orbit of the progenitor and on stellar
population constraints that can be used to establish its nature. On the theoretical



8 Substructure and Tidal Streams in the Andromeda Galaxy and its Satellites 201

side, work has focused on reconstructing the orbital history of the progenitor and
using this knowledge to measure the halo mass of M31.

Line-of-sight distances to the stream are one of the key inputs for GSS orbit
models. McConnachie et al. (2003) used measurements of the TRGB in a series of
CFHT12K pointings to show that the GSS lies >100 kpc behind M31 at a projected
radial distance of 60 kpc and moves progressively closer to galaxy at smaller radii,
with their distances being indistinguishable (within the uncertainties) at <10 kpc.
These authors were also able to detect the stream in two fields on the northern side
of M31, where it lies ~40 kpc in front of the galaxy, but no further, suggesting that
the stream wraps fairly tightly around the M31 center towards the north-east.

Another key observable is the radial velocity distribution of stream stars.
Individual RGB stars at the distance of M31 are sufficiently faint that an 8-m class
telescope is required in order to measure their line-of-sight velocities; the DEIMOS
multi-object spectrograph on the Keck II telescope has been the source of almost
all the GSS radial velocity measurements to date (Ibata et al. 2004; Guhathakurta
et al. 2006; Kalirai et al. 2006; Gilbert et al. 2009). These studies have shown
that the radial velocity of the GSS becomes increasingly positive with increasing
distance from the center of M31, ranging from Vj.;;, = —320km slata projected
distance of 60kpc to Vjei, = —524km slata projected distance of 17kpc. In
all fields studied so far, the velocity dispersion is quite narrow—in the range of
10-30kms™!. Intriguingly, a second cold kinematic component has been detected
at several locations along the GSS (Kalirai et al. 2006; Gilbert et al. 2009). It has
the same velocity gradient (and dispersion) as the primary GSS over the range in
which the two have been mapped (~7 kpc) but it has a radial velocity that is offset
by ~ + 100kms™!. It is presently unclear whether this component is due to M31’s
disturbed disk or a forward wrap or bifurcation of the main stream.

The combination of line-of-sight distance and radial velocity measurements
indicates that the GSS progenitor fell almost straight into M31 from behind. These
data have motivated a variety of efforts to model the accretion of a dwarf satellite
galaxy on a highly radial orbit (Ibata et al. 2004; Font et al. 2006; Fardal et al. 2006,
2008, 2013; Mori and Rich 2008; Sadoun et al. 2014). While these models differ in
various aspects, they generally agree on the fact that the progenitor’s initial stellar
mass was in the range 1-5 x 10° Mg and that its first pericentric passage came
within a few kpc of the M31 center less than 1-2 Gyr ago. Some properties of the
observed GSS, in particular the asymmetric distribution of stars along the stream
cross section and the internal population gradient, are better reproduced in N-body
models in which the progenitor possessed a rotating disk (e.g., Fardal et al. 2008;
Sadoun et al. 2014).

In this near head-on collision, the progenitor experiences significant destruction
at the first pericentric passage. Much of the satellite’s mass is stripped off to form
leading and trailing tidal streams, and a generic prediction is that much of M31’s
inner halo should be littered with this debris. Figure 8.5 shows the sky distribution of
debris in a set of recent N-body models of the GSS’s orbit within the M31 potential
(Fardal et al. 2013). Each panel differs in the adopted values of My, the M31 mass
inside a sphere containing an average density 200 times the closure density of the
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Fig. 8.5 Spatial distribution of stellar debris from the tidal disruption of the GSS progenitor, as
predicted by a set of 9 N-body simulations. The dashed lines show the observed boundaries of
the NE and W shelves. In each case, different combinations of M», the virial mass of M31, and
F,, the orbital phase of the progenitor at the present epoch, are adopted. While all panels share
similar morphologies and resemble the main features seen in Figs. 8.2 and 8.3, some systematic
differences can be seen as a function of the parameters. The present-day state of the progenitor
varies from being tightly bound to highly dispersed; in all models shown here, it lies in the region
of the NE shelf. [Reproduced from Fardal et al. (2013)]

universe, and F),, the orbital phase of the progenitor at the present day. Although
the exact pattern of debris depends on these (and a few other) parameters, all panels
exhibit a similar morphology and show remarkable consistency with some of the
features seen in Figs.8.2 and 8.3. The GSS, the NE Shelf and the W Shelf are
all naturally reproduced in this scenario, with the GSS representing the trailing
stream of material torn off in the progenitor’s first pericentric passage while the
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NE and W shelf regions contain material torn off in the second and third passages,
respectively. These predictions are in excellent agreement with observations of the
stellar populations of these substructures — which show striking similarities in their
star formation histories (SFHs) and metallicity distributions to those of the GSS
(e.g. Ferguson et al. 2005; Richardson et al. 2008) — as well as with the observed
kinematics of the shelves (e.g. Gilbert et al. 2007; Fardal et al. 2012). The extensive
pollution of M31’s inner halo by material stripped from the GSS progenitor provides
at least a partial explanation for why this region is dominated by more metal-rich
stellar populations compared to the Milky Way (e.g., Mould and Kristian 1986; Ibata
et al. 2014).

Based on the projected positional alignment with the GSS, M31’s luminous
dwarf elliptical satellites M32 and NGC 205 were initially considered as prime
candidates for the progenitor (Ibata et al. 2001; Ferguson et al. 2002). Indeed, both
these systems possess unusual properties and, as will be discussed in Sect. 8.7, are
tidally distorted in their outer regions (Choi et al. 2002; Ferguson et al. 2002).
However, even the earliest attempts at orbit models ruled out a straightforward
connection between the GSS progenitor and either of these two satellites (Ibata et al.
2004).% Current models agree that any existing remnant should lie in the region of
the NE Shelf, although thus far no candidate has been identified.

Although the location of the GSS progenitor remains a mystery, analysis of the
stellar populations in the stream has provided important insight into its nature.
Figure 8.6 shows deep HST CMDs of a variety of tidal debris fields in the inner
halo of M31, including those associated with the GSS. One can clearly see two
predominant CMD morphologies—those which contain a narrow tilted red clump
and a prominent horizontal branch extending quite far to the blue (labelled ‘SL’ in
Fig. 8.6), and those which contain a rounder red clump, a well-populated blue plume
and exhibit no horizontal branch (labelled ‘DL’ in Fig. 8.6). Those pointings which
directly sample material associated with the GSS progenitor uniformly exhibit the
morphology of the former type (Ferguson et al. 2005; Richardson et al. 2008). A
third category, labelled ‘C’, appears to be a composite of the previous morphologies.

Quantitative measures of the SFH and age-metallicity relation (AMR) of the GSS
have been derived from deep CMDs using synthetic modelling techniques (Brown
et al. 2006; Bernard et al. 2015a). The bottom panels of Fig. 8.7 show the most
extensive analysis carried out to date, based on the 5 fields lying on GSS debris
located throughout the inner halo. It appears that star formation in the progenitor
got underway early on and at a fairly vigorous pace, peaking 8-9 Gyr ago. Star
formation remained active until about 6 Gyr ago when there was a very rapid
decline; this ‘quenching’ may indicate the time when the progenitor first entered
the halo of M31. Roughly 50 % of the stellar mass in the GSS fields was in place
~9 Gyr ago, and the metallicity had reached the solar value by 5 Gyr ago, consistent
with direct spectroscopy constraints from RGB stars (e.g., Guhathakurta et al. 2006;
Kalirai et al. 2006; Gilbert et al. 2009). In addition, all the GSS fields probed thus

2Meanwhile, Block et al. (2006) argue that a head-on collision between M31 and M32 about 200
million years ago could be responsible for the formation of two off-center rings of ongoing star
formation seen in the M31 disk.
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Fig. 8.6 HST/ACS Hess diagrams of 14 fields in the inner halo of M31, many of which lie on
substructures seen in Fig. 8.2. The ridge line of 47 Tuc ([Fe/H]=-0.7 and age 12.5 Gyr) has been
shifted to the distance of M31 and overlaid in each case. Based on their CMD morphologies,
the fields can be segregated into two classes; stream-like (SL) fields with tilted red clumps and
extended horizontal branches and disk-like (DL) fields with round red clumps and a population
of blue plume stars. Composite (C) fields have features in common with both and likely represent
cases where different material is projected along the line-of-sight. [Reproduced from Richardson
et al. (2008)]

far reveal a large spread in metallicity (>1.5 dex). Taken together, these properties
suggest an early-type progenitor, such as a dwarf elliptical galaxy or spiral bulge.
This further supports inferences from N-body modelling which suggest that the
GSS progenitor was a fairly massive object with some degree of rotational support.
Indeed, Fardal et al. (2013) argue it was likely the fourth or fifth most massive Local
Group galaxy as recently as 1 Gyr ago.
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Fig. 8.7 (Left) The SFHs and (right) AMRs of M31 inner halo substructure fields, derived from
quantitative fitting of the CMDs in Fig. 8.6. The SFHs for the individual fields are shown in light
grey and are normalised to the total mass of stars formed in each field. Overlaid in bold are the
average behaviours of the normalised SFHs. The filled circles in the AMRs show the median
metallicity in each age bin, with grey circles indicating those bins which contain <1 % of the
total stellar mass and hence carry significant uncertainties. There is more star formation at early
(late) times in the stream (disk) fields and the stream fields also exhibit a more rapid early chemical
evolution

8.5.2 Other Inner Halo Substructure

While tidal debris from the GSS progenitor can explain the origin of some of the
M31 inner halo substructure, other features require a different origin. In particular,
the substructures lying near the major axis—such as the NE and G1 Clumps and the
Claw—do not arise naturally in models of the dissolution of the stream progenitor.

A first step to understanding this low latitude substructure was taken by Ibata
et al. (2005) who analysed the kinematics of stars in numerous fields around M31,
including the G1 and NE Clumps. They noted a strong signature of rotation in almost
all fields out to a galactocentric radius of ~40kpc, with some further detections out
to 70kpc. Stars are observed to move with velocities close to those expected for
circular orbits in the plane of the M31 disk and with a typical velocity dispersion
of 30kms™!. Based on stacked spectra, Ibata et al. (2005) estimated the mean
metallicity of these rotating outer populations to be [Fe/H] ~ —0.9.

The irregular morphology yet coherent rotation observed in the outer disk regions
led Ibata et al. (2005) to speculate that a vast disk-like structure was being assembled
as a result of multiple accretion events. However, this interpretation faced a number
of challenges, such as the homogeneity of the constituent stellar populations and the
need for the accreted satellites to be sufficiently massive so that dynamical friction
could circularise their orbits before disruption.
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An alternative explanation is that much of the inner halo substructure is material
that has either been torn off of the M31 outer disk or dynamically heated from
the disk into the halo. It has long been known that the accretion of a low mass
companion can have rather a disruptive effect on a stellar disk (e.g., Quinn et al.
1993; Walker et al. 1996) and more recent work has quantified the way in which
disk stars can get ejected into the halo through such events (e.g., Zolotov et al.
2009; Purcell et al. 2010). Kazantzidis et al. (2008) demonstrated how the accretion
of a population of satellites with properties drawn from a cosmological simulation
can produce distinctive morphological features in the host galaxy’s disk, similar to
the inner halo substructures seen in M31. Additionally, they confirmed earlier work
that showed the final distribution of disk stars exhibits a complex vertical structure
that can be decomposed into a thin and thick disk (see also Villalobos and Helmi
2008).

Examination of the constituent stellar populations in the non-GSS debris fields
supports the idea that this material has originated in the disk (e.g., Ferguson et al.
2005; Brown et al. 2006; Richardson et al. 2008; Bernard et al. 2015a). The ‘DL’
fields in Fig. 8.6 are rather homogeneous in appearance, all displaying a round
red clump with significant luminosity width, a well-populated blue plume and no
apparent horizontal branch—features that indicate continuous star formation and a
moderately young mean age. The quantitative SFHs and AMRs of the ‘disk-like’
debris fields further strengthen this assertion; roughly 65 % of the stars formed in
the last 8 Gyr and chemical evolution proceeded at a modest pace, starting from a
pre-enriched level (see top panels of Fig.8.7). Most importantly, these trends are
strikingly similar to those that have been measured for populations in the M31 outer
disk (Bernard et al. 2012, 2015b).

It is also notable that both the stream-like and disk-like fields in Fig. 8.7 show
evidence for an enhancement in the rate of star formation roughly 2 Gyr ago. This
is surprising given that the constituent stellar populations in these fields have very
different origins, and that many of them are substantially displaced from the main
body (and the gas disk) of M31. There is now strong evidence that the M31 outer
disk underwent a burst of star formation around this epoch, likely triggered by the
relatively close passage of M33 (Bernard et al. 2012, 2015b). The existence of
trace populations from this episode scattered throughout the inner halo, including
up to 20kpc along the minor axis, argues for a redistribution of disk material in the
intervening time. It would thus appear that, in addition to being heavily polluted by
GSS debris, the M31 inner halo also contains a widespread component of heated
disk stars (Bernard et al. 2015a). This idea was independently raised by Dorman
et al. (2013), who find that a non-negligible fraction of the inner halo stars identified
kinematically in M31 show a luminosity function consistent with an origin in the
disk.

Both the highly structured nature of the outer disk and the presence of displaced
disk stars in the halo could be explained by one or more violent accretion events.
Given the likely transitory nature of the outer disk substructures (Ibata et al. 2005)
and the fact that stars as young as 2 Gyr have been displaced into the halo, the
event responsible for disrupting the disk must have been rather a recent one and it
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is tempting to speculate that it has been the head-on impact of the GSS progenitor
roughly 1 Gyr ago (e.g., Mori and Rich 2008; Sadoun et al. 2014). If this scenario
is correct, it implies that, in spite of its extremely messy appearance, all of M31’s
inner halo substructure can be traced to the direct and indirect effects of a single
event.

8.5.3 Outer Halo Substructure

The outer halo debris features in M31 are much more poorly understood than
those of the inner halo. While the inner halo is populated by tidal debris with a
variety of morphologies and moderate metallicities, the outer halo is dominated by
fairly narrow stellar streams and arcs which are, with the exception of the metal-
rich component of Stream C, only apparent in maps constructed from metal-poor
stars (see Fig. 8.3). The outer halo streams are of such low surface brightness that
detailed characterisation of their stellar populations and kinematics has thus far been
difficult. As will be discussed in the following section, GCs offer a very exciting way
to probe the tidal features in these parts.

There are four main structures visible in the far outer halo—Stream A, the E
Cloud, the SW Cloud and the NW Stream. All of these features lie at radii >100 kpc
from the center of M31 and subtend at least a few tens of kpc in length. Their CMDs
indicate a similar metallicity of [Fe/H] ~ —1.3 (Ibata et al. 2007, 2014; Carlberg
et al. 2011; Bate et al. 2014). The most luminous of the outer halo structures
is the SW Cloud which Bate et al. (2014) estimate contains ~5.6 x 10° Lo or
equivalently My ~ —12.1. This luminosity is approximately 75 % of that expected
for the feature on the basis of its measured metallicity and the Kirby et al. (2011)
luminosity-metallicity relation. While this might indicate that a sizeable fraction of
the luminosity of the parent object has been detected, it remains unclear at present
whether these most distant halo features originate from distinct accretion events or
material torn off from a single progenitor. Indeed, an interesting question is whether
any of the outer halo debris can be traced to the accretion of the GSS progenitor.
Although the metallicity of these features is considerably lower than that of the core
of the GSS, it is a good match to that of the stream envelope (Ibata et al. 2007,
Gilbert et al. 2009).

It is curious to note that the dwarf spheroidal satellite And XXVII appears
projected on the upper segment of the NW Stream. Discovered by Richardson et al.
(2011), this faint (My ~ —7.9) system is highly morphologically disturbed and it is
tempting to speculate that it may be the source of the NW Stream debris. However,
the metallicity of the stream stars appears somewhat higher than that of the dwarf
galaxy which complicates the interpretation (Carlberg et al. 2011; Collins et al.
2013). Furthermore, Collins et al. (2013) note additional kinematic substructure in
the vicinity of And XXVII which is not yet understood.

Ibata et al. (2014) have recently conducted a global analysis of the large-scale
structure of the M31 halo using data from the PAndAS survey. Despite the presence
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of copious substructures throughout, they find that the stellar halo populations
closely follow power-law profiles that become steeper with increasing metallicity.
The smooth metal-poor halo component (defined as the population with [Fe/H] <
—1.7 that cannot be resolved into spatially distinct substructures with PAndAS), has
a global (3D) power-law slope of y = —3.08 £ 0.07 and an almost spherical shape,
but accounts for a mere ~5 % of the overall halo luminosity. By far, most of the
luminosity of the halo out to the edge of the PAndAS survey resides in moderate-
metallicity substructure. Ibata et al. (2014) estimate that the total stellar mass of the
M31 halo at distances beyond 2° is ~1.1 x 10'° Mg and that the mean metallicity
decreases from [Fe/H] = —0.7 at R = 30kpc to [Fe/H] = —1.5 at R = 150kpc
for the full sample. An alternative approach to studying the outer halo in M31 has
been taken by the SPLASH team who have obtained spectroscopy of RGB stars in
many pencil-beam fields extending out to 175 kpc (Guhathakurta et al. 2006; Kalirai
et al. 2006; Gilbert et al. 2006, 2012, 2014). In contrast to photometric studies, their
approach allows them to identify and remove kinematic substructure in their fields,
atleast out to 90 kpc. Although it is not possible to directly compare the results of the
PAndAS and SPLASH surveys, which are based on very different sample selections,
their inferences on the global halo properties of M31 appear to be largely consistent
(Ibata et al. 2014; Gilbert et al. 2014).

8.6 Globular Clusters as Probes of Tidal Streams in M31

An intriguing question regarding the substructures seen in the halo of M31 is
whether they show any degree of spatial correlation with members of the M31
GC system. This is motivated in part by the long-held suspicion that a substantial
number of the GCs in the Milky Way halo did not form in situ, but rather in small
satellite dwarf galaxies that subsequently fell into the Galactic potential well and
disintegrated. This idea was first suggested in the seminal paper by Searle and Zinn
(1978) and was spectacularly verified in the early 1990s with the discovery of the
disrupting Sagittarius dwarf, which is in the process of depositing at least five GCs
into the outer halo of the Milky Way (e.g., Bellazzini et al. 2003; Law and Majewski
2010; see also Chap. 2 of this volume). Modern studies of the Galactic GC system
have only served to add further weight to the assertion—it is now known that the
abundances, velocities, ages, horizontal branch morphologies, and sizes of perhaps
up to a third of Milky Way GCs are consistent with an external origin (e.g., Zinn
1993; Mackey and Gilmore 2004; Mackey and van den Bergh 2005; Marin-Franch
et al. 2009; Forbes and Bridges 2010; Dotter et al. 2010, 2011).

Historically almost all work on the M31 GC system has been confined to regions
comparatively close to the galactic center, typically within R ~ 20-25 kpc; however
the situation has changed thanks to the aforementioned wide-field mapping surveys
of M31. In particular, the INT/WFC and PAndAS surveys, but also to some extent
the SDSS, have facilitated the first detailed and uniform census of the outer halo GC
system of M31 (Huxor et al. 2005, 2008, 2011, 2014; Martin et al. 2006; di Tullio
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Zinn and Zinn 2013, 2014). Remote clusters are abundant in M31; there are now
more than 90 objects known to reside at projected radii beyond 25 kpc, 13 of which
sit outside 100 kpc in projection, with the most distant at ~140 kpc in projection and
up to 200 kpc in three dimensions (Mackey et al. 2010a, 2013b). This is many more
than are seen in the outskirts of the Milky Way—while the disparity in the number
of GCs in the Milky Way and M31 within ~25 kpc is roughly 3:1 in favour of M31,
outside this radius it is more like 7:1 in favour of M31 (Huxor et al. 2014).

Figure 8.8 shows the positions of all known M31 GCs plotted on top of the
PAndAS spatial density map of metal-poor RGB stars. In the outer parts of the
halo, where large, coherent tidal debris streams are readily distinguished, there is
a striking correlation between these features and the positions of a large fraction
(~50-80 %) of the GCs. Substantial numbers of clusters are seen projected onto the
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Fig. 8.8 Map showing extant radial velocity measurements for M31 outer halo GCs (large colored
dots), projected on top of the PAndAS metal-poor RGB map. Most of the outer halo GCs can be
seen to preferentially lie along stellar streams. Inner halo GCs from the Revised Bologna Catalogue
are shown as grey points. The GCs are colour-coded by their radial velocity in the M31-centric
frame (white points indicate those objects with no radial velocity measurement), and the inner and
outer dashed circles correspond to radii of 30 and 100kpc. A clear rotational signature is seen,
with GCs in the NE side of the galaxy receding while those in the SW quadrant approach us.
Additionally, coherent velocities are seen for GCs which lie along specific debris features, strongly
suggesting that the GCs have been brought into M31 along with their host galaxies
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NW Stream, the SW Cloud, the E Cloud, and the overlapping portion of Streams
C and D. There is, in addition, a statistically significant overdensity of clusters
(“Association 2”) sitting near the base of the NW Stream, that cannot (as of yet)
be identified with a visible tidal stream in the field halo.

Mackey et al. (2010b) have demonstrated that the probability of this global
alignment between clusters and streams arising randomly is low—well below 1 %
for a GC system possessing an azimuthally uniform spatial distribution. This implies
that the observed coincidence represents a genuine physical association and hence
direct evidence that much of the outer M31 GC system has been assembled via
accretion. Moreover, at least some of the properties of the accreted M31 GCs appear
to be consistent with those exhibited by ostensibly accreted Galactic members—
particular examples being those of younger ages (Mackey et al. 2013a) and extended
structures (Huxor et al. 2011; Tanvir et al. 2012).

The argument made by Mackey et al. (2010b) is based entirely on statistical
grounds; to determine on an object-by-object basis which GCs are associated (or
not) with a given substructure requires kinematic information. The most extensive
kinematic study of the M31 outer halo GC system to date is by Veljanoski et al.
(2013, 2014), who acquired spectra for 71 clusters outside a projected radius of
30kpc (representing 86 % of the known population in these parts); the velocities
of these objects in the M31-centric frame are color-coded in Fig.8.8. It can be
readily seen that GCs projected onto a given outer halo substructure tend to exhibit
correlated velocities (see left panel of Fig. 8.9 for an example). Those objects on
the NW Stream and SW Cloud reveal strong velocity gradients from one end of
the substructure to the other, while clusters on the E Cloud form a close group in
phase space. Members of the Stream C/D overlap area, and those in Association
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Fig. 8.9 (Left) Radial velocities for seven GCs that lie along the NW Stream. A clear signature of
radial infall is evident. (Right) GC velocities, in the Galactocentric frame and corrected for the M31
systemic motion, versus distance along the M31 major axis. GCs which lie along specific debris
features in the outer halo are colour-coded accordingly, while inner GC velocities taken from the
literature are shown in light grey. The outer halo GCs rotate in the same sense as the inner GCs
but with a somewhat smaller amplitude. The rotation is exhibited by the ensemble system of outer
halo GCs and is not driven by specific stream features. Both panels are reproduced from Veljanoski
et al. (2014)
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2, split into additional sub-groups by velocity. A remarkable feature of many of the
ensembles considered by Veljanoski et al. (2014) is the coldness of their kinematics,
with all GC groupings exhibiting velocity dispersions consistent with zero given the
individual measurement uncertainties. These results strongly reinforce the notion
that a substantial fraction of the outer halo GC population of M31 has been accreted,
and that these clusters trace the velocities of the tidal streams from their progenitor
systems. Indeed, while definitive measurements have thus far only been possible
for two substructures, the velocities of the GCs sitting on Stream C and on the SW
Cloud have been shown to be in excellent agreement with those of the underlying
stream stars (Collins et al. 2009; Mackey et al. 2014).

Figure 8.8 also demonstrates the surprising result that the M31 GC system
as a whole possesses bulk rotation—those GCs to the west of M31 appear to
systematically possess negative velocities in the M31-centric frame, while those
to the east typically have positive velocities. Veljanoski et al. (2014) compared
a variety of kinematic models to the data and found a rotation amplitude of
86+ 17kms™! around an axis aligned with the M31 optical minor axis provided the
best match. This rotation velocity is quite substantial—for comparison, Veljanoski
et al. (2014) also found evidence that the velocity dispersion in the cluster system
decreases from 1291'224% kms™! at 30 kpc to roughly 75kms™! at 100kpc. The right
panel of Fig. 8.9 further elucidates this rotation by showing the GC velocities in
the M3 1-centric frame as a function of projected radius along the major axis. It is
apparent that the rotation of the outer halo GC system is in the same sense as for
the inner halo clusters (and indeed the M31 disk), albeit with smaller amplitude.
Importantly, the rotation does not seem to be driven purely by clusters that sit on
the particular halo substructures nor by those sitting well away from any underlying
halo feature—both groups apparently share in the pattern equally.

Understanding the origin of the angular momentum in the outer halo GC system
of M31 presents a significant challenge. One possibility is if a large fraction of the
halo GC system was brought into M31 by just one relatively massive host galaxy on
alow inclination orbit. However, in this scenario it is difficult to explain the observed
presence of distinct dynamically cold subgroups of GCs as well as the typically
narrow stellar debris streams in the halo. Another possibility is that the outer halo
GC system results from the assimilation of several dwarf galaxies, but that these
were accreted onto M31 from a preferred direction on the sky. This scenario might
well be related to the recent discovery that many dwarf galaxies, both in the Milky
Way and M31, appear to lie in thin rotating planar configurations such that their
angular momenta are correlated (Ibata et al. 2013; Pawlowski et al. 2012). In this
context it is relevant that almost all of the dwarf galaxies thought to be members
of the planes presently observed in both M31 and the Milky Way are insufficiently
massive to host GCs, and furthermore that the rotation axes of the M31 outer halo
GC system and the M31 dwarf plane are misaligned with each other by ~45°.
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8.7 Tidal Streams from M31°’s Satellite Galaxies

M31 has a substantially richer satellite system than the Milky Way. Not only does it
possess more dwarf companions, but it also possesses several moderately luminous
ones: M33 with My = —18.8 and the four dwarf ellipticals (dEs) M32, NGC 205,
NGC 147 and NGC 185 with My = —15.5to —16.5 (McConnachie 2012; Crnojevié¢
et al. 2014). Tidal features are now known around nearly all of these systems,
indicating that they are in the process of depositing tidally-stripped stars into the
M31 halo.

The innermost satellites of M31 are M32 and NGC 205, which lie at M3 1-centric
distances of 25 and 42kpc, respectively (McConnachie 2012). These systems
overlap the main body of M31 in projection, a fact that has greatly complicated
detailed analyses of their outer structures. Nonetheless, diffuse light studies indicate
that both systems exhibit breaks in their surface brightness profiles which are
accompanied by sharp changes in isophotal ellipticity and position angle; such
behaviour is consistent with expectations for systems undergoing tidal interaction
and stripping (Choi et al. 2002; Johnston et al. 2002). Additionally, Ferguson et al.
(2002) present isopleth maps from a scanned deep photographic plate which reveal
the characteristic “S”-shape of tidal distortion in their peripheral regions. It is
therefore curious that kinematic studies support the existence of unbound stars at
large radii in NGC 205 but not in M32 (Geha et al. 2006; Howley et al. 2013).

Using resolved star count data from the INT/WFC survey, McConnachie et al.
(2004) detected a 15 kpc long stellar arc that emanates from the northern side of
NGC 205 before bending eastward back to the M31 disk. This discovery resulted
from the fact that the stellar loop consists of RGB stars that are slightly bluer than
the M31 inner halo stars and hence have enhanced contrast on metal-poor star count
maps. Unfortunately, the true nature of this feature remains controversial. While
McConnachie et al. (2004) detected a kinematic feature centered at —160km s~
with a dispersion of 10km s~ that they attributed to the NGC 205 loop, subsequent
re-examination of the data by Ibata et al. (2005) did not recover this cold component.
Instead, they argued that the kinematic properties of this feature were consistent with
the bulk motion of M31’s disk. Furthermore, Richardson et al. (2008) and Bernard
et al. (2015a) find that deep HST CMDs of this feature can be explained naturally
by a combination of heated disk and GSS debris, without requiring any additional
component of stars, while Howley et al. (2008) find the most likely orbit of NGC 205
to be incompatible with the location of the arc.

More recently, data from the PAndAS survey has been used to explore the outer
regions of the dE satellites NGC 147 and NGC 185 to extremely faint surface
brightness levels using resolved stars. Projected ~100 kpc north of M31, and lying
at M3 1-centric distances of 120 kpc and 180 kpc, respectively (McConnachie 2012),
these systems are sufficiently remote that contamination from M31 itself is minimal
and the main complication is the presence of substantial foreground Galactic
populations along their sightlines. Crnojevi¢ et al. (2014) trace both systems to
Mg ~ 32 mag arcsec™2 and show that they have much greater extents than previously
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recognized. As can be seen in Figs. 8.3 and 8.4, NGC 185 retains a regular shape in
its peripheral regions while NGC 147 exhibits pronounced isophotal twisting due to
the emergence of long symmetric tidal tails. Even neglecting these tails, NGC 147
appears more distended with an effective radius almost three times that of NGC 185.
In contrast to NGC 185, it also exhibits no metallicity gradient. These differences
in the structure and stellar populations of the dEs suggest that tidal influences have
played an important role in governing the evolution of NGC 147 but not NGC 185.
On the assumption that NGC 147, NGC 185 and nearby dwarf spheroidal CassII
form a bound subgroup, Arias et al. (2015) show that it is possible to find orbits
around M31 which result in substantial tidal disruption to NGC 147 but not the
other two systems.

M31’s most massive satellite is the low-mass spiral M33, lying almost 210 kpc
away (McConnachie 2012). Although no unusual structure was detected around
M33 in the early INT/WFC survey (Ferguson et al. 2007), the deeper PAndAS
data led to the discovery of a gigantic “S”-shaped substructure that surrounds the
main body of the galaxy (McConnachie et al. 2009, 2010). Traced to a projected
radius of 40kpc and p, ~ 33 mag arcsec™?, this feature coincides with a similar
feature that was detected in H1 (Putman et al. 2009). McConnachie et al. (2009)
used N-body simulations to conduct a preliminary exploration of the idea that this
is the signature of M33’s tidal disruption as it orbits around M31. They found that
a relatively close recent encounter could explain the appearance of this low surface
brightness substructure while satisfying the known phase space constraints of the
two systems. Specifically, they suggest that M31 and M33 came within 40-50 kpc
of each other roughly 2.5 Gyr ago, a hypothesis which is also consistent with the
more recent Local Group orbit modelling work of van der Marel et al. (2012). This
timescale is particularly interesting since the outer disks of both systems appear to
have experienced strong bursts of star formation at this time and there is evidence to
suggest the inflow of metal-poor gas (Bernard et al. 2012, 2015b). Thus, while more
detailed modelling of this interaction is clearly required, there is tantalising evidence
to suggest that it could explain a number of puzzling aspects about the M31-M33
system, such as the strong warps in both galaxies and the unusual synchronous burst
of star formation.

8.8 Summary and Future Prospects

The vast amount of work on the M31 halo over the past 15 years has led to an
exceptional situation where, in many ways, our knowledge of the peripheral regions
of that system far exceeds our knowledge of those regions in our own Milky Way.
Studies have been able to identify and characterise coherent debris streams in the
M31 halo out to projected galactocentric distances of ~120kpc, and detect and
map the properties of the ‘smooth’ halo out to ~150-200kpc. Even in the inner
halo (>50kpc), we have a much clearer understanding of the nature and origin of
the tidal debris, thanks to our external perspective. This can be contrasted with the
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situation in the Milky Way where many of the inner halo/outer disk structures are
very poorly understood (e.g., the Monoceros, Hercules-Aquila, Tri-And, and Virgo
overdensities; see Chaps. 3 and 4).

In comparison to the Milky Way, the M31 inner halo is littered with metal-rich
debris. Some of this material has been stripped from the GSS progenitor, while
the rest is likely to be material from the M31 disk heated by the recent impact
of this satellite. M31 may also have more outer halo tidal streams than the Milky
Way, although most Milky Way surveys to date have not had the sensitivity to
detect substructures in these parts. Additionally, M31 (1) has a higher fraction
of its total light in the halo component compared to the Milky Way (e.g., Ibata
et al. 2014; Gilbert et al. 2012), (2) is characterised by a smooth density profile
unlike the broken power-law of the Milky Way (Deason et al. 2013) and (3) has
a substantially larger population of halo GCs, many of which lie along streams
(Mackey et al. 2010b; Veljanoski et al. 2014). It is likely that these differences
result from the unique accretion histories experienced by the two systems. M31
may have experienced more accretions than the Milky Way, or it may simply have
experienced a more prolonged history of accretion. Indeed, there is a tantalising
similarity between the properties of the Sagittarius dwarf and those inferred for the
GSS progenitor—both are early-type galaxies with estimated initial stellar masses in
the range 0.5—1 x 10° M. The major building blocks of these halos may well have
been comparable, but their orbits and accretion times rather different. In this spirit,
it is worth speculating how the Milky Way and M31 halos would have compared to
each other ~2 Gyr ago, before the GSS progenitor entered M31’s inner halo.

A number of outstanding questions remain regarding the M31 system, and much
exciting progress can be expected over the next decade. Some of the most pressing
issues that remain to be addressed include:

e The development of a definitive understanding of M31’s most significant recent
accretion event: what was the true nature of the GSS progenitor and where is the
remnant now? How did it come to be on such an extreme orbit and how did it
survive in this state until ~1 Gyr ago? What is the explanation for the second
velocity component in the GSS and is there any connection between the GSS
progenitor and the similarly metal-rich component of Stream C?

e Understanding the origin of the outer halo debris. What and where are the
progenitors of the outer halo debris streams? Do these features result from one or
many accretion events? The associated GCs are likely to play an important role
in answering these questions, and also in using these streams to derive refined
estimates of the mass and potential of M31. While line-of-sight distances to
stream GCs are possible with HST observations, proper motion measurements
may be possible for the most compact objects with Gaia.

* Understanding the origin of the coherent rotation in the outer GC population, and
how it can be reconciled with the supposedly chaotic accretion of parent dwarf
galaxies into the halo. Additionally, do the underlying debris streams and the
smooth field halo also exhibit this rotation? Given the sparse nature of the stellar
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populations in these parts, very large-scale spectroscopy campaigns covering a
significant fraction of the halo will be required to answer these questions.

* Developing a holistic picture of M31’s evolution that links its accretion history
to its global evolution and current structure. There are fascinating hints that the
recent interaction and accretion history of M31 can explain a variety of puzzling
observations. The close passage of M33 could excite the strong asymmetric
warps and bursts of star formation observed in both systems, while the accretion
of the GSS progenitor could further disrupt the M31 outer disk, displace some
fraction of the disk stars into the halo and deposit a substantial amount of metal
rich debris in the inner halo. Much work is required to verify and fine-tune these
ideas and there is a particular need for further detailed N-body modelling.

* Searching for the edge of the M31 stellar halo. Tidal streams, field stars and
GCs have been found to the edge of the PAndAS survey, suggesting that they
could extend yet further. New wide-field mapping facilities such as Hyper-
Suprime Cam on the Subaru telescope will be required to efficiently explore
beyond the limit of PAndAS and may benefit from the use of specialised filters
to discriminate between foreground and M31 populations.
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Chapter 9
Stellar Tidal Streams in External Galaxies

Jeffrey L. Carlin, Rachael L. Beaton, David Martinez-Delgado,
and R. Jay Gabany

Abstract In order to place the highly substructured stellar halos of the Milky
Way and M31 in a larger context of hierarchical galaxy formation, it is necessary
to understand the prevalence and properties of tidal substructure around external
galaxies. This chapter details the current state of our observational knowledge
of streams in galaxies in and beyond the Local Group, which are studied both
in resolved stellar populations and in integrated light. Modeling of individual
streams in extragalactic systems is hampered by our inability to obtain resolved
stellar kinematics in the streams, though many streams contain alternate luminous
kinematic tracers, such as globular clusters or planetary nebulae. We compare the
observed structures to the predictions of models of galactic halo formation, which
provide insight into the number and properties of streams expected around Milky
Way like galaxies. More specifically, we discuss the inferences that can be made
about stream progenitors based only on observed morphologies. We expand our
discussion to consider hierarchical accretion at lower mass scales, in particular the
observational evidence that substructure exists on smaller mass scales and the effects
accretion events may have on the evolution of dwarf galaxies (satellite or isolated).
Lastly, we discuss potential correlations between the presence of substructure in the
halo and the structural properties of the disk. While many exciting discoveries have
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been made of tidal substructures around external galaxies, the “global” questions
of galaxy formation and evolution via hierarchical accretion await a more complete
census of the low surface brightness outskirts of galaxies in and beyond the Local
Group.

9.1 Introduction

Low surface brightness features, including “tails” and “bridges,” are visible in
highly disturbed galaxies that result from a major merger or strong encounter (Arp
1966; Toomre and Toomre 1972). Similarly, diffuse stellar streams and shells around
massive elliptical galaxies have been known for decades, and are attributed either to
the accretion of smaller disk galaxies (Quinn 1984) or to recent, “in-situ” star for-
mation from gas that was already contained within the galaxy (Fabian et al. 1980).
Schweizer and Seitzer (1988) extended these observations to early spiral galaxies,
and suggested that the “ripples,” as they called the shell-like features, were formed
through mass transfer from nearby galaxies, in addition to wholesale mergers.

It has only been in recent years, with the advent of wide-area, deep photometric
surveys, that the number and variety of stellar substructures (resulting from the tidal
disruption of dwarf galaxies and globular clusters in “minor mergers”) threading the
halos of the Milky Way and Andromeda (M31) galaxies has become apparent. These
stellar substructures can be studied in detail and together describe the hierarchical
merging history of the two dominant galaxies in the Local Group. However, placing
them in the broader context of cosmological galaxy formation models requires a
more general picture of halo substructure only feasible via the exploration of a large
number of more distant systems. Only with such a dataset in hand is it possible to
determine whether the Milky Way and M 31 have experienced ‘typical’ or ‘atypical’
merging histories (e.g., Mutch et al. 2011).

Models (e.g., Johnston et al. 2008; Cooper et al. 2010) predict that a survey
reaching a surface brightness of ~29 mag arcsec ™2 around ~100 galaxies outside
the Local Group should reveal many tidal features, perhaps as much as one
detectable stream per galaxy. However, a suitably deep data set that is sensitive
to low surface brightness features in a large number of galaxies does not yet exist,
leaving the observational evidence needed to test these predictions incomplete. In
the sections that follow, we will discuss the isolated discoveries of tidal debris
structures in external galaxies and their overall utility for elucidating general stellar
tidal features.

9.2 Stellar Streams: Detection Methods and Examples

Local Group galaxies, including the Milky Way and M31, can be dissected star
by star, and thus provide a laboratory for understanding the details of hierarchical
galaxy formation. However, it is unclear whether the Local Group galaxies represent
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typical evolution histories. To understand the place of the Milky Way and M31 in
the larger context requires studying tidal substructures in galaxies beyond the Local
Group, where resolving individual stars is difficult. In this section, we detail some of
the methods used to discover tidal debris features, including resolved and unresolved
stellar populations, and discuss the unique insights gleaned from some examples of
these structures.

9.2.1 Resolved Stellar Structures in the Local Group

The era of massive, deep photometric surveys has enabled the detection of tidal
debris structures within the Milky Way as stellar overdensities of carefully selected
tracers. The famous “Field of Streams” image from SDSS (Belokurov et al.
2006; reproduced in Chap. 1) mapped substructure using main sequence turnoff
(MSTO) starcounts to surface brightness limits of fainter than ~32 mag arcsec™2.
The identification of individual members of stellar streams enables extremely low
surface brightness features to be detected. This can be achieved by kinematical
selection of stream members (for example, via spectroscopic velocities), allowing
features in the Galactic halo containing fewer than ~1 red giant branch (RGB) star
per square degree to be identified. [For more on known substructures in the Milky
Way, see Chapter 4 of this volume.]

Likewise, in M 31, photometric selection of metal-poor RGB candidates removes
much of the contaminating background, and has allowed detections of features as
faint as ~30 mag arcsec™2, including the “giant stream” (Ibata et al. 2001) and other
low surface brightness features (e.g., Ferguson et al. 2002; see Chap. 8 for more
about M31). When individual stars can be resolved and spectroscopically vetted
in M 31, the measurement of surface brightnesses as faint as ~32 mag arcsec ™
is possible (see, e.g., Gilbert et al. 2012 and other results from the SPLASH
survey). Thus, we are able to probe both the Milky Way and M 31 to depths of
~32 mag arcsec”2, which is deep enough to sample most of the simulated halo
substructures seen in simulations (discussed further in Sect. 9.4).

9.2.2 Detection Methods in and Beyond the Local Group

Current ground-based telescopes are unable to resolve stellar tidal streams around
most galaxies beyond the Local Group into individual stars. Most of the streams that
have been found in external galaxies thus appear as elongated, diffuse-light regions
extending over several arcminutes on the sky. To map such tidal streams requires
deep imaging that is also sensitive to extremely faint surface brightness features;
the typical surface brightness of known stellar tidal streams is 27 mag arcsec ™2 or
fainter, depending both on the luminosity of the progenitor and the time they were

accreted (Johnston et al. 2008).
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Fig. 9.1 Left panels: images from the Sloan Digital Sky Survey of the nearby galaxies NGC 4013
(top) and M 63 (bottom). These images do not show any obvious signs of tidal streams in the halos
of these galaxies at the surface brightness limit of SDSS. Deep images of these same galaxies reveal
a low-latitude stellar stream around NGC 4013 (upper right panel; Martinez-Delgado et al. 2009)
and a giant tidal stream around the spiral galaxy M 63 (lower-right; Chonis et al. 2011). For
reference, a color inset of each galaxy’s central regions has been inserted atop the deeper
images. These images illustrate the value of deep, sensitive imaging (i.e., beyond that of SDSS)
for detecting the faint debris structures predicted by theoretical models in external galaxies
[Figure credit: D. Martinez-Delgado/R.J. Gabany/SDSS.]

Faint tidal features can be identified on sky-limited archival photographic plates
using a process called photographic amplification; the surface brightness limit is
even fainter if photographically amplified derivatives of several plates are combined
together (Malin 1981). Using these techniques (photographically or digitally) it is
possible to detect extended features to 28 mag arcsec ™2 from existing photographic
surveys (Malin and Hadley 1997). This depth is comparable to that achievable with
SDSS in Fig. 9.1.

Small, fast (i.e., low focal-ratio) telescopes (e.g., Martinez-Delgado et al. 2010;
van Dokkum et al. 2014) and modern CCD cameras are capable of imaging
unresolved structures in external galaxies to Xz ~ 29 mag arcsec 2. Detecting these
faint features requires very dark sky conditions and images taken with exquisite
flat-field quality over a relatively large angular scale. More specifically, stellar
streams are typical found at large galactocentric distances (15kpc < R < 100kpc,
or farther) and could be found out to a significant portion of the virial radius of the
parent galaxy (for the Milky Way or M 31, Ryiiam ~ 300kpc). Thus, surveys for
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stellar debris must produce images over large angular scales (from >30’ for systems
<10Mpc to ~15' for systems ~50 Mpc away). As an example, the survey strategy
employed by Martinez-Delgado et al. (2010) uses stacks of multiple deep exposures
of each target taken with high throughput clear “luminance” filters (transmitting
4000 A < A < 7000 A with a near-IR cut-off) with typical exposure times of
7-8h.

Recent deep, wide-field imaging surveys have focused on nearby spiral galaxies
that were suspected (based on existing data from, e.g., surveys such as POSS-II
or SDSS, or from amateur astronomical imaging) to contain diffuse-light over-
densities. To date, the combined observational efforts have revealed more than 50
previously undetected stellar structures in galaxies as distant as 80 Mpc. Figure 9.2
shows eight such galaxies from the survey of Martinez-Delgado et al. (2010),
illustrating the variety of tidal debris features—both in their morphologies and in
their projected radii. The central disks of the galaxies shown in Fig.9.2 are of
similar overall physical size, but the debris features can span large galactocentric

Fig. 9.2 Luminance filter images of nearby galaxies from the pilot survey of Martinez-Delgado
et al. (2008, 2010) showing large, diffuse light structures in their outskirts. These include tidal
streams similar to Sagittarius (upper right panel), giant plumes (middle panels in the top row),
partially disrupted satellites (top row, third panel from left), umbrella-shaped tidal debris structures
(middle two panels in the bottom row), enormous stellar clouds, prominent spikes, and large scale,
complex inner halos sprinkled with several debris features. A color inset of the disk of each galaxy
has been overplotted for reference. An illustrative comparison of these features to the surviving
structures visible in cosmological simulations is given in Martinez-Delgado et al. (2010), their
Fig. 2 [Figures reproduced by permission from Martinez-Delgado et al. (2008, 2010).]
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distances. The morphologies of the features include great circle streams resembling
the Sagittarius stream around our Galaxy (upper right panel of Fig. 9.2; Sagittarius is
discussed in Chap. 2 of this volume), isolated shells, giant clouds of debris floating
within galactic halos, jet-like features emerging from galactic disks, and large-scale
diffuse structures that may be related to the remnants of ancient, already thoroughly
disrupted satellites. The diversity in observed substructure morphology parallels that
seen in simulations (e.g., Johnston et al. 2008; Cooper et al. 2010). In addition to the
remains of satellites that are likely completely destroyed, there are a few examples
(e.g., Martinez-Delgado et al. 2012; Martinez-Delgado et al. 2014; Amorisco et al.
2015) of surviving satellites caught in the act of tidal disruption, displaying long
tails departing from the progenitor satellite (i.e., similar in spirit to observations in
the Local Group). The extraordinary variety of morphological specimens provides
strong evidence to support the hierarchical galaxy formation scenarios predicted by
cosmological models (e.g., Cooper et al. 2010).

9.2.3 Unresolved Features Beyond the Local Group

Prior to recent dedicated CCD searches, only a few cases of extragalactic stellar
tidal streams have been reported in nearby spiral galaxies. Malin and Hadley (1997)
found two possible tidal streams surrounding the galaxies M 83 and M 104 by
using special contrast enhancement techniques on plates obtained for wide-field
photographic surveys. Shortly thereafter, a study of the nearby, edge-on galaxy
NGC 5907 by Shang et al. (1998) employed deep CCD images to reveal an elliptical
loop in the halo of this galaxy, which they believed to be the remains of a tidally
disrupted galaxy similar in size to the Sagittarius dwarf galaxy (Sagittarius was at
that time a recent discovery in the Milky Way halo). Shang et al. also identified
another Sagittarius-like dwarf galaxy that they suggested might be interacting with
the disk of NGC 5907, causing the observed warp in HI. Their photometry reached
surface brightnesses of 28.6 and 26.9 mag arcsec™2 in R and I-bands, respectively.
More recently, NGC 5907 was imaged by Martinez-Delgado et al. (2008,
Fig. 9.3), revealing even fainter features of the stream. As shown in Fig. 9.3, this
stream is prominently visible as an interwoven, rosette-like structure traversing
nearly 720° around NGC 5907. Detailed N-body modeling suggests that all of
the features can be reproduced from the accretion of a single, low-mass satellite
galaxy, with the stream tracing two full orbits of its progenitor. The presence of
such a long stream confirms that a stellar substructure can survive several gigayears,
which though predicted by N-body simulations of tidally disrupted stellar systems
around the Milky Way (e.g., Law et al. 2005; Pefiarrubia et al. 2005) lacked
direct confirmation. Interestingly, the N-body model of Fig.9.3 was created using
a progenitor with orbital parameters similar those found for Sagittarius in the
Milky Way (Chap. 2). The model suggests that the fainter, outer loop material (blue
points in Fig.9.3) became unbound from its progenitor at least 3.6 Gyr ago. The
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Fig. 9.3 Left: deep image of the stellar tidal stream around NGC 5907 obtained with the 0.5-
m BBO telescope (Martinez-Delgado et al. 2008). The great-circle morphology of this system is
likely very similar to that of the Sagittarius stream in the Milky Way. Right: N-body model of the
NGC 5907 stellar stream. The satellite is realized as a King model with an initial mass, King core
and tidal radii of M = 2 x 108M, r. = 0.39kpc and r, = 2.7 kpc, respectively. Different colors
denote particles that became unbound after different pericentric passages, whereas black particles
are those that remain bound. The fainter, outer loop material (blue points) became unbound at least
3.6 Gyrs ago. For this particular model the orbital period is 7, = 0.9 Gyr [Figure reproduced by
permission from Martinez-Delgado et al. (2008).]

substructure in NGC 5097 is one of the most striking examples of an external great-
circle tidal stream to date.

While some galaxies have great-circle tidal streams that resemble the Sagittarius
stream surrounding our Galaxy (e.g., in NGC 5907: Fig.9.3, or NGC 4013 and
M63: Fig. 9.1), others have enormous structures that resemble open umbrellas, and
that extend over tens of kiloparsecs (e.g., the middle two panels in the bottom row
of Fig. 9.2). These structures are often located on both sides of the host galaxy, and
display long narrow shafts that terminate in a giant shell of debris (e.g., NGC 4651;
Foster et al. 2014). Another umbrella-like feature, dubbed the “dog leg stream”
(Amorisco et al. 2015), has a long narrow spoke (with an embedded progenitor)
that stretches to a radius of ~150kpc beyond the center of NGC 1097, terminating
in a “dog-leg” that appears like an umbrella feature with one half of the shell
missing (note that this system has other narrow plumes visible as well). With
such examples, we are beginning to see real streams around galaxies in the local
universe that resemble the menagerie of morphological features predicted by A-
CDM hierarchical structure formation models (e.g., Johnston et al. 2008; Cooper
et al. 2010; see also Chap. 6 of this volume).

While there have been numerous isolated discoveries of debris features around
external galaxies, there have been few large-scale systematic surveys to build
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a comprehensive census of halo substructures. Only such a survey can inform
simulations by providing estimates of the prevalence of streams of different
morphologies, and thus different progenitor masses, orbits, and infall times. One
systematic search by Miskolczi et al. (2011) analyzed 474 galaxies in SDSS and
found clear tidal features around 6 % of the galaxies, with 19 % exhibiting some
features above the surface brightness limit of ~28 mag arcsec™. From imaging
data in the Canada-France-Hawaii Telescope Legacy Survey, Atkinson et al. (2013)
find tidal features (including both minor and major merger events) around 12 %
of the galaxies imaged. Given that the A-CDM paradigm predicts that we should
see accretion relics around all Milky Way-sized galaxies, this ~10 % fraction from
the SDSS/CFHT studies would seem to suggest a significant deficit of detected
accretion events relative to predictions. However, as illustrated in Fig. 9.1 (see also
Fig.9.6), the surface brightness limits for most large scale surveys are simply too
shallow to reveal the complex webs of substructure both predicted in simulations
(e.g., Bullock and Johnston 2005) and observed locally in the Milky Way and
M31 (i.e., where u > 28 mag arcsec” > can be attained using resolved stellar
populations). However, it is puzzling that no tidal stream currently known in the
Milky Way or M31 is remotely as bright as the “faint limits” of these large
scale searches (Sagittarius—by far the brightest stream in the Milky Way—is only
~30 mag arcsec™? at about 30-40° from the core, according to Mateo et al. 1998).

9.2.4 Resolved Structures Beyond the Local Group

With large aperture facilities equipped with wide-field detectors, it is possible to
resolve individual stars in some tidal debris structures beyond the Milky Way and
M31. Perhaps the most spectacular example of this from ground-based observations
is the Milky Way analog NGC 891, at a distance of ~10Mpc, which was surveyed
by Mouhcine et al. (2010) with Suprime-Cam on the 8.2 m Subaru telescope. With
very long (>11-h) exposures, this study resolved stars to ~2 magnitudes below the
RGB tip in NGC 891, covering a ~90 x 90kpc area around the galaxy down to
i-band magnitudes fainter than 28th mag (see Fig.9.4). Surface density maps of
RGB stars show a complex of features looping throughout the halo of NGC 891,
suggesting that the halo of this galaxy contains numerous accretion remnants. The
disk of NGC 891 also appears to be “super-thick” (Mouhcine et al. 2010), providing
further evidence of recent accretion. Another recent example of deep, ground-based
observations is the study by Greggio et al. (2014), who mapped the density of RGB
stars in the halo of the spiral galaxy NGC 253 at a distance of 3 Mpc using deep Z-
and J-band imaging from the VISTA telescope. As a whole, Greggio et al. found that
the halo of NGC 253 is fairly homogeneous out to ~50 kpc, with the exception of a
~20kpc wide shell roughly 28 kpc from the plane that is interpreted to be the result
of a recent tidal interaction. While these ground-based studies are spectacular, the
extremely deep, large-area observations required to resolve individual RGB stars
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Fig. 9.4 Stellar density map of RGB stars with magnitudes 25.8 < iy < 27.0 over a ~90 x 90 kpc
region surrounding the Milky Way analog galaxy NGC 891. Multiple interlocking loops and arc-
like (“great circle”) features are visible over vast regions of the NGC 891 halo [Figure reproduced
by permission from Mouhcine et al. (2010).]

in the accretion relics highlight the difficulty (or perhaps impossibility) of doing
similar work for large numbers of Milky Way analogs.

Alternatively, space based telescopes can provide the necessary spatial resolution
and depth to trace extra-galactic substructures with individual stars, albeit over
significantly smaller angular scales than those on the ground (the HST+ACS field of
view is ~4’). The HST+ACS GHOSTS survey (Radburn-Smith et al. 2011) resolved
stars at the RGB tip and used them to map low surface brightness features (to
Xy ~ 30 mag arcsec™2) in the outer regions of 14 disk galaxies out to distances
of ~17Mpec. Bailin et al. (2011) began with GHOSTS images from HST for
the spiral galaxy NGC 253, and supplemented these with imaging over a much
wider field of view with Magellan/IMACS, reaching well below the RGB tip. They
estimated the total stellar luminosity of the NGC 253 halo to be roughly twice
that of the Milky Way or M31, and fit profiles to stellar densities out to ~30kpc
from the galaxy center. The shelf-like feature to the south that had been seen
by Malin and Hadley (1997) in photographic plates is clearly visible, as well as
other substructure at the ~kpc level. Thus, targeted follow-up, ground-based or
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space-based, for stellar streams discovered in integrated light has the potential to
build datasets complementary to those generated en masse for the Milky Way and
M 31, reaching appropriate physical spatial scales and surface brightnesses.

9.3 N-Body Modeling of Streams

We now turn to discussion of what can be learned from the identification and
subsequent theoretical modeling of tidal streams in galaxies beyond the Local
Group. In many of the examples illustrated in this chapter, we have shown N-body
models of disrupting satellites that roughly reproduce the observed morphology of
detected streams. For example, for the great-circle tidal stream around NGC 5907
(Fig.9.3), an N-body model that best replicates the morphology of the observed
stream requires a massive Sgr-like galaxy that has spread debris over at least three
orbits. If this is the case, then the complex stream structure seen around this galaxy
can be entirely explained by a single accretion event. However, due to the difficulty
in measuring kinematics for low surface brightness tidal streams (and, indeed, the
impossibility of measuring kinematics of individual stars) at several Mpc away,
models must be constrained solely by the observed morphology and the stellar
density along the stream. While the panoramic perspective we are afforded of these
systems offers many constraints on the properties of the progenitors and their orbits,
kinematics will ultimately be needed to fully characterize each accretion event.

It is possible that carefully chosen spectroscopic observations can derive bulk
kinematics of some tidal debris features around external galaxies. For example,
Sanderson and Helmi (2013) outlined a method to do this for tidal caustics (or
“shells”) via careful choice of spectroscopic fiber positioning and identification of
the tell-tale velocity signature. A much more promising avenue is to use intrinsically
brighter point-like tracers such as globular clusters, planetary nebulae, or HII
regions to elucidate debris structures. The densities of globular clusters have been
used (D’ Abrusco et al. 2015) to show large structures in the halos of Virgo cluster
galaxies that may be evidence of recent accretion events.

An example of a stream in a distant galaxy for which kinematics have been
measured and an orbit derived is that of the Umbrella Galaxy (NGC 4651). Foster
et al. (2014) followed up the low surface-brightness imaging of Martinez-Delgado
et al. (2010) with even deeper imaging from the Subaru/Suprime-Cam instrument.
Figure 9.5 shows images from this study, which reveal a “stick” feature extending
out to its terminus at a broad arc to the left of the main galaxy. On the opposite
side of the disk (right side of the upper panel in Fig.9.5), additional shell-like
features are clearly seen. Foster et al. (2014) estimated the total stellar mass in
the tidal debris to be ~4 x 103Mg, constituting about 1/50th the stellar mass of
NGC 4651. In addition, Foster et al. (2014) obtained spectra of candidate globular
clusters, planetary nebulae, and HII regions that are spatially coincident with the
substructures, and distinguished the kinematical signature of the accreted debris
(including a possible progenitor core) from the underlying galactic disk motions.
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Fig. 9.5 The stellar stream in NGC4651. Top: color image of the extensive tidal features in
NGC4651, including an “umbrella” and several shells of material. The stream has an exceptionally
blue color. Bottom left: several globular clusters (yellow circles), planetary nebulae (cyan
diamonds), and HII regions (black triangles) are found along the debris. These bright tracers permit
kinematical probes that greatly enhance the ability of N-body modeling (bottom right) to elucidate
the physical parameters of the accretion event [Lower panels reproduced from Foster et al. (2014),
upper panel credit: R.J. Gabany, modified from Foster et al. (2014).]

The orbit derived from these is rather radial (as expected for an umbrella-like
remnant; see Chap. 6 of this volume), with pericenter of only a few kpc, apocenter
of ~40kpc, and period of ~350 Myr. This implies that the ratio of total mass of the
progenitor and the whole of NGC 4651 is ~0.15, making this minor merger event
analogous to the Sgr accretion in the Milky Way (see Chap. 2) and the Giant Stellar
Stream in M31 (Chap. 8). While detailed exploration of parameter space has yet to
be achieved for this system, Foster et al. (2014) did adapt an existing N-body model
to show that some inferences can be made from analysis of the surface brightness
and velocities of the visible features and associated tracers.

As discussed in Chap. 7, the widths and surface brightnesses of streams that are
traced over a long portion of their orbits provide constraints on the number and sizes
of dark matter subhalos in the host galaxy’s halo (see, e.g. Ibata et al. 2002; Johnston
et al. 2002; Pefiarrubia et al. 2006; Siegal-Gaskins and Valluri 2008). These authors
show that the presence of dark matter subhalos in spiral galaxies would result in



230 J.L. Carlin et al.

progressive heating of tidal streams as a result of close encounters, and in fact gaps
may be swept out of streams by interactions with subhalos (e.g., Yoon et al. 2011;
Carlberg 2013; Erkal and Belokurov 2015; Ngan et al. 2015). As Pefiarrubia et al.
(2006) pointed out, the average number of dark matter substructures (and, thus, the
likelihood of encounters) in a Milky Way-like galaxy decreases monotonically from
z ~ 2 to the present, implying that “old” stream pieces like the ones visible in
external galaxies are more likely to reveal perturbations than recently stripped ones.
Tidal debris structures can also be used as kinematical tracers of the underlying
gravitational potential in which they are produced (e.g., Johnston et al. 2001; see
Chap. 7 for detailed discussion). This has been attempted in the Milky Way using
the Sgr streams (e.g., Law et al. 2005; Pefiarrubia et al. 2005; Law and Majewski
2010a; see Chap.?2 of this volume for more discussion of Sagittarius). The use of
streams beyond the Local Group may ultimately become fruitful for this purpose, as
they can be traced over multiple wraps, providing much stronger constraints on the
level of stream precession due to the flattening of the halo. Finally, old stream pieces
stretching over multiple orbital wraps allows us to study metallicity gradients in the
stream (and thus within the progenitor galaxy), as has been done for the Sgr tidal
stream (e.g., Bellazzini et al. 2006; Chou et al. 2007; Chap. 2 of this volume). All
of these techniques, and likely many others, applied to external galaxies provide
valuable constraints on the hierarchical process of galaxy growth and evolution
beyond what can be gleaned from our embedded perspective in the Milky Way.

9.4 Stellar Tidal Streams as a Galactic Formation Diagnostic

One of the main objectives of stream surveys in nearby spiral galaxies is to compare
the observations with cosmological simulations to ascertain whether the frequency
and surface brightness of the detected stellar streams are consistent with those
predicted by models. Observational modeling and theoretical understanding of such
diffuse and intricate features requires specifically tailored cosmological numerical
simulations. There are two main difficulties for these models: (1) sufficiently fine
mass and spatial resolution is needed to recover complex and delicate tidal features
around Milky Way mass halos; and (2) a sufficient volume is required to build
a statistically meaningful sample of host galaxies. To simultaneously meet these
two requirements, state-of-the-art cosmological simulations are needed. For this
reason, there are still a limited number of models of the stellar halos of Milky
Way-like galaxies. Examples include the models by Bullock and Johnston (2005,
also described in Chap. 6 of this volume) and high resolution models of individual
stellar halos for Milky Way-like galaxies based on the (dark matter only) Aquarius
suite of simulations.

Numerical simulations (e.g., Johnston et al. 2008; Cooper et al. 2010) can be
used as a guide to what we may expect; models suggest that remnants of recent
(0-8 Gyr ago) accretion events, which correspond to the last few tens of percent of
mass accretion for a Milky Way-like spiral, should remain visible as substructures
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in presently observable stellar halos. These models also make predictions about
what can be physically inferred from an external, “global” view of stellar halos.
For example, from the shapes of debris remnants, we can infer the basic dynamical
properties of the progenitor—Johnston et al. (2008) demonstrates that tidal debris
of different morphologies each occupy different regions in the time of accretion
vs. orbital eccentricity/energy plane (see their Fig.9.3), and that surface brightness
also gives evidence of both the time of accretion and the luminosity of a remnant’s
progenitor (see Fig. 4 of Johnston et al.). While this gives some general insight into
properties of the accretion events, there is considerable degeneracy in the inference
of such properties, which may best be thought of as providing reasonable estimates
upon which to base specific modeling of the accretion events.

Figure 9.6 compares the predicted morphologies of model debris structures from
Johnston et al. (2008) to observed structures in external galaxies, demonstrating that
we see examples of the remnants predicted by the models in the local Universe.

Fig. 9.6 Bottom row: externally-viewed snapshots showing the surface brightness of individual
accretion relics in models of Milky Way-like stellar halos by Johnston et al. (2008). The three
main morphological types identified in this study are illustrated: “great circle” streams (or “arcs”;
left panel) arise from satellites accreted ~6-10Gyr ago on nearly circular orbits; “cloudy”
morphologies (also dubbed “shells” or “plumes”; middle panel) arise from accretion events within
the past ~8 Gyr that fell in on eccentric orbits; and “mixed”-type tidal remnants (right) arise from
ancient (more than 10 Gyr ago) accretion events that have had ample time to fully mix along
their orbits. Top row: observational archetypes of each type of tidal debris from the survey by
Martinez-Delgado et al. (2010): great circle stream in NGC 5907 (left), shell-like features around
NGC 4651 (middle); and “mixed” debris near NGC 5866 (right panel) [Credit: D. Martinez-
Delgado/R.J. Gabany, using data from Johnston et al. (2008).]
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The classifications of debris structures suggested by Johnston et al. include:
“great circles”—streams that arise from satellites on nearly circular orbits that
were accreted ~6—10 Gyr ago; “cloudy” morphologies (also known as “shells” or
“plumes”) resulting from recently-accreted (less than ~8 Gyr ago) satellites that
were on rather destructive, radial orbits; and “mixed”-type tidal remnants from
ancient accretion events (more than ~10 Gyr ago) that have had time to phase mix
and become nondescript. While these simulations make detailed predictions about
the total number, frequencies, and specific properties of halo substructures, there is
no analogous observational data set to which these simulations can be compared
en masse. As demonstrated in Fig. 9.6, some observational examples of different
stream morphologies have been identified in the local Universe, including “great
circles” in NGC 5907 (Shang et al. 1998; Martinez-Delgado et al. 2008) and M 63
(Chonis et al. 2011; see also Fig.9.1), the “plume”-like feature (or “umbrella”) in
NGC 4651 (Martinez-Delgado et al. 2010), and a feature of “mixed” morphology
around NGC 1055 (Martinez-Delgado et al. 2010).

Generally, it is easiest to infer the physical properties of great circle streams,
as the great circle is a reasonable tracer of the progenitor’s orbit. Analytical
relationships derived by Johnston et al. (2001) may be used to estimate the accretion
time and total (dark matter+stellar+gas) initial mass of the progenitor of a stream
on a great circle. Surface photometry across streams in multiple filters can be used
to infer the stellar populations and total stellar mass for the stream (similarly to
integrated light mapping of stellar mass surface density in external galaxies; e.g.,
Zibetti et al. 2009). Variations in the optical colors along the stream can be used
to infer changes in the mean properties of the stellar populations, but are on the
whole less diagnostic than similar studies using resolved stars in the Local Group.
However, extraction of meaningful properties from the integrated light of streams
requires S/N > 5-10 above the local background fluctuations over a sufficiently
wide area to cover the full stream. Thus, not only must the image be deep, but
the backgrounds need to be well characterized. This can be seen in Fig. 9.1, which
shows that while hints of debris may be identifiable in SDSS imaging (e.g., Beaton
et al. 2014), extraction of physical properties requires deep, well-characterized
imaging.

Cooper et al. (2010) coupled the Aquarius simulations to a state-of-the-art semi-
analytic model known as GALFORM, which computes the properties (mass, size,
star formation history and chemical abundance) of the galaxy forming in each dark
matter halo. The GALFORM model is constrained through statistical comparisons
to collective properties of the cosmological galaxy population (for example, optical
and infrared luminosity functions), and by requiring that the surviving counterparts
reproduce the observed size-luminosity relationship for Milky Way dwarfs. To meet
these constraints, this technique demands fine-grained simulations such as Aquarius
in order to adequately resolve the star-forming cores of satellite halos. This approach
results in a set of dynamically self-consistent N-body realizations of stellar halos
and their associated tidal streams at a resolution beyond the reach of current hydro-
dynamical simulations (e.g., Abadi et al. 2006), and without the need to invoke many
of the approximations required by previous models (e.g., Bullock and Johnston
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2005). The individual star formation history of each satellite (and hence properties
such as stellar mass, luminosity and net metallicity) can be studied alongside the
full phase-space evolution of its stars.

Current models have sufficient numbers of particles to resolve the main con-
tributors of bright, coherent substructures that are similar to tidal features detected
in the current imaging surveys (e.g., Martinez-Delgado et al. 2010). Thus it is
possible to make sky-projected snapshots of these stellar halos from different
viewing angles and a selected photometric band. Each model halo has experienced
a unique merging history and provides predicted surface brightness, morphologies
and overall distribution of the observable streams, survival of the progenitors and
stellar populations (or mean colors), that can be compared with observational data.
These snapshots can be used as the input source for creating a mock catalogue
of synthetic images, which can be generated by adding simulated streams to real
images including all the observational effects of the telescopes (e.g., typical sky
noise, flat-field corrections, surface brightness limits, etc.) and contamination from
other galactic substructures (e.g., the stellar disk that is not directly simulated
by models of this type). An example of this technique using the Bullock and
Johnston (2005) models as input is shown in Fig. 9.7. These mock observations give
preliminary predictions for the level of substructure detectable in the stellar halo of
a nearby spiral for the typical surface brightness limits of current imaging surveys.
Moreover, additional observational properties, like chemical compositions (both
[Fe/H], [a/Fe]), can be explored as they relate to the other properties of substructure,
the most significant being the time since accretion and luminosity (or stellar mass),
as was done by, e.g., Font et al. (2006).

The Bullock and Johnston (2005) halos all have some structure visible at surface
brightnesses of ~27-28 mag arcsec ™. To surface brightnesses of ~29 mag arcsec ™
there is ~1 visible stream in each simulated halo, and typically about 2 vis-
ible streams above ~30 mag arcsec™2. The majority of the substructure, and
thus the majority of the accretion history, is at surface brightnesses fainter than
~30 mag arcsec”2. The degeneracy between the luminosity of the satellite, its
accretion time, and its surface brightness is studied in depth by Johnston et al.
(2008). Our inability to see the fainter streams, which were either accreted earlier or
come from lower luminosity progenitors, implies that our view of halo substructure
beyond the Local Group will be dominated by the most recent and/or most massive
accretion event, and, in either case, the most metal rich populations (Johnston
et al. 2008; Gilbert et al. 2009). Moreover, more massive accretion events tend
to preferentially populate the innermost regions of the halo (R < 30kpc), as
dynamical friction, which is more effective for more massive satellites, will cause
the orbit of the progenitor to degrade (Johnston et al. 2008). Thus, our view of
extragalactic tidal streams at relatively shallow surface brightness limits (i.e., those
of POSS and SDSS) is highly biased to a specific subset of accretion events that are
relatively rare for Milky Way sized galaxies.
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Fig. 9.7 Expected halo streams around a Milky Way-like galaxy from a simulation (Bullock
and Johnston 2005). The figure shows an external perspective of one realization of a simulation
within the hierarchical framework, with streams resulting from tidally disrupted satellites. The
snapshot on the left is 300kpc on a side (the virial radius for a Milky Way sized galaxy), and
illustrates the result of a typical accretion history for a Milky Way-like galaxy. Right panels:
theoretical predictions for the detectable tidal features in the same halo as the left panel, but
assuming three different surface brightness (SB) detection limits: A: [y, =28, B:i;m=29 and
C: Wim= 30 mag arcsec™2. Each snapshot is 100 kpc on a side. No discernible substructure is
predicted for surveys with SB limits brighter than ~27-28 mag arcsec™2 (e.g., POSS-II and
SDSS). This result also shows as the number of tidal features visible on the outskirts of spirals
depends dramatically on the SB limit of the observations. Moreover, the brightest substructures
tend to be from the most massive satellites, which sample relatively rare accretion events (Johnston
et al. 2008; Gilbert et al. 2009) [Figure credit: D. Martinez-Delgado. Left panel reproduced by
permission from Bullock and Johnston (2005).]

9.5 The Role of Interactions Within Dwarf Galaxy Halos

Hierarchical formation models predict substructure should exist on all scales, not
just around relatively massive galaxies like the Milky Way. Thus, exploration of
the extended stellar structures of dwarf galaxies should reveal similar tidal features
to those previously discussed. We first discuss the observational evidence for halos
around dwarf galaxies and, in particular, for substructure in dwarf galaxy halos.
Second, we discuss the impact that the creation of such substructures would have
on dwarf galaxies. Understanding the formation and evolution of dwarf galaxies is
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particularly vital to form realistic “initial conditions” for simulations and to make
highly detailed predictions of substructure properties. For many reasons, extra-
galactic systems are best suited for these explorations.

9.5.1 Observational Evidence for Substructure at Dwarf
Galaxy Scales

In the process of hierarchical structure formation, it is likely that some of the most
massive satellite dwarf galaxies themselves host their own, even smaller satellites
(dwarf spheroidals—*“dSphs”—or globular clusters). In the Milky Way, we know
that the most massive classical dwarf galaxies have globular clusters associated with
them—specifically the Large Magellanic Cloud, the Small Magellanic Cloud, and
the Fornax dSph (e.g., Forbes et al. 2000), as well as the Sagittarius tidal stream
(e.g., Law and Majewski 2010b). The most massive Milky Way satellite, the Large
Magellanic Cloud (LMC), is itself part of a bound pair of dwarf irregular galaxies
(with the Small Magellanic Cloud, or SMC). Thus, we would expect to find evidence
of tidal interaction around dwarf galaxies, analogous to the features we see in halos
of more massive galaxies. The majority of the dwarf galaxies in the Local Group are
satellites, which have experienced interactions with their more massive host. Thus, it
can be difficult to disentangle effects on the dwarf created during the accretion by its
parent from those it experienced before falling in. Studying external, isolated dwarf
galaxies may prove a more effective means of understanding the role of hierarchical
formation, including the role interactions may have in forming the Hubble sequence
at low masses.

In fact, many of the unique features of the LMC-SMC pair can be explained
by their binary interaction (e.g., Besla et al. 2012), including the spectacular 200°
Magellanic Stream in HI (Nidever et al. 2010). Binary pairs are somewhat rare, as
Robotham et al. (2012) find only two MW+LMC+SMC analog systems among the
Galaxy Mass Assembly (GAMA) galaxies. While only 3.4 % of GAMA galaxies
are MW+LMC+SMC analogs, 12 % of SDSS galaxies have LMC-like companions
(i.e., luminous satellite within 75 kpc; Tollerud et al. 2011), which suggests that
about one in four LMC-like satellites have a smaller SMC-like companion. The
relatively low fraction of LMC-SMC binary satellite systems supports a “transient”
nature, as detailed numerical simulations of the LMC-SMC suggest they may not
remain a bound pair for long (Besla et al. 2012). In fact, it has been suggested (e.g.,
D’Onghia and Lake 2008) that satellites should often fall in as pairs or in groups,
rather than individually, and the dwarf galaxies found at the edge of the Local
Group (representing future accretions) are grouped (e.g., Mateo 1998; McConnachie
2012). Thus, we would expect to find evidence of tidal interaction around dwarf
galaxies, analogous to the features we see in halos of more massive galaxies.

Wide-field optical and near-infrared imaging has revealed stellar halos around
many star-forming dwarf galaxies in and beyond the Local Group (see Stinson et al.



236 J.L. Carlin et al.

2009 for an extensive listing of many of these). While Stinson et al. determined
that these extended stellar envelopes are not likely to arise due to tidal interactions
with the (larger) host galaxies, it has not been determined whether they are the
result of interactions with smaller satellites. Large area surveys of the most massive
dwarf galaxies in the Local Group also indicate the presence of extended, “halo-
like” stellar populations at large effective radii, including M 33 (McConnachie et al.
2009), the LMC (Nidever et al. 2007), and the SMC (Nidever et al. 2011). Further
characterization, including full kinematic profiles, is necessary to determine if these
extended structures are lower mass versions of the halos found around Milky Way
sized galaxies.

One of the many probable dwarf galaxies discovered by Karachentsev et al.
(2007) was an elongated feature near the dwarf irregular galaxy NGC 4449 in
Digitized Sky Survey (POSS-II) plates (denoted as object “d1228+4358” in their
catalog). NGC 4449 is a dwarf starburst galaxy with an irregular morphology,
with luminosity (My = 18.6) similar to that of the LMC, but with much stronger
and more widespread ongoing star-formation activity. Its cold gas and HII regions
exhibit peculiar kinematics (Hartmann et al. 1986; Hunter et al. 1998), suggesting
that it may have recently interacted with another galaxy. Using deep, wide-field
imaging around NGC 4449, Martinez-Delgado et al. (2012) definitively identified
the Karachentsev et al. feature as a dwarf galaxy undergoing accretion by NGC 4449
(see Fig.9.8). This new dwarf galaxy was also seen by Rich et al. (2012) in a
similar deep-imaging survey, which revealed the dwarf (dubbed NGC 4449B) and
its S-shaped morphology that is characteristic of disrupting satellites. After fitting
and subtracting a halo model, Rich et al. showed additional arcs and possible disk
ripple features in the residual stellar surface brightness maps, along with evidence
for a break in the surface brightness profile of the NGC 4449 stellar halo. The
morphology, size, luminosity, and surface brightness profile of the newly discovered
stream/dwarf, along with evidence of tidal features in the NGC 4449 halo and outer
disk, was suggested by Rich et al. (2012) to result from a dwarf (NGC 4449B) that
is on its first passage, and passed near the center of its host ~10% yr ago. Thus,
NGC 4449 is the first direct evidence of hierarchical structure formation similar to
that seen in Milky Way-type galaxies, but on the mass scale of dwarf galaxies.

9.5.2 Implications of Dwarf-Dwarf Interactions

It is worth noting that the first stream from a dwarf-galaxy accretion event was found
around one of the most intensely star-forming nearby galaxies. This leads one to
wonder whether such accretion events are common among dwarf galaxies in recent
epochs. It is possible that exact analogs to this stream have not been noticed in POSS
or SDSS images because they are uncommon. However, another explanation is that
the majority of such structures are fainter, more diffuse, or at a larger radius than
the NGC 4449 stream, and thus await future detection. If streams as in NGC 4449
are common around dwarfs, they re-ignite classic ideas about galaxy interactions
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Fig. 9.8 The stellar stream around the dwarf galaxy NGC 4449. Left: greyscale image from
Martinez-Delgado et al. (2012) with a color inset for the galaxy, which clearly indicates the
presence of an S-shaped tidal stream approximately 7 kpc in length. There is no clear association
with any of the existing HI gas features (Hunter et al. 1998). Right: Subaru telescope sub-arcsecond
resolution image of the stellar stream (Martinez-Delgado et al. 2012). This is one of the few extra-
galactic stellar streams that has been resolved into individual stars, which provides direct probes
of its stellar populations [Figure reproduced by permission from Martinez-Delgado et al. (2012).]

triggering starbursts. Given the high rates of star formation in dwarf galaxies, it is
natural to ask if satellites are responsible. Surveys along these lines have produced
mixed results (Noeske et al. 2001; Brosch et al. 2004; Li et al. 2008), but these
studies were not looking for objects like the detected dwarf satellite of NGC 4449—
a gas poor, low-surface brightness analog to the Local Group dSphs—and did not
probe appropriate depths to find these objects. Regardless of the implications for
starbursts, evidence from NGC 4449 and the Fornax dSph, which shows traces of
having swallowed a smaller dSph (Coleman et al. 2005), suggests that accretion of
even smaller building blocks is a viable avenue for direct assembly of dwarf galaxy
stellar halos.

It has been proposed that dSphs orbiting massive galaxies such as the Milky Way
may be the result of “pre-processing” which is a term for the effects of interactions
within groups of dwarf galaxies (e.g., D’Onghia et al. 2009). More specifically, it
has been suggested that the dSphs were once gas-rich, rotationally supported objects
like the field galaxies (i.e., similar to NGC 4449) whose properties were modified
into the gas-free, dispersion supported dSphs via interactions with companions.
This is a compelling scenario for the class of dwarf galaxies in the Local Group
known as “dwarf Transition” objects (see Mateo 1998; Grebel 1999; among others),
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whose properties are intermediate between those of dIrrs and dSphs. Evidence of a
dwarf-dwarf interaction in NGC 4449, in conjunction with the known HI streams
around this dwarf galaxy, may thus demonstrate such a process in action. Moreover,
Nidever et al. (2013) identified an HI filament associated with the M 31 dwarf
satellite IC 10. The dynamics and orientation of the stream are inconsistent with
the orbital parameters of IC 10, and Nidever et al. (2013) suggest that the stream
and other atypical HI features in the IC 10 disk could be explained via interaction
with a “stealth” companion.

Wetzel et al. (2015) used the ELVIS simulations to explore the frequency of
“pre-processing” for satellites within a simulated Milky Way host and found that
nearly half of all satellites with stellar masses less than 10° solar masses were pre-
processed in a more massive satellite halo. More generally, satellites with lower
stellar masses or those closer to their host are more likely to have undergone pre-
processing. Recent observational work for the Milky Way and M 31 also provides
hints of associated satellites or debris, including potential satellites with similar line-
of-sight velocities (e.g., Chapman et al. 2007; Martin et al. 2009; Tollerud et al.
2012) and potential kinematic associations between substructures (e.g., Deason et al.
2014). While these initial probes are tantalizing, full phase space realizations of
these objects that are only permitted via precision distances and proper motions are
required to fully explore these associations locally. Moreover, though it is tempting
to explain morphological transitions with dwarf-dwarf interactions, there is signifi-
cant degeneracy with other physical processes that can alter HI morphologies even at
large radius in a group environment; for instance the effects of ram pressure from the
hot gaseous halo can be quite dramatic (see case studies in McConnachie et al. 2007;
Kenney et al. 2014), and many isolated gas-poor dwarfs could be the result of “fly-
by” interactions with their host (see Teyssier et al. 2012). However, the HI debris
created by dwarf-dwarf interactions and ram pressure are different, and finding more
dwarf galaxies in “distress” will reveal the relative importance of these processes,
which also have implications for their halo substructures.

A dramatic example of an ongoing dwarf-dwarf interaction was seen by Paudel
et al. (2015), who found a pair of dwarf galaxies connected by a 15kpc stellar
bridge. The HI disk for one of the galaxies is “completely destroyed” and there are
several knots of star formation that have global properties similar to either young
globular clusters or ultra-compact dwarf galaxies. The Paudel et al. (2015) dwarf-
dwarf merger bears a striking resemblance to a scaled down version of equal mass
mergers at larger total masses. The importance of dwarf interactions in shaping
stellar populations of low-mass galaxies is highlighted in a recent systematic,
multi-wavelength study of the relative star formation rates in interacting pairs of
dwarf galaxies (TiNy Titans, or TNTs) by Stierwalt et al. (2015). This work found
clear evidence of star formation enhancement (by a factor of ~2.3 £ 0.7) among
paired dwarfs relative to their unpaired counterparts. This enhancement occurs even
in interacting pairs that are isolated by D > 1.5Mpc from their nearest massive
neighbor, showing that galaxy interactions are a frequent driver of enhanced star
formation even outside the influence of larger galaxies. The Stierwalt et al. (2015)
study also finds a factor of ~3 increase in the fraction of paired dwarfs that are



9 Stellar Tidal Streams in External Galaxies 239

starbursting relative to single dwarfs, further highlighting the role of interactions
in triggering star forming episodes. Thus far, though, stellar tidal debris signatures
of these dwarf-dwarf interactions have not been identified. [Note that this study is
limited to pairs of mass ratio (M;/M;)s« < 10, while the disrupting companion to
NGC 4449 has about 1/50th its stellar mass (Martinez-Delgado et al. 2012).]

9.6 Induced Star Formation, Disk Structure, and Tidal
Streams

Simulations of structure formation on galactic scales in the prevailing ACDM
paradigm predict that Milky Way-sized host galaxies should accrete several massive
satellites from z >~ 1 to the present. We now consider the effects of these interactions
on the disk of the parent galaxy. Given the significantly shorter dynamical timescales
in the disk, the potential effects of a even a minor accretion event could be profound.
In particular, such events could incite abnormal structures in dissipational HI disks,
either creating features after a pass through or creating large scale, global distortions
in the HI structure. In the stellar component of the disk, the effects could be both
more subtle and more long lived.

One example of a burst of star formation in a Milky Way-like galaxy with an
associated recent accretion event is seen in NGC 5387 (Beaton et al. 2014; note
that NGC 5387 can be considered a Milky Way analog based on its properties, but
contains about an order of magnitude less mass than the MW). This system shows
a low surface-brightness feature in SDSS imaging that was explored with deeper
imaging by Beaton et al., who found a stellar stream extending over at least an
entire orbital wrap, with median surface brightness of ~24.5 mag arcsec™ in R-
band (see Fig. 9.9). This stream has a redder color than the typical stellar populations
of NGC 5387, and contains a total stellar mass of ~6 x 108Mg. Coincident with
the position of the stream’s crossing of the NGC 5387 disk is a “blue overdensity”
that is not only blue in optical colors, but is producing a large FUV flux as well.
Evidence from the FUV flux as well as follow-up spectra obtained by Beaton et al.
(2014) suggests a very recent (~8 Myr ago) star formation event of total stellar
mass 2.5 £+ 1.3 x 10’M. Beaton et al. conclude that this blue overdensity is a
complex of multiple HII regions produced by star formation either induced in the
disk by the minor merger event, or in the dwarf galaxy progenitor of the stream
itself. Whichever scenario is shown to be true, it is clear that the blue overdensity
and its associated tidal stream represent star formation induced by the accretion of
a satellite about 1/50th the mass of its host.

The presence of tidal streams encircling galaxies with warped disks (see, e.g.,
Martinez-Delgado et al. 2008) may suggest satellite galaxy perturbations as the
origin of those disk features (e.g., Velazquez and White 1999; Weinberg and Blitz
2006). This suggests that promising galaxies to search for extragalactic tidal streams
are those that display disk asymmetries in optical or HI images that may result from
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Fig. 9.9 Images of the stream and associated blue overdensity in NGC 5387. The left panel is the
R-band image from the VATT, with the SDSS color image inlaid in the central regions, and clearly
shows a full wrap of tidal debris about the disk of NGC 5387. The right panel shows a merged
image composed of the SDSS, VATT, and GALEX FUV images, which more clearly highlights
the blue overdensity near the northernmost edge of the disk of NGC 5387. The inset in the right
panel is a schematic highlighting the disk in dark gray, the stream as a lighter gray loop, the blue
overdensity as a blue circle, and two foreground stars [Reproduced from Beaton et al. (2014).]

gravitational interaction with the tidally disrupting companions. One striking case
of such a system is NGC 4013, an isolated spiral galaxy with a prominent HI warp
(Bottema et al. 1987) that has been revealed by deep imaging (Martinez-Delgado
et al. 2009) to contain a faint loop-like stellar tidal stream at fairly low inclination
to the disk (see the upper panels of Fig. 9.1). The sky-projected morphology of this
structure displays a remarkable resemblance to an edge-on view of models of the
Monoceros Ring feature (see Chap. 3) in the Milky Way as a tidal debris structure
(Pefiarrubia et al. 2005). This suggests that the progenitor system of the NGC 4013
stream may have been a low-mass satellite on a low-inclination, nearly-circular
orbit that was accreted approximately ~2.8 Gyr ago. Stellar streams have also been
discovered in the warped spiral galaxies NGC 5907 (Martinez-Delgado et al. 2008,
see also Fig. 9.3) and M 63 (Chonis et al. 2011; see also Fig. 9.1), showing that disks
that are apparently undisturbed as seen in the optical, but warped in HI maps, may
reveal signatures of recent accretion events in deep imaging surveys

It has been shown that such accretion events should lead to strong warping,
flaring, and thickening of an initially cold stellar disk (Kazantzidis et al. 2008),
and to the generation of bars and spiral structure (e.g., Toomre and Toomre 1972;
Gauthier et al. 2006; Dubinski and Chakrabarty 2009; Purcell et al. 2011). Such
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perturbations may also lead to the formation of long-lived, ring-like stellar features
in the outer reaches of the disk that may extend several kiloparsecs from the disk
plane, and have surface brightnesses in the range of 25-30 mag arcsec™2 (see Fig. 6
of Kazantzidis et al. 2008). Indeed, observations in the Milky Way are uncovering
wave-like perturbations in the disk in stellar densities (Widrow et al. 2012; Yanny
and Gardner 2013; Xu et al. 2015) and velocities (Gomez et al. 2012a,b; Carlin et al.
2013; Williams et al. 2013), with an accompanying array of simulations predicting
the formation of such features (e.g., Chakrabarti and Blitz 2009; Michel-Dansac et
al. 2011; Purcell et al. 2011; Gémez et al. 2013; Faure et al. 2014; Widrow et al.
2014). Evidence for dynamically heated populations is not unique to the Milky
Way—Dorman et al. (2013) have identified a kinematically cold population in the
halo of M31.

9.7 Future Prospects

While the study of tidal streams from major mergers/encounters (1:3 mass ratio)
or even minor encounters (1:3—1:10 mass ratio) is an old field, the extension of
these studies to those streams formed by satellite galaxies, a.k.a., micro-mergers
(mass ratio <1:10), is a relatively new area of exploration. Study of mergers on
this mass scale provide a direct way of addressing some open questions on galactic
formation and evolution. In the last decade, the observational effort has yielded an
unprecedented sample of bright stellar streams in nearby spiral galaxies, including
the discovery of observational analogs to the canonical morphologies found in N-
body models of stellar halos (Johnston et al. 2008; see Chap. 6). This offers a unique
opportunity to study in detail the apparently still dramatic last stages of galaxy
assembly in the local universe and to probe the anticipated estimates of frequency of
tidal stellar features from the A-CDM paradigm for MW-sized galaxies. Moreover,
these discoveries demonstrate the need for deep, wide-field imaging that pushes
fainter than current surveys in order to visualize external galaxy halos on par with
the highly substructured portrait of our own Milky Way and M 31. Such studies
will address the following key questions (among others) on several aspects of
hierarchical galaxy formation:

* How many tidal debris features still exist as recognizable substructures in nearby
spiral galaxies?

 Is the abundant number of stellar streams exceptional in the Local Group spirals,
and are tidal streams as common as predicted by cosmological models?

* At what rate are stellar streams still forming in the local Universe?

* Are the tidal stream properties (e.g., mean surface brightness) observed in the
local Universe consistent with predictions from A-CDM simulations?

e What can we learn about baryonic processes within dark matter halos from
observations of these stellar halo substructures?
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* What is the (stellar) mass spectrum of the streams, and hence the mass spectrum
of the progenitor satellites?

e What is the fraction of halo stars attributable (within data limitations) to distinct
structures?

* Do all dwarf galaxies contain evidence of hierarchical accretion, and what is the
role of such interactions in forming the progenitors of streams in larger galaxies?

* Do streams (or their progenitor satellites) contribute to disk heating and the
formation of morphological perturbations observed in nearby galaxies?

* What is the incidence of low-inclination streams and what is their role in re-
shaping the outer disks of nearby spiral galaxies?

The study of external tidal streams also has the potential to tackle a significant
number of other topics that are the focus of current astrophysical research (e.g.,
stellar populations of halos, the resilience of the disks involved with minor
mergers, accretion of globular clusters, induced star formation in streams, near-
field cosmology, satellite dynamics, dark matter halo shapes, etc.). In particular, the
interpretation of global properties of galaxy halos and outer disks from resolved
stellar populations (from, e.g., the Hubble Space Telescope survey GHOSTS;
Radburn-Smith et al. 2011, or the CALIFA high-resolution spectroscopy survey of
nearby stellar systems; Sanchez et al. 2013) requires understanding the role and
prevalence of tidal debris in galaxy halos. In addition, studying stellar population
gradients along tidal streams via deep HST photometric data (see, e.g., Aloisi et al.
2005) will render important constraints on the effect of tides on the stellar formation
history of dwarf galaxies. The panoramic view of tidal streams in external galaxies
also offers an excellent opportunity to demonstrate tidal stripping of globular
clusters formed in satellite galaxies, which may correspond to an important fraction
of the globular cluster population of the host, as earlier proposed by Searle and Zinn
(1978). Ultimately, the ideal scenario would require resolving stellar populations in
large numbers of galaxies at distances of 10-20 Mpc, which will be feasible in the
next one or two decades with 30-m class ground-based telescopes or the proposed
suite of space-based instrumentation.

Finally, the future census of tidal streams and their properties will also provide
an essential framework for exploring whether the Milky Way is a template for
the archetypal spiral galaxy. The next generation of galactic surveys (LSST) and
future astrometric space missions (Gaia) will dissect the structure and formation of
the Milky Way with unprecedented detail, leading to a revolutionary improvement
of our understanding of the Galaxy. In this regard, the study of these structures
in external systems will be complementary in interpreting this local Galactic
archaeological data in the context of galaxy formation and evolution, providing
unique data in order to quantify how typical the Milky Way is with respect to other
nearby galaxies of its type.
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