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Abstract
The Local Group is a natural laboratory for investigating the formation and evolution of galaxies and com-
paring the observations with theoretical studies. According to the widely accepted lambda cold dark matter
(ΛCDM) model, galaxies have hierarchically experienced multiple merging events with less massive galax-
ies and have grown. Therefore, a snapshot of the Local Group should record a history of the hierarchical
structural formation of the universe. In fact, recent photometric and spectroscopic observations in the Milky
Way (MW) and the Andromeda galaxy (M31) have revealed a variety of stellar debris and stellar streams
because of such merger events. In this thesis, we directly target observed tidal streams in the M31 halo and
investigate the formation history of them and the nature of dark matter (DM) halo.

The ΛCDM theory has been remarkably successful in explaining the large-scale structure in the universe,
but several serious discrepancies with observations have arisen below the galaxy scale: the “core-cusp
problem” (e.g., Moore 1994; Burkert 1995; Navarro, Frenk & White 1996), the “missing satellite (sub-
halo) problem” (e.g., Moore et al. 1999; McConnachie 2012), and “alignment of satellite problem” (e.g.,
Ibata et al. 2013). As often discussed in the core-cusp problem at the inner region of galaxies, cosmological
simulations have suggested that the spherically-averaged density profiles of DM halos have a universal
shape (e.g., Navarro, Frenk & White 1996, 1997; Diemand, Moore & Stadel 2004). As for the density
distributions in the outermost region, the mass-density mostly decreases with the cube of the radius (ρ(r) ∝
r−3) from the center. That is to say, the outward region of a galactic DM halo is the excellent laboratory to
examine the prediction of the CDM model. However, it is extremely difficult to measure the mass-density
distribution in the outer region of a galaxy because the stellar and/or gas density is too low to detect even
with the latest instruments. Consequently, the theoretical prediction has not yet been carefully confirmed
by observations. In the first half of Part I, we investigate outer density distribution of the DM halo in the
M31 by modeling the formation of observed two stellar shells and the giant southern stellar stream (GSS),
which extends over 100 kpc in M31’s DM halo. We focus on the physics that varying gravitational potential
of M31 changes the evolutional timescale of the merger remnants and forms appropriate structures. The
difference of the timescale changes surface mass-density ratios among the two shells and GSS, which have
been produced by a single merger event. To reproduce the observed merger remnants, it needs that the
power-law parameter α (defined as ρ(r) ∝ rα ) is within −4.3 < α < −3.0. The results suggest that the
outer density profile of M31’s DM halo is steeper than that of the CDM halo predicted by cosmological
N–body simulations (α = −3).

In the last half of Part I, we examine the nature, possible orbits, and physical properties of the progenitor
of the North-western stream (NWS), which is a slender stellar stream locating on the M31 halo reported by
the Pan-Andromeda Archaeological Survey (PAndAS) in McConnachie et al. (2009) and Richardson et al.
(2011). Such a stream can be used to study the missing satellite problem, which is a serious difference



between the number of CDM halos and that of discovered satellite galaxies in galactic scale halos. It is,
in general, difficult to determine the progenitor’s orbit precisely because of many necessary parameters.
We here assume the progenitor was an accreting dwarf galaxy with globular clusters. Recently, Veljanoski
et al. (2014) reported five globular clusters whose positions and radial velocities suggest an association
with the stream. We use this data to constrain the orbital motions of the progenitor using test-particle
simulations. Our simulations split the orbit solutions into two branches according to whether the stream
ends up in the foreground or in the background of M31. Upcoming observations that will determine the
distance to the NWS will be able to reject one of the two branches. In either case, the solutions require
that the pericentric radius of any possible orbit be over 10 kpc. Furthermore, we estimate the efficiency of
the tidal disruption and reject the notion that the progenitor could have been a globular cluster previously
thought. The progenitor at least requires the mass >∼2×106M� and half-light radius >∼100 pc. In addition,
we perform N-body simulations that succeed in reproducing the extent, width, and position of the NWS
and the line-of-sight velocities of globular clusters in the NWS.

In Part II, we again focus on the GSS. Previous N–body studies have enjoyed moderate success in pro-
ducing the observed GSS and stellar shells in M31’s halo. The observed distribution of stars in the M31’s
halo shows an asymmetric surface brightness profile across the GSS; however, the effect of the morphology
of the progenitor galaxy on the internal structure of the GSS requires further investigation in theoretical
studies. To investigate the physical connection between the characteristic surface brightness in the GSS
and the morphology of the progenitor dwarf galaxy, we perform the first large systematic survey of a mi-
nor merger with a disk satellite progenitor galaxy. In the N–body simulations, we systematically vary the
thickness, rotation velocity, and initial inclination of the disk dwarf galaxy. The formation of the observed
structures appears to be dominated by the progenitor’s rotation. Besides reproducing the observed GSS and
two shells in detail, we predict additional structures for further observations. We predict the detectability
of the progenitor’s stellar core in the phase-space density distribution, azimuthal metallicity gradient of
the western shell-like structure and an additional extended shell in the north-western direction that may
constrain the properties of the progenitor galaxy.

A major part of this thesis is based on Kirihara, Miki & Mori (2014), Kirihara et al. (2017), and Kirihara,
Miki & Mori (Submitted to MNRAS Letter).
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Chapter 1 Introduction

1.1 Magnificent scenery of the M31’s halo
The Local Group is a natural and unparalleled laboratory for investigating the structure, origin, and

evolution of galaxies and comparing the observations with numerical and theoretical studies. The Local
Group consists mainly of Milky Way (MW), Andromeda galaxy (M31), and their satellite galaxies. M31 is
the nearest disk galaxy located 780 kpc away from the MW (Font et al. 2006). Including their neighboring
dwarf galaxies, the distribution within 1 Mpc from the gravity center of the local galaxy group is called
the Local Group. By studying the spatial, kinematic, and metallicity distributions of sub-structures such
as dwarf satellite galaxies, globular clusters, and tidal debris in their host halo, we can probe formation
history of galaxies, the density profile of the host galaxy, and accretion history of massive black holes
(MBHs) associated with satellite galaxies. In the systems, it is also possible to resolve each star. This
unique condition helps us to understand their formation histories.

According to the widely accepted cold dark matter model, a snapshot of the Local Group should provide
significant clues to the hierarchical structural formation of the Universe. Only recently, deep and wide-field
observations of M31 revealed that the outer region of M31 shows a wealth of stellar substructures. The
Pan-Andromeda Archaeological Survey (PAndAS) is a program using the Canada-France-Hawaii Telesco
(CFHT) (McConnachie et al. 2009; Martin et al. 2013). The survey covered approximate 400 square degrees
within the projected radius from M31’s center of 150 kpc. It surveyed in the g- and i-bands which can
resolve individual stars in M31 to depths of g = 26.5 and i = 25.5, respectively. Owing to the observations,
the number of discovered dwarf galaxies approximately approached 30. Moreover, numerous substructures
were discovered in the M31 halo. Fig. 1.1 shows the stellar distribution in the M31 halo produced by
PAndAS (Martin et al. 2013). In Fig. 1.2, major substructures are outlined and named. Their formation
histories and understandings are described in the following sections.

Approximate 100 globular clusters have been found in the outer halo (R > 25 kpc) of M31 including 12
globular clusters at distances larger than 100 kpc in projection (Huxor et al. 2014). The number of globular
clusters outer the radius is ∼ 7 times greater than that of globular clusters in the MW. As for the inner region
(R < 25 kpc), the number of globular clusters in M31 is approximately three times greater than that of in
the MW. Using the data within a half of PAndAS observed region (Rproj > 30 kpc), Mackey et al. (2010)
reported that 27 globular clusters of the 61 globular clusters lie on the observed substructures. Their result
suggests that major part of remote globular clusters originates accretion of satellite galaxies associating
globular clusters.

Not only the dispersed globular clusters, but also some globular clusters were newly discovered in dwarf
galaxies. For example, NGC 147 and NGC 185 look to associate nine and five globular clusters, respectively
(Veljanoski et al. 2013a). It needs to be confirmed kinematically whether the satellite galaxies bind a part
or all of the globular clusters. Also, Irwin et al. (2008) reported three globular clusters lie near a faint dwarf
spheroidal galaxy And XVII, which has a V -band magnitude of MV =−8.5, a stellar mass of 2.6×105M�,
and a mean metallicity of [Fe/H] =−1.9 (McConnachie 2012). These conditions tempt us into considering
that the bimodality of globular clusters in metallicity distribution (Searle & Zinn 1978, for the MW) is
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Fig. 1.1: Stellar distribution in the halo of M31 produced by PAndAS (Martin et al. 2013). The colors
describe the photometrically determined metallicities of [Fe/H] = −0.7 (red), −1.4 (green), and −2.3
(blue). The two white dotted circles correspond to distances 150 kpc from M31 center and 50 kpc from
M33 center. The M31 disk and M33 disk picture-images are inserted. The names of the various structures
are shown in Fig. 1.2.

originated to the different between in situ formation of globular clusters in MW and the accreted population
originated in dwarf galaxies.

1.2 Giant Stellar Stream, North-Eastern Shell, and Western Shell

1.2.1 Observations

In the halo of M31, the most significant stellar stream, which is later named giant southern stream (GSS),
was firstly discovered in a photometric survey with the Wide Field camera on Issac Newton Telescope
(INT/WFC) (Ibata et al. 2001). They surveyed the south-eastern half (within 2◦.5 ∼ 34 kpc in projection
along the minor axis) of the M31 halo, and the observations reached i-band magnitude i = 23.5 and V -band
magnitude V = 24.5. The stream lies close to the southern minor axis, and its average V-band surface
brightness within the observed range was estimated to ΣV ∼ 30±0.5 mag arcsec−2.

McConnachie et al. (2003) intensively sampled eight fields (see Table 1.1) roughly aligned to the GSS and
measured distance to the GSS using the I-band magnitude of the tip of the red giant branch with the Canada-
France-Hawaii Telescope (CFHT). The ξ and η point the eastward and northward directions centered on
M31’s center in the sky, respectively. In this coordinates, 1◦ in angle corresponds to approximately 13.6 kpc.
Their result showed the GSS extends over 100 kpc into the background of the M31 halo. Later Conn et al.
(2016) re-measured distance to the GSS using the i-band magnitude of the PAndAS data set. Their result

4



1.2 Giant Stellar Stream, North-Eastern Shell, and Western Shell

Fig. 1.2: Stellar density map of the M31 halo (Lewis et al. 2013). Fundamental information is those
of Fig. 1.1. Major substructures are outlined and named. The dashed curves indicate the edges of the
north-eastern and western shells (Irwin et al. 2005; Fardal et al. 2007).

represented the distance to the GSS lies on approximately 30 kpc this side compared with the earlier results.
Irwin et al. (2005) reported full stellar count map, which we mainly use their stellar count map in this work,
observed with the INT/WFC. Their map covers a 4◦ elliptical region of the semi-major axis with an aspect
ratio of 5 : 3 and an additional ∼ 10 deg2 extension towards the south of M31.

Line-of-sight velocity distribution of the GSS explicitly informs feature of the GSS. Ibata et al. (2004)
measured approximately 100 stars in each field of the GSS (McConnachie et al. 2003) spectroscopically
with Keck 2 telescope. The spectroscopic measurements allowed us to reproduce the GSS by numeri-
cal simulations. Kalirai et al. (2006) reported secondary feature of the GSS which offsets approximately
100 km s−1 faster than the main body of the GSS at H13s (21 kpc in projection from M31’s center).

By the velocity dispersion (. 23 km s−1) in the GSS, the lower mass of the progenitor was roughly
estimated to be 108M� (Font et al. 2006). Also, measured high metallicity of stars (〈[Fe/H]〉=−0.5 dex) in
a region (a3: Guhathakurta et al. 2006) demands a massive satellite galaxy, which has the mass of 5×109M�

if we follow the mass-metallicity relation in the Local Group (Dekel & Woo 2003).
Ferguson et al. (2002) reported a metal-rich feature which the GSS has a similar high-metallicity exists at

the south of the north-eastern side of the M31 disk. The feature was identified as a shell-like structure using
Irwin’s stellar count map analyzed with Sobel-filter, which can detect edges (Fardal et al. 2007). Owing to
their analysis, its companion shell feature was discovered on the western side of M31. The approximate
radius of the shells is 30 kpc.

5
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Table. 1.1: Position of the observed regions of the GSS (McConnachie et al. 2003; Guhathakurta et al.
2006)

field name ξ (◦) η (◦) Distance (kpc)
a3 1.077 −2.012 850

field 1 2.015 −3.965 886
field 2 1.745 −3.525 877
field 3 1.483 −3.087 860
field 4 1.226 −2.653 855
field 5 0.969 −2.264 840
field 6 0.717 −1.768 836
field 7 0.467 −1.327 829
field 8 0.219 −0.886 780

Ferguson et al. (2002) discovered significant overdensities lying close to both major axes with INT/WFC
survey. One is named G1 clump, which lies south-western side of the M31 disk [(ξ ,η) = (−1◦.5,−1◦.8)]
because it locates in the very massive globular cluster G1. Bekki & Chiba (2004) examined the formation
of G1 assuming the progenitor to be a dwarf elliptical galaxy. They showed that highly disrupted dwarf
galaxy leaves the central core in the halo of the host system. Later there exist ∼ 10 globular clusters in the
G1 clump (Mackey et al. 2010). Another one is named Northern Spur, which lies north-eastern side of the
M31 disk [(ξ ,η) = (0◦.8,1◦.8)].

Ibata et al. (2007) obtained the metallicity distribution in the southern area of M31 from color-magnitude
diagrams. They suggested a clear metallicity difference between an eastern high-surface-brightness region
(metal-rich) and a faint western region (metal-poor) of the GSS. Based on the CaII triplet absorption lines,
similar trends appear in spectroscopic measurements of the metallicity distribution in the GSS (Gilbert et al.
2009).

Stream B [(ξ ,η) =(4◦,−4◦)], Stream C [(ξ ,η) =(3◦.5,−2◦.5)], and Stream D [(ξ ,η) =(2◦.5,−2◦.0)],
which were newly discovered faint stellar streams (see figure 23 of Ibata et al. 2007, or Fig. 1.2). They
lie on the east side of the GSS and are almost perpendicular to the direction of the GSS direction. They
roughly estimated the total luminosity of the streams: Stream B has ∼ 1.0 × 107L�; Stream C has ∼
1.4× 107L�; Stream D has ∼ 9.5× 106L�. Chapman et al. (2008) measured the metallicity and line-of-
sight velocity of these above streams with Keck 2 telescope. They measured the metallicity of Stream D
to be [Fe/H] = −1.1±0.3. Furthermore, they discovered two parties of stars within Stream C. One of the
two population contains nine metal-rich stars ([Fe/H] ∼−0.7) at line-of-sight velocity of −349.5 km s−1,
and the other contains seven stars ([Fe/H]∼−1.3) at line-of-sight velocity of −285.6 km s−1. The velocity
dispersions of the stars are too small (∼ 5 km s−1) to explain with a single merger, which originated to
the same progenitor of the GSS. Gilbert et al. (2009) remeasured the Stream C and fitted the velocity
distributions of the two populations using a double-Gaussian function. They reported that the metal-poor
component ([Fe/H] = −1.31± 0.18 dex) has mean line-of-sight velocity of −255 km s−1, and the metal-
rich component ([Fe/H] = −0.79±0.12 dex) has mean line-of-sight velocity of −355 km s−1. Conn et al.
(2016) measured the distance and metallicity along the Stream C, Stream D, and GSS. They used the tip
magnitude of the red giant branch stars and the fitting of the color-magnitude diagram in each sampled
region. Their result clearly showed that the metallicities of the Stream C and Stream D are more metal-poor
than the GSS.

6
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Veljanoski et al. (2014) measured line-of-sight velocities of outer halo globular clusters in M31 and
reported that a part of the globular clusters has kinematically coherent velocity distribution. For example,
the North-western stream and South-western cloud have five and three such globular clusters, respectively.
Furthermore, there are 9 globular clusters at the northern end of Stream C and Stream D where the two
streams overlap in projection. They found there are two kinematically distinct parties. As described above,
however, the formation histories including progenitors of the two streams are completely unknown. We then
do not know which population belongs to Stream C or Stream D. A few globular clusters lie along Stream
C and Stream D, and their line-of-sight velocities were already measured (Mackey et al. 2010; Veljanoski
et al. 2014). Also, Mackey et al. (2014) measured the line-of-sight velocity of stars within the South-west
cloud and found that the line-of-sight velocity of a globular cluster within the South-west cloud is consistent
with the debris. In the second half of Part I, we use line-of-sight velocities of globular clusters along the
North-western stream to investigate the formation history of the stellar stream. A similar approach in this
thesis will be able to apply these streams.

1.2.2 N–body simulations

Progenitor’s physical properties (mass, concentration, and morphology), progenitor’s orbit, and global
gravitational potential of M31 are necessary information to investigate the formation history of the GSS.
Here, we note a brief history of the numerical approach using N-body simulations to the GSS formation.

The first numerical approach to reproduce the GSS was an integration of test particle orbits (∼400 orbits)
in some M31 potential models (Ibata et al. 2004). Font et al. (2006) performed the first systematic survey
of test particle orbits in an M31 potential, with constraints of distance and line-of-sight velocity of the GSS,
and limited the probable orbits to produce a stream alike the GSS. Until then, the numerical simulations
were performed only to produce the stellar stream.

The trilogy (Geehan et al. 2006; Fardal et al. 2006, 2007) has provided a significant progress in the
research of the GSS formation. In the first part of the works, they constructed a bulge-disk-halo model of
the M31 and nicely fitted the observed surface brightness profiles of the disk and bulge of M31 and the
velocity dispersion of M31 bulge. Using the gravitational potential, they showed some sample of N-body
simulations, which produced the GSS and other substructures, in the second paper. One difficulty for the
demonstration was they could not expect which substructures are the same origin as the GSS. Fardal et al.
(2007) reanalyzed Irwin’s stellar count map with Sobel-filter and discovered a new shell-like structure on
the western side of M31. We list the analyzed positions of the edges of the shells in Table 1.2, and use
the data for our quantitative analysis. They then assumed a spherical Plummer model for the progenitor
with a mass of 2.2×109M� and a scale radius of 1.03 kpc, which the model was carefully compared to the
observed properties (metallicity, mass, and velocity dispersion of stars) of the GSS and those of the nearby
dwarf galaxies (Dekel & Woo 2003). Under the conditions, they demonstrated a minor merger between a
dwarf galaxy and M31, and then they exhibited the formation of the GSS, North-eastern shell, and Western
shell at the same time. Most of the later studies have based on the most or a part of their results.

Their studies motivated us to investigate the global gravitational potential of M31 using the GSS. Geehan
et al. (2006) constructed the bulge-disk-halo model of the M31 and nicely fitted the baryonic systems (bulge
and disk) of M31, but the practical limitation was only for the inner region of M31 (. a few tens kpc). We,
therefore, deal here with the outer density profile of the dark matter halo of M31 (chapter 3).

We here demonstrate a plausible formation process of the GSS and both shells. Fig. 1.3 shows the
time evolution of the surface mass-density distribution of the disrupted dwarf galaxy in the sky coordinate.
The details of this N-body simulation are described in § 6.4.1. The progenitor galaxy initially located in

7
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Table. 1.2: Position of the observed edges of the North-eastern and Western shells (Fardal et al. 2007)

ξ (◦) η (◦) Rproj (deg)
North-eastern shell

1.95 1.46 2.43
1.96 0.93 2.17
1.91 0.59 2.00
1.86 0.41 1.91
1.78 0.31 1.81
1.70 0.17 1.71
1.45 −0.01 1.45

Western shell
−0.56 1.61 1.70
−1.03 1.49 1.81
−1.45 1.16 1.85
−1.58 0.97 1.86
−1.78 0.47 1.84
−1.87 0.17 1.87
−1.92 −0.31 1.94
−1.95 −0.56 2.03

the north-western area of M31 and collided almost head-on with M31 (Fig. 1.3a). The simulation results
indicate the satellite galaxy experienced the first pericentric passage approximately 0.7 Gyr ago. Then,
the distribution of satellite particles is distorted and is spread out significantly. The progenitor was then
disrupted, and satellite particles significantly spread into the south-eastern area (Fig. 1.3b). This debris
expands to a great distance, forming collimated stellar stream called the GSS. Simultaneously, some of the
debris falls and enters the western side of the center of M31. After the second pericentric passage, the
debris widely spreads into a fan called the north-eastern shell (Fig. 1.3c). Immediately, part of the debris
moved to the western area, constructing a similar shell called the western shell (Fig. 1.3d).

Mori & Rich (2008), for the first time, simulated the minor merger with a live N-body M31 system using
4× 107 particles. The purpose of their study was to examine the dynamic response of the interaction be-
tween M31 and a dwarf galaxy, and they concluded a less massive progenitor (. 5×109M�) is appropriate
for the GSS progenitor. The condition avoids too much perturbing the M31 disk.

Using Bayesian sampling of parameter space, Fardal et al. (2013) constrained the mass of the progenitor,
its orbital model, and the M31 mass with kinematic data of the GSS and North-eastern shell and distance
to the GSS. In their simulations, progenitor model was assumed to a Plummer sphere. They also argued
the current position of the central material of the progenitor on the sky. Central 100 lowest-energy particles
were selected initially, and a large part of them currently distribute in the North-eastern shell region. How-
ever, their restriction was very poor and was within approximately 4◦×4◦. Miki et al. (2014) systematically
evaluated the infalling orbit of a spherical progenitor galaxy. They adopted the shape and size of the both
shells as the criteria of the orbit models and limited the possible orbital parameters within a narrow range
including the orbit proposed by Fardal et al. (2007). The tight constraint originates from the strength of
the tidal force exerted by the M31’s bulge and the passage duration of the central region of M31. Their
result suggests that the progenitor must be almost entirely disrupted to form the GSS and both shells. In the
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Fig. 1.3: Formation process of the GSS, eastern shell, and western shell. Colors show the surface mass-
density distribution in the sky of the disrupted dwarf galaxy at 0.9, 0.6, and 0.3 Gyr ago and current epoch.
The inclined elliptical line traces the shape of M31’s disk. Square symbols indicate the observed fields of
the GSS (see Table 1.1). Circles are the edge positions of the both shells (see Table 1.2).

orbit survey, they predicted the current position of an MBH initially centered at the center of the progenitor
dwarf galaxy, and the position is within 0.6◦×0.7◦ on the sky.

Signs of gaseous interaction in M31 has motivated us to consider a merger with a dwarf galaxy which
contained gas. Because disk galaxies frequently contain gaseous components, the morphological type of
the GSS progenitor has been a significant problem. Though there have been no hydrodynamical simulations
for this merger, few disk satellite models have been tried to reproduce the GSS (Fardal et al. 2008; Sadoun,
Mohayaee & Colin 2014). For example, Fardal et al. (2008) reported two arc-like structures on the eastern
side of the GSS (they resemble streams C and D in Ibata et al. 2007). They failed to produce observed
surface brightness profile across the GSS, and we describe the morphological type in detail in Part II. Miki,
Mori & Rich (2016) examined the stellar mass and concentration of the GSS progenitor assuming a king
sphere and constrained the mass (5× 108 M� < Msat < 5× 109 M�) and central surface density around
103 M� pc−2. They also reported the third shell, which was discovered as the secondary feature of the GSS
(Kalirai et al. 2006; Gilbert et al. 2009).

Only Hammer et al. (2010) considered a major merger event that has produced a variety of tidal debris

9



Chapter 1 Introduction

(including the GSS) forming M31 itself. However, at present, there has been almost no restriction on its
spatial and velocity distribution of the GSS. The minor merger scenario has been the most widely accepted
scenario for producing the GSS.

1.3 North-Western Stream
By the PAndAS program, a radial overdensity, which extends approximately 100 kpc, was discovered

along the northwest minor axis of the M31 disk (McConnachie et al. 2009; Richardson et al. 2011). Carlberg
et al. (2011) assumed a stellar stream lying in the north direction of M31 (NW1 in Fig. 1.2) connects to the
North-western stream. Although they commented a dwarf galaxy And XXVII might be the progenitor of
the stream, they modeled the progenitor of the North-western stream as a globular cluster and performed
N-body simulation to discuss stream gaps.

The luminosity of the North-western stream is 4.3× 105L� if sum over the red giant branch stars in
the stream (Carlberg et al. 2011). They then estimated the total luminosity of the North-western stream
(7.4× 105L�) assuming the distance of the stream to be the center of M31 and the luminosity function to
be the globular cluster M12 in the MW (Carlberg et al. 2011). Using color-mangitude diagram fitting, Ibata
et al. (2014a) measured photometrically identified metallicity distribution of the whole observed region of
PAndAS binning the metallicity of −0.60 <[Fe/H] < 0.00, −1.10 <[Fe/H] < −0.60, −1.70 <[Fe/H] <

−1.10, and −2.50 <[Fe/H] < −1.70. The North-western stream is clearly shown in the metallicity bin
with −1.70 <[Fe/H] < −1.10.

Its distance and kinematics including line-of-sight velocity have not been reported, and its total extent
and mass are not well established due to its faintness. Despite the large scale, as a result, little is known
about the formation history of the North-western stream.

Huxor et al. (2005) discovered a new population of three star clusters in the M31 halo. They have
globular cluster like colors and V -band luminosities, but their half-light-radius are approximate 30 pc which
is much larger than well-known globular clusters in the MW. Such clusters are called extended clusters. Two
extended clusters are lying along the North-western stream (Mackey et al. 2010). One of the two clusters
might be the core of the progenitor of the stream.
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Chapter 2 Structure Formation of the Universe

2.1 Hierarchical Structure Formation of the Universe
The cold dark matter (CDM) model, which is the standard paradigm for cosmological structure for-

mation, predicts that galaxies have experienced many mergers with less massive galaxies and have grown
larger. In the early universe, it was almost uniform, but there was a slight deviation from uniformity “fluctu-
ation”. The place where density fluctuation was high grew denser and denser due to gravitational instability.
Cluster of galaxies and galaxies formed in this way inhabit an almost spherical DM halo. They have grown
through mergers of smaller halos. There is a filamentary flow of material between halo and halo. In the
past two decades, such structure formation scenarios have been vigorously examined using cosmological
N–body simulations. In particular, they have explained the statistical nature of the large-scale structures
(>∼ Mpc) (e.g., the spatial distribution of galaxies and cluster of galaxies).

The Local Group, which surrounds the MW and M31, has also grown in such a hierarchical structure
formation. Bullock & Johnston (2005) demonstrated the formation process of stellar debris in MW-scale
NFW DM halo including the growth of host halo via the hierarchical merging of DM halos. They semi-
analytically included the increase of the mass of the host DM halo as a function of redshift as has been seen
in the cosmological N-body simulations. They considered about 100−200 minor mergers though they ran
individual N-body simulations for each evolution. Therefore, the effect of satellite-satellite interactions was
neglect. Under these conditions, they suggested that smooth stellar halo and numerous stellar streams and
shells have produced in the host system. On the other hand, owing to Sloan Digital Sky Survey (SDSS)
wide-area photometric observations, we obtained the nature of the MW halo within approximate 30 kpc
from the galactic center. They have discovered many remnants of minor mergers. In recent years, moreover,
a deep photometric observation throughout the M31 halo revealed many stellar debris including stellar
streams extending to the outermost region (∼ 150 kpc) of the halo (see, Chapter 1).

As rotation curves of disk galaxies indicate, DM component dominates concerning mass of a galaxy
(Widrow, Perrett & Suyu 2003; Sofue 2015). MW and M31 and their satellite galaxies can be an excellent
probe to understand the nature of DM because we can accurately measure the motion of stars in the gravi-
tational potential of parent DM halo. In particular, a major part of dwarf galaxies is DM dominant system
with a mass-to-luminosity ratio of 10−1000 and can be a significant tool. However, the typical size of DM
halos is approximate 10 times greater than that of the stellar component such as their disk. Therefore, it
should be noted that the structure information of DM halo obtained through the motion of stars is basically
limited to the inner region of the galaxies.

It has been well studied that massive galaxies harbor massive black hole (MBH) at their center. Moreover,
the masses of MBHs correlate with the mass and velocity dispersion of their host spheroidal components
such as ellipticals and bulge of spiral galaxies (Magorrian et al. 1998; Gültekin et al. 2009). This fact has
led us to believe that a central MBH has increased its mass through merging of MBHs which are originated
in satellite galaxies. Baldassare et al. (2015) presented a small central MBH with a mass of ∼ 5×105M�

lies on the correlation. In the case of our targeting satellite galaxy as the GSS progenitor, it might hold a
central MBH. Miki et al. (2014) explored the location of the MBH in the M31 halo via numerical approach,
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and Kawaguchi et al. (2014) estimated the detectability of the radiation spectra which are emitted from the
surrounding gas of the MBH. In this thesis, we propose that a stellar core bounding the MBH will be easily
detected with phase-space distribution of stars (see Part II).

2.2 Small Scale Crisis of the Local Universe
The ΛCDM cosmology has excellently matched variable observations on large scales (> a few Mpc).

However, several serious discrepancies between the CDM predictions and observations have been discussed
on smaller scales (<∼1 Mpc): missing satellites (sub-halo) problem, core-cusp problem (the inner slope of
density profile of DM halos), and satellite plane. We now briefly introduce the small scale crisis between
simulations and observations.

N-body simulations produce many DM halos, which are expected to have a universal shape (Navarro,
Frenk & White 1996, 1997; Diemand, Moore & Stadel 2004, and references therein). The resultant density
distribution is approximately fitted as a spherically-averaged density profile of

ρNFW(r) =
ρs

(r/rs)(1+ r/rs)2 , (2.1)

where rs and ρs are the scale radius and scale density, respectively. This radial density profile is widely
accepted distribution of CDM halos called Navarro–Frenk–White (NFW) profile (Navarro, Frenk & White
1996). This profile has a cuspy structure like r−1 the density of which diverges near the center of the halo.

In the aspect of numerical calculation, problems of mass resolution and spatial resolution have been dis-
cussed afterward, and understanding of the central region of DM halo has progressed by increasing the
number of particles. Increasing the number of particles pointed out that the halo center prefers more cuspy
profile as the power-law slope (from −1.4 to −1.5) (Fukushige & Makino 1997; Moore et al. 1998). There
also has been great discussions about the mass-density distributions between simulated and observed ha-
los. van Eymeren et al. (2009) examined central slopes of the DM density profile of nearby irregular or
spiral galaxies with H I gas and fitted their rotation velocities by cuspy NFW and cored pseudo-isothermal
profiles. Their results showed that observed galaxies favored cored profile rather than cuspy profile. This
well-known issue is the core-cusp problem which is the mismatch of the observationally inferred central
density distributions of DM halos when compared with theoretical predictions (Moore 1994; Burkert 1995;
Navarro, Frenk & White 1996; Fukushige & Makino 1997; Moore et al. 1998; van Eymeren et al. 2009;
Navarro et al. 2004; Ishiyama et al. 2013; Ogiya et al. 2014, and references therein). One possible theoreti-
cal approach to solving this problem is considering baryonic effect such as supernovae feedback (Ogiya &
Mori 2011; Oñorbe et al. 2015). This is based on an idea that the movement of gas changes the gravitational
potential at the central region of a halo and causes cusp-to-core transformation. It has been pointed out that
cosmological simulation including bursty star formation can also obtain a halo with a core profile (Oñorbe
et al. 2015). Due to their complex and diverse feedback, however, the essential physics is hard to see, and
we have not reached a conclusion. Moreover, it has still been ambiguous whether the density distribution
near the halo center has a core profile obtained from the motion of stars in dwarf galaxies (Fattahi et al.
2016).

There exists the missing satellites problem. Cosmological N–body simulations based on the ΛCDM the-
ory have predicted that numerous sub-halos are in a host halo. The simulated number is 100−1000 in MW
and M31 size galaxies (Moore et al. 1999; Ishiyama, Fukushige & Makino 2009). On the contrary, only
2− 3 dozens satellite galaxies have discovered in these galaxies (McConnachie 2012), and this disagree-
ment is well-known as missing satellite (sub-halo) problem. There are two ways of thinking for prospects,
one is reducing the number of halos in simulations, and the other is not being identified as galaxies. As
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the former, it has been pointed out that when the mass resolution of the numerical calculations is low, less
massive halos tend to be identified (Ishiyama, Fukushige & Makino 2009). There is also a notion that
nature of DM is different form the CDM to prevent the growth of small scale fluctuation (e.g., warm DM
model Lovell et al. 2014). If a sub-halo has little gas and/or few stars, the halo would not be detected by any
telescopes. As the latter idea, suppressing star formation by considering baryonic feedback, which makes
it impossible to form bright galaxies to some extent. For example, APOSTLE (A Project Of Simulating The
Local Environment) simulation, which is based on EAGLE (Evolution and Assembly of GaLaxies and their
Environments) simulation, included cosmic UV background radiation, star formation, supernova feedback,
and tidal stripping and succeeded in reducing the number of satellite galaxies. In observational scope, more
deep observations using Hyper Suprime-Cam (HSC) installed in Subaru telescope and LSST (Large Syn-
optic Survey Telescope) have the possibility to find numerous faint dwarf galaxies. In fact, nine candidates
of faint dwarf galaxies were discovered using data from the project of dark energy survey (Koposov et al.
2015). Also, using HSC which enables unprecedented wide field observation with deep photometric, a
candidate of a new dwarf galaxy was discovered despite searching only ∼ 100 deg2 (Homma et al. 2016).
It is completely above the SDSS detection limit and has distances (∼ 90 kpc) and luminosity (V -band mag-
nitude of MV = −0.8±0.9 mag). Therefore, there is a possibility of making a mistake if we calibrate the
feedback in simulations only to adjust the number of currently observed satellite galaxies aggressively. The
missing-satellite problem is still an unsolved problem.

One powerful approach to confirm such invisible subhalos is to use gaps in a stellar stream perturbed by
subhalos (Carlberg 2012). Stellar streams originated by globular clusters and dwarf galaxies are expected
to be a great probe for subhalos. Globular clusters in the MW halo sometimes make narrow and slender
streams such as Palomar 5 and GD-1 (Odenkirchen et al. 2003; Ishigaki et al. 2016, and references therein).
The subhalo mass function in a host halo is analyzed using cosmological N–body simulations (Moore et al.
1999; Gao et al. 2004; Ishiyama, Fukushige & Makino 2009). The relation is shown by

d n
d m

∝ m−a. (2.2)

The power law parameter a is approximately 1.9 and is independent of the mass of its host halo (Gao
et al. 2004). The technique using stream gaps is tried to estimate the number of sub-halos in the MW
halo (Carlberg, Grillmair & Hetherington 2012; Carlberg & Grillmair 2013; Ibata, Lewis & Martin 2016).
Evaluating such dynamical effects caused by invisible objects on stellar streams require pre-determination
of the orbit elements and physical properties of the progenitor by both observation and theory.

If a stellar stream is close to the center of the host halo, giant molecular clouds of the host galaxy also
produce such gaps in the globular cluster streams (Amorisco et al. 2016). They reported 0.5+0.5

−0.5 gaps are
expected to be produced in Palomar 5 stream. The size is wider than 0.4 kpc in the ∼ 10 kpc long section
of the stream. Longer streams such as the North-western stream in the M31 halo should avoid this problem.

2.3 Mass-density Profile of Galaxy Halos
Cosmological N–body simulations have often been applied to understand the structure formation of the

Universe. As described in § 2.2, the issue in the density profile of galactic scale halos is still not concluded.
We highlighted the density distribution at the inner region of DM halos. With regard to the density distri-
bution of the outermost region, however, the mass-density decreases with the cube of the distance from the
center of the DM halo in most earlier studies.

In observational scope, weak lensing is beginning to probe the outskirts of galaxy clusters (Brimioulle
et al. 2013). That is to say, the outward region of the DM halo is the excellent laboratory to examine the
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prediction of the CDM model. However, it is extremely difficult to measure the mass distribution of the
outer region of a galaxy because the stellar and/or gas density is too low to detect even with the latest
instruments. We then consider that merger remnants are the excellent tool to explore the density profile.
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Chapter 3 Exploring Outer Density Profile of the
Dark Matter Halo in M31

3.1 Motivation
As we described in Chapter 2, cosmological simulations of structure formation have suggested that the

spherically-averaged density profiles of DM halos have a universal shape. However, much controversy has
been reported in the mass-density distributions of the inner DM halo, and this issue is still not concluded.
On the other hand, as for the density distributions in the outermost region, the mass-density decreases with
the cube of the radius from DM halo’s center.

Deviations from the standard power-law index in the outer density profile of DM halos have been dis-
cussed using cosmological N–body simulations (Navarro et al. 2010; Diemer & Kravtsov 2014). In obser-
vational scope, weak lensing is beginning to probe the outskirts of galaxy clusters (Brimioulle et al. 2013).
Therefore, the outermost region of the DM halo is the excellent laboratory to examine the CDM prediction.
However, it is extremely difficult to measure the mass-density distribution in the outer region of a galaxy
because the stellar and/or gas density is too low to detect even with the latest instruments. Consequently,
the theoretical prediction has not yet been carefully confirmed by observations.

Only recently, deep and wide-field surveys of M31, which is the nearest spiral galaxy located 780 kpc
away from our Galaxy (Font et al. 2006), revealed that the outer region of M31 shows a wealth of stellar
substructures such as the Andromeda Giant Southern Stream (hereafter GSS) and the stellar shells at the
east and west sides of M31 (Gilbert et al. 2009; Martin et al. 2013). The GSS extends approximately
120 kpc further away along the line-of-sight from M31 (Ibata et al. 2001; McConnachie et al. 2003), and
the distribution of the line-of-sight velocity has already been observed (Ibata et al. 2004; Gilbert et al.
2009). The shells spread like a fan with a constant radius approximately 30 kpc from the center of M31.
These large-scale stellar structures have been considered an evidence of a galaxy collision between M31
and a smaller galaxy (Fardal et al. 2007; Mori & Rich 2008; Miki et al. 2014). Only Hammer et al. (2010)
considered a major merger event that has produced variety of tidal debris forming M31 itself. Previous
studies have examined the orbits, mass, and size of an accreting satellite dwarf galaxy, which reproduce
almost all of the observed spatial structures (Font et al. 2006; Fardal et al. 2006, 2007; Mori & Rich 2008).

These structures spread far beyond the galactic stellar and gaseous disks and are suitable to investigate
the actual mass-density profile of M31’s DM halo. Nevertheless, almost all studies have assumed the mass-
density of the M31’s outer DM halo as an NFW profile, which decreases with the cube of the radius from the
center. No study has yet examined the mass-density profile of the outer DM halo in M31. These situations
motivate us to confirm the prediction of the CDM model using the mass-density profile of the DM halo. We
perform N–body simulation for the GSS formation varying different density profiles to M31’s DM halo.

Numerical model for the simulations are described in § 3.2. In § 3.3, we present numerical results.
Discussion and summary are stated in § 3.4 and § 3.5, respectively.
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3.2 Numerical Approach to Investigate Outer Density Profile

3.2.1 Method

We simulate the interaction between an accreting satellite dwarf galaxy and M31 using the N–body
simulation to explore the density profile of the DM halo in M31. To explore the essential physics, we
attentively establish the model of the merger. We adopt an orbit, which was explored by Fardal et al.
(2007). In order to avoid changing the orbit of the progenitor, the progenitor is initially set to closer to
the M31’s center than the previous studies (Fardal et al. 2007; Mori & Rich 2008). We vary the power-law
index of the DM halo of M31 and perform simulations of the galaxy interaction within each DM halo model.
Comparing the observed and simulated spatial structures of the merger remnants, we find the appropriate
power-law index.

3.2.2 Setup for M31 Gravitational Potential

Mori & Rich (2008) studied the self-gravitating response of the disk, bulge, and DM halo of M31 to
an accreting satellite. They concluded that satellites less massive than 5× 109M� had a negligible effect
on the gravitational potential of M31. Consequently, in this study, we treat M31 as the source of a fixed
gravitational potential composed of a disk, a bulge, and a DM halo. The model is constituted with a
Hernquist bulge (Hernquist 1990), an exponential disk (Barnes & Fluke 2008), and a DM halo with NFW
profile (Navarro, Frenk & White 1996).

The denity profile of the exponential disk is

ρdisk(R,z) =
Σ0

2zd
exp
(
− R

Rd

)
exp
(
− z

zd

)
, (3.1)

where r =
√

R2 + z2. In this thesis, the radial scale length Rd, scale height zd, and central surface density Σ0

are 5.4 kpc, 0.60 kpc, and 2.0 ×108M� kpc−2, respectively. The total mass of the disk is 3.66×1010M�.
We can obtain the potential of the exponential disk at (R,z) as below,

φdisk(R,z) = −2GΣ0

Rdzd

∫ ∞

−∞
dz′exp

(
−|z′|

zd

)∫ ∞

−∞
da sin−1

(
2a√

++
√
−

)
aK0(a/Rd), (3.2)

where
√
± is defined by

√
(z− z′)2 +(a±R)2. We prepare a table of the gravitational force at (R,z) in

intervals of 1/32 kpc (∼ 30 pc) in advance and refer it in our simulations using area oriented interpolation.
The density profile of the spherically symmetric bulge is given by

ρb(r) =
(

Mb

2πr3
b

)
1

(r/rb)(1+ r/rb)3 , (3.3)

with the scale radius rb of 0.61 kpc and the total mass Mb of 3.24×1010M�. The enclosed mass within r is
expressed by taking the volume integral of the above density profile:

Mb(r) =
Mbr2

(rb + r)2 (3.4)

Its gravitational potential is

φb(r) = − GMb

rb + r
. (3.5)

G is the gravitational constant. This model nicely reproduces the profile of surface brightness of M31 disk
and bulge, and the velocity dispersion of the bulge (Geehan et al. 2006; Fardal et al. 2007).
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The NFW model that is widely accepted density profile of CDM halos is empirically derived from cos-
mological N–body simulations (Navarro, Frenk & White 1996, 1997). We focus on making a diagnosis of
the density profile in the outer CDM halo using N–body experiments to reproduce the GSS. For the purpose,
we here extend the equation and vary a power-law index α(< −2.0) in the equation of the mass-density
distribution as

ρDMH(r) = ρs, α(r/rs, α)−1(1+ r/rs, α)α+1, (3.6)

where rs,α and ρs,α are also the scale radius and scale density, respectively. In this equation, outer den-
sity profile of the DM halo approaches asymptotically to the simple power-law distribution ρDMH(r) ∝ rα .
Fardal et al. (2007) adopted rs = 7.63 kpc and ρs = 6.17×107M�kpc−3 assuming the cosmological param-
eters of h = 0.71, ΩM = 0.14h−2, and Ωb = 0.024h−2 (Geehan et al. 2006). A dimensionless halo density
parameter δc to decide the absolute value of the mass is 4.41×105 (Fardal et al. 2007).

The enclosed mass within r in the case of NFW profile (α = −3) is obtained using L’Hospital’s rule:

MNFW(r) = 4πρsr3
s

(
ln
(

r + rs

rs

)
− r

r + rs

)
. (3.7)

Its gravitational potential at a distance r is

φ(r) = φ0

(
ln(1+ r/rs)

r/rs

)
, (3.8)

where

φ0 =
4πGρs,α r2

s,α

α +2
. (3.9)

The other case (α 6= −3), the enclosed mass within r is

MDMH(r) =
4πρs,αr3

s,α

α +3

(
1

α +2
− 1/(α +2)− r/rs,α

(1+ r/rs,α)−α−2

)
. (3.10)

Its gravitational potential at a distance r is

φDMH(r) = φ0

(
1

α +3
1− (1+ r/rs)−α−3

r/rs(1+ r/rs)−α−3

)
. (3.11)

We examine the dependence of different power-law index (Model A) and total mass of M31’s DM halo
(Model B). In Model A, we vary the power-law index α ranging from −6.0 to −2.3 by 0.1 (α = −3.0
corresponds NFW profile). The enclosed masses of the DM halo at rs and R = 125 kpc are assumed to
be fixed values 6.66×1010M� and 6.59×1011M�, respectively. In Model B, we change the scale density
ρs,−3 from 0.5ρs to 2ρs, keeping the power-law index α = −3.0 and scale radius rs.

Fig. 3.1 shows the comparison of the rotation curves of M31 between our models and observed data.
When plotting the rotation curves, for simplicity, we use a spherical disk model which the mass interior to
radius R is

Mdisk(R) = 2πΣ0R2
d

(
1− e−R/Rd

(
1+R

Rd

))
. (3.12)

It is clear that our models reasonably fit the observation. Rotation curve is generally considered as a probe
to determine the outer DM profile. However, the observed data are available only at the inner part of M31
relative to the size of the DM halo (a few times of rs). Therefore, the GSS is a suitable site to investigate
the outer density profile of M31’s DM halo.
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Fig. 3.1: Rotation curves of our M31 model (Model A and Model B). Top panel: Rotation curves in Model
A. Each line describes α = −2.5 (magenta dotted line), α = −3.0 (red dashed line), α = −3.7 (blue thick
solid line), and α = −5.5 (black thin solid line). Bottom panel: Rotation curves in Model B. Each line
describes ρs,−3 = 0.9ρs (magenta dotted line), ρs,−3 = ρs (red dashed line), and ρs,−3 = 1.3ρs (black thin
solid line). The observed rotation velocities are shown with bars (Kent 1989; Braun 1991; Widrow, Perrett
& Suyu 2003).

3.2.3 Setup for N–body Progenitor Dwarf Galaxy of the GSS

To investigate the dynamical response of the orbiting satellite, we model the satellite dwarf galaxy as a
Plummer’s sphere by a self-consistent N–body realization with 245,760 particles. The density profile of a
Plummer sphere is given by

ρsat(r) =
3Msat

4πrsat

(
1+

r2

r2
sat

)−5/2

. (3.13)
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The density is roughly constant near the center with a scale radius rsat of 1.03 kpc. The total mass Msat is
2.2×109M�. Its gravitational potential is

Φsat(r) = − GMsat√
r2 + r2

sat

. (3.14)

The Plummer model often fits observed globular clusters and is often applied to construct N–body model for
a spherical dwarf galaxy. It is easy to construct an N–body model of the Plummer sphere (Aarseth, Henon
& Wielen 1974). The initial position and velocity vectors for the standard coordinates centered on M31’s
center and detailed satellite model are taken from Fardal et al. (2007). When testing the mass-convergence
of this simulation in Model A, we perform low-resolution runs with 49,152 particles, which is 1/5 times
less than the high-resolution runs.

3.3 Parameter Search
In N–body simulations for a collisionless system like galaxies, the gravitational acceleration to an i–

particle is given as
d2xi

dt2 = G
N

∑
j( j 6=i)

m j
x j − xi

[(|x j − xi|)2 + ε2]3/2 , (3.15)

where xi and mi are the position and mass of the i-th particle constructing the progenitor. The number
of particles is N, and G is the gravitational constant. A Plummer softening length ε is adopted to reduce
numerical two-body relaxation. When we use this formula for all particles, the computational cost is pro-
portional to O(N2). To reduce the numerical cost, the Tree algorithm (Barnes & Hut 1986) is widely used
for collisionless system. This algorithm reduces the computational cost from O(N2) to O(NlogN), treating
a group of distant j-particles as one particle. Hierarchical oct-tree boxing for N–body particles enables us
to group the particles. To evaluate the distant, we calculate the ratio of the length of the target box and
the distance from the box’s center to the i–th particle. If the value is smaller than an accuracy parameter θ
called tolerance parameter, the force is calculated between the particle and the target box.

For the numerical studies, I program an original parallel-octree code. The gravity is calculated with a
tolerance parameter of θ = 0.5 and a Plummer softening length of 60 pc. The code implements second-
order leap-frog method for the time integration. Numerical calculations are carried out on the T2K–Tsukuba
System and HA–PACS in Center for Computational Sciences, University of Tsukuba, Japan.

We in detail compare the observed and simulated spatial structures of the GSS and both shells. Addition-
ally, we confirm the line-of-sight velocity distributions of the GSS.

Fig. 3.2 shows the surface mass-density distributions of the debris of the progenitor galaxy at the best-
fitting epochs. In each run, the best-fitting epoch is defined as the snapshot, in which the simulated edge
positions of the eastern and western shells match the observed positions and surface mass-density ratio
among the GSS and both shells (described in §3.3) best match the observed one. When the varying power-
law parameter α is set to be lower (Fig. 3.2c), the surface density of the GSS becomes lower. The difference
of the DM halo enclosed-mass mainly causes this difference. It means the larger enclosed mass corresponds
to the shorter free-fall time. Fig. 3.3 plots the enclosed mass distributions of each model. The enclosed mass
at 10− 100 kpc shifts to larger with increasing the power-law index α . The DM halo with small α has a
more concentrated halo. Therefore, the model with a small α further accelerates the dynamical evolution
of the whole system. In the case of a small α , the GSS has low surface density because the stellar particles
fall quickly to the north-eastern shell region after the GSS formed.
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Fig. 3.2: Surface mass-density distributions of the progenitor galaxy at the best-fitting epochs in Model
A on the sky coordinates. Each panel corresponds to the case for (a) α = −2.5, (b) α = −3.7, and (c)
α = −5.5, respectively. The ξ and η point the eastern and northern direction centered on M31’s center in
the sky, respectively. In the coordinates, 1◦ in angle corresponds to approximately 13.6 kpc. Gray 2◦ ellipse
traces the M31 disk. Black squares and white circles denote the observed fields of the GSS (see Table 1.1,
McConnachie et al. 2003; Guhathakurta et al. 2006) and the edges of the shells (see Table 1.2, Fardal et al.
2007), respectively. The color describes the logarithmic surface density 5.0 ≤ logΣ (M�deg−2) ≤ 9.0. The
regions outlined by green lines in Panel (c) are the analyzed area for the surface mass-density ratio.

Fig. 3.4 shows the line-of-sight velocity distributions of the GSS. The observed data we used are listed
in Table 3.1. The density map plots the results for N–body simulations. The M31’s heliocentric line-of-
sight velocity is assumed to −300 km s−1 (Font et al. 2006). The line-of-sight velocity distributions of the
best-fitting parameter are consistent with those of observations within the observed uncertainties.

To compare between the observed and the simulated structures quantitatively, we conduct reduced-χ2

analysis for the positions of the both north-eastern and western shells and for the surface density ratio
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Fig. 3.3: Enclosed mass distribution of the M31 model (Model A). Each line describes α =−2.5 (magenta
dotted line), α = −3.0 (red dashed line), α = −3.7 (blue thick solid line), and α = −5.5 (black thin solid
line). Cyan lines indicate the distributions of the M31 bulge (solid), M31 disk (dashed), and NFW DM halo
(dotted), respectively.

among the GSS and the both shells. The reduced χ2 in each snapshot is given by

χ2
ν ≡ 1

ν

N−1

∑
i=0

(
xi,sim − xi,obs

σobs

)2

, ν = N −1. (3.16)

We adopt the observed uncertainties of σobs = 0.1◦ ∼ 1 kpc, which correspond to the maximum edge
width of eastern shell estimated from the star count maps (Irwin et al. 2005). In the case of analyzing
the positions of shells, the 1σ ,2σ , and 3σ confidence intervals correspond to ∆χ2

ν = 1.2,1.8, and 2.6,
respectively (ν = 14; Press et al. 2007). For analyzing the surface mass-density ratio, we compute the
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Table. 3.1: Observed line-of-sight velocity of the GSS.

Field Projected Radius Line-of-sight velocity Uncertainties References
[kpc] [km s−1] [km s−1]

S08 12 −520 13 Kalirai et al. (2006)
f207 1 17.4 −524.4 23.2 Gilbert et al. (2009)
f207 2 17.4 −425.6 20.8 Gilbert et al. (2009)
H13s 1 21.3 −489.7 21.3 Gilbert et al. (2009)
H13s 1 21.3 −489.7 21.3 Gilbert et al. (2009)

S06 25 −460 13 Kalirai et al. (2006)
a3 32.8 −440.5 16.8 Gilbert et al. (2009)

d1 1 44.1 −382.0 30.3 Gilbert et al. (2009)
S02 53.5 −350 25 Ferguson et al. (2004)
S01 60.4 −325 30 Ferguson et al. (2004)

observed uncertainties of ΣES/ΣGSS = 1.1 with σobs = 0.10 and ΣES/ΣWS = 1.1 with σobs = 0.06 (see
also Irwin et al. 2005). The 1σ ,2σ , and 3σ confidence intervals correspond to ∆χ2

ν = 2.3,6.2, and 11.8,
respectively (ν = 2; Press et al. 2007).

Fig. 3.5 shows the results of χ2
ν analysis for Model A and Model B in each time step. In Model A,

χ2
ν values for the positions and shapes of the both shells are within 1σ confidence level for α . −2.4

during the elapsed time of 0.6− 0.7 Gyr (see Fig. 3.5a). As shown in panels b and c, the surface density
ratios constrain −4.3 < α < −3.0. We are not concerned with here with a goodness-of-fit test due to its
difficulty, as most previous works did not evaluate the reproducibility of these structures quantitatively. For
reasons of expediency, we adapt χ2

ν analysis to judge whether reproducing the observational structures or
not. Combination of the results demands the DM halo have the outer density profile with the power-law
index of −4.3 < α < −3.0. In the parameter range, observed structures are reasonably reproduced, and the
best-fitting parameter is α =−3.7. Fig. 3.6 plots changes of the power-law index as a function of radius for
each model (Model A). At large radius, the values of power-law slopes get close to the power-law index.
Profile with a larger power-law index tends to be asymptotic to the value of power-law slope at relatively
inner radius. In the case of α = −3.7, the slope is smaller than −3 at 50 kpc from the M31 center. We
emphasize that the outer density profile of the DM halo in M31 is steeper than the prediction (α = −3.0)
of the ΛCDM model.

Fig. 3.5c shows the minimum χ2
ν of the surface density ratios in Model A, and definitely demonstrates

that the results are independent on the numerical resolutions.
Fig. 3.5d and 3.5e show the χ2

ν map for the results of the different M31 halo mass models, and panel f
shows the minimum χ2

ν values of the surface density ratios in Model B. The minimum χ2
ν value in panel

f (χ2
ν = 3.2) is much larger than that of panel c (χ2

ν = 1.3). It indicates that the M31 DM halo is less like
to have the power-law index of α = −3. Therefore, the mass-density distribution of the DM halo plays an
essential role to reproduce the observed structures than the halo mass itself.

3.4 Discussion
In Model A, the simulation assumes the fixed enclosed mass of DM halos within the radius of R =

125 kpc, which is approximately the length of the visible GSS. We also examined the enclosed mass within
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Fig. 3.4: Line-of-sight velocity distributions of the GSS in Model A. The density map plots the simulated
results in the GSS region (south-eastern area in Fig. 3.2). Cyan symbols indicate the observed data (Ta-
ble 3.1: Ferguson et al. 2004; Kalirai et al. 2006; Gilbert et al. 2009). Each panel corresponds to the case
(a) α = −2.5, (b) α = −3.7, and (c) α = −5.5.

R = 195 kpc, which corresponds to the virial radius of M31. The enclosed mass of the DM halo inner
R = 195 kpc is 7.98×1011M� (see both Geehan et al. 2006; Fardal et al. 2007). We again obtain a similar
result, and the most suitable parameter is α = −3.3+0.3

−0.5.
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Fig. 3.5: Summary of the χ2
ν analysis for Model A (upper panels) and Model B (lower panels). (a) and (d):

Reduced-χ2 map of the positions and shapes of both shells. (b) and (e): Reduced-χ2 map of the surface
density ratios among the GSS and both shells. (c) and (f): Minimum χ2

ν values of the surface density ratios
among the GSS and both shells in each parameter. The contour lines describe 1σ (thick), 2σ (middle), and
3σ (thin) confidence intervals of the ∆χ2

ν . Dashed curves in (b) and (e) correspond to the 1σ confidence
level for the positions and shapes of both shells. The horizontal line in upper (lower) panels indicates
α = −3 (M125kpc = 6.59× 1011M�). The solid and dotted curves in (c) show the minimum χ2

ν values of
high- and low-resolution runs, respectively. The vertical solid line in (c) denotes the 1σ confidence interval
and the black circle in (b) indicate the best-fitting value.

The inner slope of the density profiles of galactic DM halos is often a significant issue between simula-
tions and observations (§ 2.2). In this work, M31 bulge dominates the gravitational potential at the inner
part (∼ 4 kpc) of M31 (Fig. 3.3). Therefore, we consider that the difference power-law profile of the DM
halo at the inner part is ignorable.

Deg & Widrow (2013) reported the triaxiality of DM halo in the MW. They considered kinematic data
of the Sagittarius stream. Also, Hayashi & Chiba (2014) explored the shape of the DM halo of M31 using
kinematics of globular clusters and dwarf spheroidal galaxies. Their results showed that the DM halo of
M31 favored prolate shape. Moreover, the tidal effects of M33 and the MW galaxy might change the profile
of the M31 DM halo. M33 is the most massive satellite galaxy of M31, and its virial mass is estimated to be
1.5×1011M� (van der Marel et al. 2012). It locates on the south-east direction viewed from the M31 center
and on an extension of the GSS. The gravitational pull of M33 might deform the outer density profile of
M31. Miki et al. (2014) varied a large set of progenitor’s orbital parameters to evaluate possible parameter
space of the accreting satellite. They limited the probable orbits in a narrow parameter range including the
one adopted in this study. Therefore, the different orbit might not solve the disagreement between our result
and the CDM prediction. The morphology of the satellite could also change the debris configuration (see
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Fig. 3.6: Power-law profile of the M31 model (Model A). Each line describes α = −2.5 (magenta dotted
line), α = −3.0 (red dashed line), α = −3.7 (blue thick solid line), and α = −5.5 (black thin solid line).

Miki, Mori & Rich 2016; Kirihara et al. 2017, : Part II).
Owing to the simplified changes of the gravitational potential of M31, we found important physics to

produce different surface mass-density ratio among observed structures. However, we give a little bit coarse
modeling to the gravitational potential of M31. In future works, the gravitational potential of M31 should
be confirmed by such as fitting for the rotation curve of the M31 disk.

Also, the effect of different gravitational potential is closely coupled with the difference of the initial
conditions. Our results are produced with fixed orbital initial conditions and progenitor’s properties such
as mass, shape, and morphology. They should be reconfirmed in different initial conditions and progen-
itor models varying the gravitational potentials of M31. Miki et al. (2014) systematically evaluated the
infalling orbit of a spherical progenitor galaxy within the NFW DM halo. They limited the possible orbital
parameters within a narrow range including the orbit proposed by Fardal et al. (2007). The tight constraint
originates from the strength of the tidal force exerted by M31’s bulge and the passage duration of M31’s
central region (Miki, Mori & Rich 2016). We have limited the plausible conditions to form the observed
GSS and both shells by multilateral studies. Our hypothesis will be tested in a future composite study.

The satellite appears to be purely stellar (no DM halo), which would make it an unusual galaxy. In our
simulations, we assume the DM halo of the satellite has already been stripped during its orbital motion
following previous studies (such as Fardal et al. 2007; Mori & Rich 2008; Fardal et al. 2012; Miki et al.
2014). However, the point should be examined in the future works. In Part II of this thesis, we show a
merger with a disk galaxy, which initially inhabited dark matter halo component.
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3.5 Conclusion
We examine the density profile of the M31 DM halo using N–body simulations of a galaxy collision. To

explain the observed GSS and two shells in M31, the outer density slope of the DM halo should be steeper
(the best-fitting power-law slope is α = −3.7) than that of the CDM prediction (α = −3).

This discrepancy may be occurred by several effects which we do not take into account in our models
such as the triaxiality of the DM halo, tidal effect by nearby galaxies, infalling orbit of the progenitor, and
morphology of the accreting satellite. Cosmological N–body simulations, in fact, have suggested that CDM
halos are generally triaxial (Jing & Suto 2002; Hayashi, Navarro & Springel 2007).

The CDM cosmology has excellently matched variable observations on large scales (> a few Mpc).
However, several serious discrepancies between the CDM predictions and observations have been discussed
on smaller scales (< a few Mpc): missing satellites (sub-halo) problem, core-cusp problem, and satellite
plane (§2.2). Despite many efforts have been done to solve these problems both within and beyond a
framework of the CDM model, we do not yet reach a final conclusion. Moreover, we have pointed out that
the CDM model faces another issue of the discrepancy in the outer structure of the DM halo. Further studies
require to solve the problem. Other large streams in M31’s halo could be great tools when we combine with
the approaches for the GSS.
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Chapter 4 Investigating the Orbit and Properties
of the M31 North-western Stream
Progenitor

4.1 Motivation
A quite-long stellar stream, which extends over 100 kpc in projected distance in the halo of the M31 called

the North-western stream (hereafter NWS) has been reported by recent photometric observation PAndAS
(McConnachie et al. 2009; Richardson et al. 2011). Despite the large structure, physical properties such as
distance and line-of-sight velocity of the NWS have not been reported due to the faintness. Therefore, so
far, little is known about the formation history of the NWS.

The lambda cold dark matter (ΛCDM) theory has been remarkably successful in explaining the large-
scale structure in the Universe, but several discrepancies with observations have arisen below the galaxy
scale. For example, the observed density profile of the dark matter halo (DMH) in nearby dwarf galaxies
is almost flat at the center of these galaxies, whereas cosmological simulations based on the ΛCDM model
have generally predicted a steep power-law density distribution (the “cusp-core problem”, e.g., Moore 1994;
Burkert 1995; Navarro, Frenk & White 1996; Ogiya et al. 2014).

Also, other questions arise in the density profile of the DMH. As described in Chapter 3, we examined
the outer density profile of the DMH in the M31 by modeling the formation of the giant southern stellar
stream, which extends over 100 kpc in M31’s DMH. We reported that the outer density profile of M31’s
DMH is steeper than that of the CDM halo predicted by cosmological N–body simulations. Deg & Widrow
(2013) explored the shape of the DMH in the MW by analyzing the Sagittarius stream and reported a highly
aspherical halo rather than CDM predictions.

Furthermore, cosmological N-body simulations have predicted that CDM halos of the Milky Way (MW)
and M31 size galaxies host 100− 1000 sub halos but only 2− 3 dozens satellite galaxies have been dis-
covered in these galaxies (the “missing satellite (sub-halo) problem”, e.g., Moore et al. 1999; Ishiyama,
Fukushige & Makino 2009; McConnachie 2012). The stellar debris of galaxy mergers, especially the stel-
lar streams of satellite dwarfs, can be used to study the properties of DMHs. If a sub-halo has little gas
and/or few stars, the halo would not be detected by current telescopes. However, one powerful approach
to confirm the existence of these invisible sub-halos is to look for gaps in stellar streams perturbed by
sub-halos (Carlberg 2012). Globular clusters in the MW halo sometimes make narrow and slender streams
such as Palomar 5 and GD-1 (Odenkirchen et al. 2003; Ishigaki et al. 2016, and references therein). This
technique has been employed to estimate the number of sub-halos in the MW halo (Carlberg, Grillmair &
Hetherington 2012; Ibata, Lewis & Martin 2016). Evaluating such dynamical effects caused by invisible
objects on stellar streams require pre-determination of the orbit elements and physical properties of the
progenitor by both observation and theory.

In this work, we direct our attention to the North-western stream in M31 (hereafter NWS). This fairly
long stellar stream extending over 100 kpc in projected distance in M31’s halo was reported by the Pan-
Andromeda Archaeological Survey (PAndAS) in McConnachie et al. (2009) and Richardson et al. (2011).
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Table. 4.1: Positions of the sampled points on the NWS.

name ξ [◦] η [◦] half width Wh [deg]
NWS-f1 −2.53 −0.50 0.18
NWS-f2 −2.93 −0.09 0.19
NWS-f3 −3.59 0.58 0.14
NWS-f4 −4.17 1.45 0.16
NWS-f5 −4.65 2.33 0.14
NWS-f6 −4.96 3.17 0.18
NWS-f7 −5.23 4.06 0.20
NWS-f8 −5.50 4.71 0.25

Despite the large scale, physical properties such as the distance and line-of-sight velocity of the NWS have
not been reported due to its faintness. As a result, little is known about the formation history of the NWS.
Its line-of-sight location relative to M31 is not known, and its total extent and mass are not well established.
Because of the faintness, Carlberg et al. (2011) modeled a globular cluster being the progenitor. However,
a satellite dwarf cannot be excluded. Only recently, Veljanoski et al. (2013b) reported that a number of
globular clusters appear to spatially coincide with the stellar debris and streams in M31’s halo. Veljanoski
et al. (2014) measured the line-of-sight velocities of these globular clusters and found that some globular
clusters aligned with the streams exhibited a clear correlation between their positions and line-of-sight
velocities. This included five globular clusters aligned with the NWS. This result leads us to consider the
possibility that the progenitor dwarf galaxies of large stellar streams carry the globular clusters with them.
In fact, some dwarf galaxies in MW and M31 hold several globular clusters. Four and seven globular
clusters have been identified inner the b-band radius R25 respectively in NGC 147 and NGC 185, which are
bright dwarf elliptical galaxies in M31’s halo (Veljanoski et al. 2013a). Fornax dwarf spheroidal galaxy,
which is a MW satellite, has at least four globular clusters (Mackey & Gilmore 2003). Here, we explore
progenitor orbits for the NWS, constrained by the line-of-sight velocities of the five globular clusters that
show kinematic evidence for being associated with the stream.

The possible orbits of the NWS progenitor are explored by a systematic parameter survey using test-
particle simulations. In addition to the observed line-of-sight velocities of the globular clusters located
along the NWS, we use the plane of sky position of the NWS as criteria for the likelihood of an orbit. In
§ 4.2, we describe the observational data for the NWS. In § 4.3, we outline the modeling and results of our
test-particle simulations. The result limits physical properties of the progenitor that are required to form the
NWS. Demonstrations with N–body progenitors are also covered in § 4.3. Discussions are stated in § 4.4,
and a brief summary is in § 4.5.

4.2 Observations and assumption
The NWS is observed at distances of 30 kpc < Rproj < 150 kpc from the center of M31 (McConnachie

et al. 2009; Lewis et al. 2013). We estimated by eye the width of the stream and the location of the center of
the stream in eight regions along the length of the stream. The eight regions lie within −5◦.50 < ξ <−2◦.53
and −0◦.50 < η < 4◦.71 (see Table 4.1), where ξ and η are the sky coordinates centered on the M31.

So far, seven globular clusters are discovered along the NWS, and the five (PAndAS-04, 09, 10, 11, and
12) of them show a clear correlation of their galactocentric radial velocities with projected radii from M31’s

28



4.3 Simulations

Table. 4.2: Position angle and angular separation for seven globular clusters on the NW stream. Five (ID:
on) of the seven globular clusters have a trend in galactocentric radial velocities as functions of the projected
radius (see fig. 11 of Veljanoski et al. 2014). They are classified into globular clusters and ECs (extended
clusters) (Huxor et al. 2014).

name Rproj PA los-velocity type ID
[kpc] [deg] [km s−1]

PAndAS-04 124.6 315.1 −397 ± 7 GC on
PAndAS-09 90.8 307.7 −444 ±21 GC on
PAndAS-10 90.0 308.9 −435 ±10 EC on
PAndAS-11 83.2 305.7 −447 ±13 GC on
PAndAS-12 69.2 295.9 −472 ± 5 EC on
PAndAS-13 68.0 293.4 −570 ±45 GC off
PAndAS-15 51.9 281.8 −385 ± 6 GC off

center (see Table 4.2 or table 4 and figure 11 of Veljanoski et al. 2014). They were observed with the ISIS
spectrograph on the 4.2 m William Hershel Telescope (WHT), the RC spectrograph on the 4.0 m Mayall
Telescope at the Kitt Peak National Observatory (KPNO), and the GMOS instrument on the 8.1 m Gemini-
North telescope. In our work, we assume that these five globular clusters initially inhabited the progenitor
of the NWS and still have the same orbital motion as the NWS.

PAndAS-13 lies on quite close to PAndAS-12 whose separation is a few kpc, but there is no correlation
between the velocity distribution. According to Veljanoski et al. (2014), PAndAS-13 is the globular cluster
with the lowest signal-to-noise ratio among all their samples, and therefore its velocity has highly uncertain.
Future observation will solve this impatience.

4.3 Simulations

4.3.1 Model

In our simulations, we adopt an M31 model for which the gravitational potential is fixed, which repro-
duces well the observed surface brightness of the bulge and disk components, the velocity dispersion of the
bulge, and the rotation curve of the disc (Geehan et al. 2006; Fardal et al. 2007). The potential consists of a
Hernquist bulge (Hernquist 1990), an exponential disk, and an NFW DMH (Navarro, Frenk & White 1996).
The scale radius and total mass of the bulge are 0.61 kpc and 3.24×1010M�, respectively. The M31 disk is
set to have a scale height of 0.6 kpc, a radial scale length of 5.4 kpc and a total mass of 3.66×1010M�. The
inclination and position angle of M31’s disk are 77◦ and 37◦, respectively (Geehan et al. 2006). The scale
radius and scale density of the NFW halo are 7.63 kpc and 6.17×107M�kpc−3, respectively. We adopt a
distance and line-of-sight velocity to M31 of 780 kpc and −300 km s−1, respectively (Font et al. 2006). We
ignore the proper motion of M31 because two largely different values (∼10 km s−1 and ∼100 km s−1) have
been reported (van der Marel et al. 2012; Salomon et al. 2016). The assumed parameters are, therefore, the
same as the previous studies that have investigated the formation of the giant southern stellar stream in M31
(Fardal et al. 2007, 2008; Miki, Mori & Rich 2016; Kirihara et al. 2017).
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Table. 4.3: Parameter ranges for the orbit survey
parameters ξ η d vξ vη vlos

[◦] [◦] [kpc] [km s−1] [km s−1] [km s−1]
min −4.57 2.22 500 −250 −200 −472
max −4.57 2.22 1100 248 250 −472

binning - - 3 3 3 -

4.3.2 Parameter study of test-particle simulation

To investigate possible orbits of the NWS progenitor, we perform a parameter study using test-particle
simulations. The test particle represents the progenitor. The initial position of the test-particle is (ξ , η) =
(−4◦.57,2◦.22) and its line-of-sight velocity Vlos =−472 km s−1. These values correspond to the observed
values of globular cluster PAndAS-12, which has the smallest uncertainty in line-of-sight velocity. Six-
dimensional phase-space information is required to specify an orbit. The remaining three free parameters
are the distance d and the proper motion (Vξ and Vη ) of the NWS at the location of the initial conditions.
We examine 5,068,617 orbit models, and the parameter ranges and intervals are listed in Table 4.3.

We use the 2nd-order leap-frog method, and the time step of the integration both forward and backward
in time is 1 kyr. An orbital calculation stops at 5 Gyr in each direction of integration or at the turnaround
point in the sky, that is, when the direction of the particle in the plane of the sky changes by more than 90
degrees. To evaluate how well the orbit reproduces the observed NWS’s locus, we conduct a χ2

ν analysis for
the position and line-of-sight velocity between the simulated orbit, the observed position of the NWS, and
the observed line-of-sight velocity of the five globular clusters. With respect to the loci of the NWS, we use
the eight sampled regions on the NWS mentioned in § 4.2 (Table 4.1). Observed positional uncertainties
are assumed to be 0◦.3, which is a conservative bound based on the largest value of the estimated stream
half-width Wh (see Table Table 4.1). As for the line-of-sight velocity, we perform the comparison with the
data of the five globular clusters at the points of closest approach in the orbit.

Fig. 4.1 illustrates the regions in parameter space yielding positions and the line-of-sight velocities that
lie within the 1σ confidence limit for both criteria. Fig. 4.2 is the projected view of the possible parameter
space of the NWS progenitor’s orbit. The 1σ confidence intervals for the positions (ν = 7) and the line-of-
sight velocities (ν = 4) are 1.36 and 1.57, respectively and are shown in white and cyan curves, respectively.
This figure clearly shows that the solutions that produce an NWS-like orbit consist of two main branches
(Vη > 0 and Vη < 0). The criteria for the NWS positions strongly limit the possible parameter space in the
Vξ −Vη plane. The criteria for the globular clusters’ line-of-sight velocities primarily constrain the d −Vη

and Vξ −d planes. A total of 102,073 orbit models satisfy both criteria, and we shall refer to this set as the
set of successful orbits. A total of 615,739 and 306,968 models satisfy only the position criterion and only
the line-of-sight velocity criterion, respectively. The minimum χ2

ν values for the position and line-of-sight
velocity are 0.082 and 0.113, respectively.

Fig. 4.3(a) shows the distribution of the pericentric radii for all successful orbits. The black long-dashed
line traces the distribution of such orbits. The orbits that have experienced two or more apocentric passages
within 12 Gyr are shown with the solid black line and are divided into the two characteristic main branches,
depending on whether their northern apocenters are located in the foreground or the background with re-
spect to M31. The peaks of each line lie between a pericentric radius of 20 kpc and 30 kpc. We note that no
orbit can approach M31’s center within 10 kpc. Fig. 4.3(b) describes the distribution of the apocentric dis-
tance at the northern side using the successful orbits that have experienced two or more apocentric passages
in 12 Gyr. There clearly exist two branches: one for which the NWS extends into the foreground, and one
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4.3 Simulations

Fig. 4.1: 3D visualization of the possible parameter space of the NWS progenitor’s orbit. The colored
region satisfies the 1σ confidence interval for both the position and the line-of-sight velocity criteria. The
red curves are the projected outlines of the successful orbits. This three-dimensional plot is constructed with
the S2PLOT programming library (Barnes et al. 2006). In the online version, readers can view the 3d-scene
from any angle and distance (click the above 3-d figure to activate).

for which it extends to the background of the M31 halo on the northern side. The constraints derived from
the line-of-sight velocity of the globular clusters do not allow apocenters in the vicinity of the distance of
M31’s center.

Kazantzidis et al. (2008) analyzed Milky Way sized halos in cosmological simulations based on ΛCDM
model. The authors show the distribution of pericentric-to-apocentric distance ratios for subhalos at z = 0
(Fig. 4.5).
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Fig. 4.2: Projected view of the possible parameter space of the NWS progenitor’s orbit. The colored region
satisfies the 1σ confidence interval for both the position and the line-of-sight velocity criteria. Regions
excluded by each criterion are denoted by white (NWS positions) and cyan (globular clusters’ line-of-sight
velocities) dotted lines.
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Fig. 4.3: (a) Histogram of the pericentric radii of the successful orbits. The black long-dashed line shows
the result for all successful orbits, which lie within the 1σ confidence interval. Orbits that also have ex-
perienced two or more apocentric passages in 12 Gyr are shown with the solid black line. The red dashed
line and the blue dotted line are the distributions of orbits whose northern apocenters are located in the
foreground and background of M31, respectively. (b) Distributions of the apocentric distances of the orbits,
which have experienced two or more apocentric passages in 12 Gyr. Colors correspond to the distributions
in panel (a). The vertical dashed line marks the distance to M31 from earth.
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Fig. 4.5: Distribution of orbital pericentric-to-apocentric distance ratios for subhalos in Milky Way sized
halos at z = 0 (figure 1 of Kazantzidis et al. 2008). The lines indicate all subhalos (thick dot-dashed line),
rperi ≤ 40 kpc (dashed red line), rperi ≤ 20 kpc (solid black line), and rperi ≤ 10 kpc (dotted blue line).
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4.3.3 Mass of NWS progenitor

A clear progenitor does not appear on the observed NWS inner the projected radius of 150 kpc (PAndAS
observed region) centered on M31’s center. Of course, one of the observed satellites might be the progenitor,
or it might locate behind the M31 disk or outside the PAndAS survey area. The minimum pericentric radius
derived by our test-particle simulations provides us a clue to estimate the total mass of the progenitor.
Disrupting a part of the progenitor is a significant criterion to produce such long stellar stream.

We first estimate the Hill radius that defines a tidal radius of a satellite in a gravitational potential of the
host system. We expect that the satellite is mostly strongly tidally distorted at the pericenter in the orbital
motions. In this case, the Hill radius will simply be determined by the mass of the satellite within the Hill
radius rHill and the mass of M31 within the pericentric radius rperi (M<peri). Assuming a Plummer sphere
for the progenitor, we obtain,

r2
Hill = r2

peri

(
msat

3M<peri

)2/3

− r2
s , (4.1)

where msat and rs are the total mass and scale radius of the Plummer sphere. In the case of a Plummer
sphere, the half-light radius rh is given exactly by rs = (22/3 −1)1/2rh ' 0.77rh. Equation (4.7) enables us
to estimate the mass of the satellite tidally disrupted by the gravitational potential of M31. The stripped
mass mstrip is given by,

mstrip = msat −3M<peri

(
rHill

rperi

)3

(4.2)

We first estimate the Hill radius that defines a tidal radius of a satellite in a gravitational potential of the
host system. We expect that the satellite is mostly strongly tidally distorted at the pericenter in the orbital
motions. The Hill radius defines a tidal radius of a satellite at a radius R0 in a gravitational potential of the
host system. The point masses of the satellite and host systems are m and M, respectively. Then, the Hill
radius is written to R0

( m
3M

)1/3. That is why the formula of Hill radius rHill at a pericentric radius rperi in an
orbital motion can be replaced to

rHill = rperi

(
m<rHill

3M<peri

)1/3

, (4.3)

where m<rHill and M<peri are the masses of the satellite inner r < rHill and M31 inner rperi. If we assume the
progenitor to be a Plummer sphere, the mass inner a radius ra is

m<ra =
msatr3

a

(r2
a + r2

s )3/2 , (4.4)

wehre msat and rs are the total mass and scale radius of the Plummer sphere. We then obtain,

m<rHill =
msatr3

Hill

(r2
Hill + r2

s )3/2 . (4.5)

Using equation (4.5), the Hill radius rHill is

rHill = rperi

(
msat

3M<peri

)1/3 rHill

(r2
Hill + r2

s )1/2 . (4.6)

Then,

r2
Hill = r2

peri

(
msat

3M<peri

)2/3

− r2
s , (4.7)

where msat and rs are the total mass and scale radius of the Plummer sphere. In the case of a Plummer
sphere, the half-light radius rh is given exactly by rs = (22/3 −1)1/2rh ' 0.77rh. Equation (4.7) enables us
to estimate the mass of the satellite tidally disrupted by the gravitational potential of M31.
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Equation (4.4) enables us to estimate the mass of satellite tidally disrupted by the gravitational potential
of the host system. We now assume the stripped mass βmsat ≡ msat −m<rHill . Namely, β is the rate of the
stripped mass in the total mass of the progenitor. By equation (4.7), a relationship between the scale radius
and total mass of the satellite is given as below

(1−β )msat =
msatr3

Hill

(r2
Hill + r2

s )3/2

1−β =

(
r2

peri

(
msat

3M<rperi

)2/3

− r2
s

)3/2

r3
peri

(
msat

3M<rperi

)
r2

s =
(

1− (1−β )2/3
)

r2
peri

(
msat

3M<rperi

)2/3

. (4.8)

The stripped mass is analytically shown on the progenitor’s scale radius versus total mass plane by equation
(4.8).

Fig. 4.6 shows the stripped mass from the progenitor as a function of the total mass and scale radius of
the satellite. The black line shows the critical conditions for rperi = 10 kpc, which is derived by setting
rHill = 0 in equation (4.7). Above this line, the satellite is completely disrupted by the tidal force of the
M31 gravity. In Fig. 4.6, we overplot physical properties of the observed globular clusters (white circles)
in MW (Harris 1996) and dwarf galaxies (black symbols) in the Local Group including some nearby dwarf
galaxies (McConnachie 2012). To convert MV of the globular clusters into stellar mass, we assume a V-band
mass-to-light ratio of two (Pryor & Meylan 1993). As for dwarf galaxies, the stellar masses are estimated
assuming a stellar mass-to-light ratio of one (McConnachie 2012). The full sample of the observed objects
is shown in Fig. 4.7. In this figure, we also plot the estimated dynamical mass of dwarf galaxies with
open colored circles. If the DM component of the NWS progenitor had not been stripped before the first
pericentric passage, it might affect the stripped mass of the progenitor.

One might construe from the faintness of the NWS that the progenitor was a globular cluster. We can re-
ject this idea by estimating the tidally stripped mass. Carlberg et al. (2011) reported that the total luminosity
of the NWS, assuming its distance is equal to that of the center of M31, and corrected by the luminosity
function of the globular cluster M12, is 7.4×105L�. Assuming M/L = 3, this would correspond to a mass
of 2.2×106M�, which is described with the blue thick solid curve in Fig. 4.6. This amount of stripped mass
is approximately three orders of magnitude greater than our estimation of the stripped mass in the case of a
globular cluster. On the other hand, there are a lot of observed dwarf galaxies around the estimated stripped
mass of the NWS, and they often lie on around the critical line derived from our analysis. Therefore, we
conclude that a satellite dwarf galaxy is the more likely candidates than a globular cluster for the progenitor
with the mass of msat >∼2×106M� and the half-light radius of rh >∼100 pc. We should note that the even in
the case of 3σ confidence interval, the pericentric distance must be greater than 2 kpc, and the result barely
changes. Specifically, the pericentric distance must be greater than 2 kpc, which only strips 1.3× 105M�

from the most destroyable globular cluster in the MW.
When we consider the pericentric radius of rperi = 30 kpc, which corresponds to the most frequent orbits

obtained by test-particle simulation, the stripped mass from the progenitor would be small relative to the
case of rperi = 10 kpc. Fig. 4.8 shows the stripped mass in the case of rperi = 30 kpc. It results that
the progenitor has the mass of msat >∼2× 106M� and the half-light radius of rh >∼300 pc. Moreover, the
major part of the observed dwarf galaxies are below the critical conditon, and the central core of the NWS
progenitor is likely to survive.
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Fig. 4.6: Stripped mass from the progenitor assuming rperi = 10 kpc. White circles indicate globular
clusters in MW (Harris 1996). Black triangles, squares, and diamonds are dwarf galaxies in the MW, M31,
and the Local Group including nearby ones, respectively (McConnachie 2012). The black line shows the
critical condition beyond which a satellite would be completely disrupted by the host potential. The blue
curves are minimum stripped mass from the progenitor to reproduce the estimated luminosity of the NWS.

The progenitor’s mass can also be estimated through the metallicity of stars. Recently, Ibata et al. (2014b)
showed that the bulk of the NWS stars have a metallicity of −1.7 < [Fe/H] < −1.1, which coincides with
the metallicities of intermediate mass to massive (−15 < MV < −10) satellite dwarf galaxies in the Local
Group (McConnachie 2012). Using this mass-metallicity relation (Fig. 4.9) of dwarf galaxies in the Local
Group, the total stellar mass of the NWS progenitor is estimated to be 106−8M�. This range is consistent
with our findings. To draw this figure, we assumed a mass-to-light ratio of one. Globular clusters in the
MW galaxy are also plotted in Fig. 4.9. One might be expected that a massive globular cluster can be
a progenitor of the NWS. As described above, however, the stripped mass from a globular cluster never
explains the mass of the NWS.

4.3.4 N–body simulation

To demonstrate the tidal disruption of the NWS progenitor, we perform two N–body simulations repre-
sentative of two branches discovered by the test-particle simulations. For an ideal satellite model, we adopt
a Plummer distribution, which is constructed by MAny-component Galactic Initial-conditions generator
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within the half-mass-radius of dwarf galaxies. The gray square corresponds to the plotted range of Fig. 4.6.

(MAGI) (Miki & Umemura in prep.). The numerical simulation employing the gravitational octree code
optimized for Graphics Processing Units (GPU), GOTHIC (Miki & Umemura 2017). The code implements
a hierarchical time step with a second-order Runge-Kutta integrator and the acceleration multipole accep-
tance criterion proposed by Springel (2005). The accuracy control parameter ∆acc is set to 2−7. The number
of particles is 65,536 and a Plummer softening parameter is 2−6 ∼ 16 pc. Snapshot interval is ∼ 10 Myr,
and each simulation produces approximately 1500 snapshots.

Here, we describe the two representative models, which we label Case A and Case B. The physical prop-
erties and initial phase-space coordinates of the progenitor for Case A are msat = 5× 107M�, rs = 1 kpc,
and (ξ ,η ,d,Vξ ,Vη ,Vlos) = (−19◦.97,−1◦.46,842.38 kpc,−8.53,−24.06,−308.50). Those for Case B are
msat = 107M�, rs = 1.5 kpc, and (ξ ,η ,d,Vξ ,Vη ,Vlos)= (4◦.34,−7◦.90,1062.49 kpc,−25.22,−13.42,−296.15).
The units of velocity are km s−1. The pericentric distances are rperi = 25.54 kpc for Case A and rperi =
22.11 kpc for Case B.

To obtain successful snapshots in N–body simulations, we adopt some limitations. A detection limit is
defined to ΣV > 33 mag arcsec−2 that is the deepest resolution of the PAndAS (Richardson et al. 2011).
The criteria are listed below:

1. Averaged ΣV in the both NWS fields is over the detection limit.

2. Averaged ΣV of the both sides of the NWS field is fainter than the NWS field.

3. Averaged ΣV inner a radii R = 0◦.3 of the five globular clusters is over the detection limit.
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Fig. 4.8: Same as Fig. 4.6 but the case of assuming rperi = 30 kpc, which corresponds to the most frequent
orbits obtained by test-particle simulation. Symbols and lines those of Fig. 4.6.

4. Averaged line-of-sight velocity inner the radii explains the observed data within the observed uncer-
tainties of the globular clusters.

Criteria 1 and 2 require the simulated stream should not be over-thickness and/or shift to each side of the
observed NWS in the sky. To calculate the flux from the structure, we set a mass-to-light ratio of one, which
corresponds to the brightest case. It is not obvious that the NWS is detected at the position of the globular
cluster PAndAS-04 because the northern-side of M31 is highly obscured by foreground dwarf stars of MW
(Martin et al. 2013). Therefore, we try to remove only the criterion for PAndAS-04. As a result, ∼ 100 Myr
to 1 Gyr in the orbital motion satisfies the above limitations, even though we do not use the positions of
globular clusters for the criteria in our test-particle simulations. Therefore, after the automatical selection
of the “current snapshot”, we select a successful snapshot by eyes.

Fig. 4.10 displays snapshots of the results of the N–body simulations. In Case A, the progenitor moves
from north to south, and the tidal debris forms a slender arch-shaped stream (see Fig. 4.10a). In contrast, in
Case B, the progenitor moves from south to north (Fig. 4.10d). In both cases, the stream thickness becomes
gradually thinner in the southern part due to M31’s gravitational field. This change of the NWS thickness
in the northern side of the M31 halo could be detected by the future observations if the contamination of the
foreground dwarf stars in the MW is properly removed. Fig. 4.10(b) and Fig. 4.10(e) show that both cases
match the observed line-of-sight velocities of the globular clusters. The velocity profiles of the NWS are
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Fig. 4.9: Metallicity distributions of dwarf galaxies (circles) in the Local Group (McConnachie 2012) and
MW globular clusters (crosses) (Harris 1996) as functions of their stellar mass.

almost identical between two models, and the difference is only seen around the neighborhood of the M31
disk. On the other hand, the stream distances are completely different in the two models. It is evident that
the stream in Case A (Case B) lies in front of (behind) the center of M31. In the future, deep photometric
or spectroscopic observations will be able to distinguish between the two cases.

4.4 Discussion
In the test-particle simulation, it is assumed that the progenitor must form a stellar stream when it moves

the examined orbit. However, the formation of a stellar stream demands the progenitor be tidally disrupted
by the host galaxy to some extent. Even if the progenitor is well broken, it is unclear that the stream is
produced along the orbit along the orbiting path of the test particle. Hozumi & Burkert (2015) reported
a pair of tidal tails is excited every time the progenitor passes through pericenter in the case of a highly
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Fig. 4.10: Spatial distribution of the simulated NWS in sky coordinates. Panels (a) and (d) display snap-
shots of the surface density for Case A and Case B, respectively. The streams move in the directions of the
arrows. Test particle orbits are shown with dashed lines. The elapsed time of the simulation run is shown
at the lower right of each panel. The ellipse traces M31’s disk, and blue circles trace a radius of 30 kpc
and 150 kpc from M31’s center. Filled black circles mark the positions of the observed globular clusters
aligned with the NWS. Filled (on) and open (off) black circles mark the positions of the observed globular
clusters aligned with the NWS. The open square symbols are the eight positions of the NWS used for the
comparison (see Table 4.1). Panels (b) and (e) show the simulated line-of-sight velocities. Red circles
are the observed velocities of the globular clusters Veljanoski et al. (2014). The spatial distribution of the
particles is shown in panels (c) and (f). The vertical dashed line corresponds to the distance of M31 from
earth.

eccentric orbit. The pairs of tidal tails form complicated and multiple tidal features around apocentric
passages. Newly generated tails do not lie on the orbital path of the progenitor’s center because the particles
in tails gained or lost some angular momentum when it passed pericentric passages. Even if the shape of the
NWS is fully formed, it also yet remains that the formed one explains the observed line-of-sight velocity.
In future work, it requires parameter study with N–body simulation to clear up the above doubts.

We now remark some assumptions in the simulation. The position and line-of-sight velocity of PAndAS-
12 are adopted as the fixed initial condition in our orbit survey. The values are, hence, assumed to agree with
NWS’s center. Also, the simulation does not care any proper motion of M31. We adopt a static gravitational
potential for M31, and it does not have time-evolution. Such effects should be considered after the orbit,
and physical properties of the progenitor are almost confirmed.
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Extended clusters (ECs), which are new population of star clusters, were reported by Huxor et al. (2005).
ECs have globular cluster like colors and luminosities, but their half-light radii (∼ 30 pc) are much larger
than those of globular clusters (a few pc). On the plane Mv versus half-light-radius, the population lies
between globular clusters and dwarf spheroidals (Huxor et al. 2011). Table 4.2 includes the types of globular
cluster and ECs (extended clusters) (Huxor et al. 2014). PAndAS-10 and PAndAS-12 are classified with
EC. One of them might be a surviving central core of the NWS progenitor.

One might suspect that all globular clusters in a dwarf galaxy have sunk to the center of the dwarf galaxy
due to dynamical friction. Using both semi-analytical approach and N–body simulations, Arca-Sedda &
Capuzzo-Dolcetta (2016) examined the effects for globular clusters in the Fornax dwarf galaxy, which is
orbiting in the MW halo. Their result shows that globular clusters can survive up to a Hubble time.

Metallicities and colors of globular clusters might be a major key to understanding their formation history.
It is well known that there are two peaks in metallicity distribution for MW globular clusters. When we
focus on the globular clusters in the MW, the population having low-metallicity (around [Fe/H] ' −1.5)
is dominant in their distribution. On the other hand, metal-rich (around [Fe/H] ' −0.7) globular clusters
are larger in number for M31 globular clusters within the inner halo (Caldwell et al. 2011). Spectroscopic
observations of globular clusters in the outer halo of M31 have just started, and most of the observed ones
are metal-poor population. Four in seven globular clusters have the metallicity of smaller than [Fe/H] =
−1.5 (Sakari 2016). The globular clusters, which are more metal-rich than [Fe/H] =−0.8, have a flattened
spatial distribution around the disk and bulge of the MW (Zinn 1985). A bimodal population can also be
seen in the color distribution of globular clusters. Larsen et al. (2001) observed colors of globular clusters
in nearby early-type galaxies and revealed clear bimodal populations in V − I. Huxor et al. (2014) showed
the distribution of colors for M31 globular clusters as a function of projected radius from the center of
M31. It is interesting that the globular clusters at large projected distances (> 30 kpc) have a similar
color ((V − I)0 ∼ 0.9), though globular clusters at small projected distance have a large dispersion in color
(Fig. 4.11; see also figure 19 in Huxor et al. 2014). Mean color of the globular clusters around M31 dEs
NGC 147 and NGC 185 are (V − I)0 = 0.85 and (V − I)0 = 0.84, respectively with the standard deviations
of 0.09 and 0.03, respectively (see figure 6 of Veljanoski et al. 2013a). Fig. 4.11 plots the colors (V − I)0

of globular clusters the loci of which are over 30 kpc in projection. The red circles are the globular clusters
locating along the NWS and have similar colors to other outer halo globular clusters. Therefore, bimodality
of the color distribution of globular clusters might be originated in accreted globular clusters, which had
accompanied with dwarf galaxies. A complete sample of color and metallicity distribution of globular
clusters in the outer halo of M31 has been eargerly waited.

We also evaluate the possibility whether a dwarf galaxy in M31’s halo can be a candidate object of
the NWS progenitor. We focus on three dwarf galaxies (NGC 147, NGC 185, and And XXVII). These
three dwarf galaxies lie on the northern side of M31. NGC 147 has clear tidal debris on both northern
and southern sides of it (Lewis et al. 2013). As mentioned above, NGC 147 and NGC 185 inhabit several
globular clusters. And XXVII is a newly discovered dSph by PAndAS and locating on a stellar stream,
which is on the northern side of M31. Carlberg et al. (2011) considered that the stream connects to the
NWS and commented And XXVII might be a progenitor core of the NWS.

To examine the possibility of the NWS progenitor, we add simple criteria for the test-particle simulation.

1. Test particle passes within 1◦ from the object.

2. The distance to the object is consistent with the observed data within the observed uncertainty.

3. Line-of-sight velocity is consistent with the observed data within the observed uncertainty.
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Fig. 4.11: Color distribution of globular clusters in the outer halo (Rproj > 30 kpc) of M31. The red circles
are the population, which locate along the NWS. The data are taken from table 1 and table 6 of Huxor et al.
(2014).

Table. 4.4: Position, distance, and line-of-sight velocities of the NWS core-candidate. Observed distances
are taken from McConnachie (2012) and Conn et al. (2013). Observed line-of-sight velocities are taken
from table 2 of McConnachie (2012).

name NGC 147 NGC 185 And XXVII
M31 centric ξ [◦] −1.592 −0.632 −0.931
M31 centric η [◦] 7.262 7.072 4.125

Distance [kpc] (McConnachie 2012) 676+28
−28 617+26

−26 828+46
−46

Distance [kpc] (Conn et al. 2013) 712+21
−10 620+19

−18 1255+42
−474

Line-of-sight velocity [km s−1] −193.1±0.8 −203.8±1.1 -

There exist two commonly used observed-distances for M31 satellite galaxies (McConnachie 2012; Conn
et al. 2013). We need to vary each observed value. The line-of-sight velocity of And XXVII has not
been measured. Therefore, we adopt only first and second criteria for And XXVII. The uncertainties of
the observed line-of-sight velocities of NGC 147 and NGC 185 are quite small (McConnachie 2012). We
additionally give 10 or 30 km s−1 for the artificial uncertainties. The observed values are listed in Table 4.4.

The results for the possible candidate are summarized in Table 4.5. When we adopt the observed distances
measured by Conn et al. (2013), there is no possible orbit to explain both the NWS and And XXVII. On the
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Table. 4.5: Possibility of the NWS candidate for NGC 147, NGC 185, and And XXVII. Each number
indicates the number of possible orbits in 102,073 successful orbit models. As for And XXVII, the criterion
of the line-of-sight velocity is not included. Here, ulosv is the expression of ‘uncertainties of line-of-sight
velocity’.

name NGC 147 NGC 185 And XXVII
Distance (McConnachie 2012) and observed ulosv 0 0 1,848

Distance (McConnachie 2012) and ulosv of 10 km s−1 0 13 1,848
Distance (McConnachie 2012) and ulosv of 30 km s−1 46 74 1,848

Distance (Conn et al. 2013) and observed ulosv 0 0 0
Distance (Conn et al. 2013) and ulosv of 10 km s−1 0 13 0
Distance (Conn et al. 2013) and ulosv of 30 km s−1 46 70 0

other hand, 1,848 orbits satisfy the position and distance of And XXVII if we use the data of McConnachie
(2012). Several tens orbits in the successful orbits (102,073) satisfy the above criteria for NGC 147 and
NGC 185. It should be noted that if one of these dwarf galaxies is the progenitor core of the NWS, an
apocenter exists during its orbital motion. Because the time-scale passing through the apocenter is relatively
long in its orbital motion, it could not be believed that it remains on the NWS region and explains the line-
of-sight velocity of the globular clusters.

4.5 Summary
This thesis provides an estimate of the total mass and phase-space information of the NWS progenitor

using test-particle simulations and N–body simulations. To find the possible orbits, we use the position of
the NWS and the line-of-sight velocities of five globular clusters thought to be associated with the NWS.
Our test-particle simulations show that the NWS progenitor could not have passed within 10 kpc from
M31’s center. This fact strongly limits the tidally stripped mass from the progenitor due to the tidal force
of M31 and the physical scale of the progenitor. The result suggests that a tidally disrupted globular cluster
cannot produce the NWS because the mass of the tidal debris is three orders of magnitude smaller than that
of the NWS mass. It is more likely, rather, to assume that the progenitor is a dwarf galaxy.

We performed N–body simulations of representative progenitor models, which adopt a Plummer sphere
with different masses and scale lengths. The resulting stellar streams reproduce the position and line-of-
sight velocity of the observed globular clusters and the shape of the observed NWS. Many faint stellar
structures have been discovered in the M31 halo, and they often contain globular clusters (Veljanoski et al.
2013b). The approach described in this thesis using the line-of-sight velocity of the globular clusters will
be a powerful tool to explore their formation histories.

Depending on the initial phase-space coordinates of the progenitor, the stream at the present-day epoch
lies either in front of or behind the center of M31. Forthcoming observational estimates of the distance to
the NWS will allow us to differ the two cases. In addition to this, a large-scale parameter study of N-body
simulations is needed to determine the precise orbital parameters and physical properties of the progenitor.
The NWS will then become a new laboratory to examine the shape and the outer density profile of the
DMH in M31 (Hayashi & Chiba 2014; Kirihara, Miki & Mori 2014), and to search for sub-DMHs within
(Carlberg 2012).
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Morphology of the Progenitor of the Giant
Stellar Stream in M31
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Chapter 5 Introduction

The Local Group is a natural laboratory for investigating the formation and evolution of galaxies and
comparing the observations with theoretical studies. According to the generally accepted cold dark matter
model, a snapshot of the Local Group should record a history of the hierarchical structural formation of the
universe. In fact, by studying the spatial, kinematic, and metallicity distributions of sub-structures such as
tidal debris and dwarf satellite galaxies in their host halo, we can probe the formation history of galaxies,
the density profile of the host galaxy, and accretion history of massive black holes (MBHs) associated with
satellite galaxies.

Recent deep photometric observations of the halo of the Andromeda galaxy (M31) have discovered a
wealth of faint structures, including past and on-going galaxy mergers (Ibata et al. 2001; Irwin et al. 2005;
McConnachie et al. 2009; Martin et al. 2013). A giant stellar stream (GSS) and fan-like stellar structures
have been discovered in the halo of M31. Its spatial, metallicity, and line-of-sight velocity distribution
have been observed in detail (Ferguson et al. 2004; Ibata et al. 2004; Kalirai et al. 2006; Gilbert et al.
2009). Wider and deeper surveys of M31’s halo region those of PAndAS (Pan–Andromeda Archaeological
Survey) (McConnachie et al. 2009; Martin et al. 2013) and the SPLASH (Spectroscopic and Photometric
Landscape of Andromeda’s Stellar Halo) survey (Kalirai et al. 2010; Tollerud et al. 2012) have revealed
numerous sub-structures. In particular, the GSS lies south-east of M31’s center and extends more than
120 kpc along the line-of-sight (McConnachie et al. 2003; Conn et al. 2016). The fan-like structures spread
to the north-east and west side of M31 and with approximate radii of 30 kpc (Fardal et al. 2007). Various
works have explored the formation of these structures by colliding two galaxies in N–body simulations,
assuming minor (Fardal et al. 2007) or major merger scenario (Hammer et al. 2010). We adopt a past radial
interaction model of a dwarf satellite galaxy, which well reproduces almost all of these structures (Fardal
et al. 2007; Mori & Rich 2008; Fardal et al. 2013; Sadoun, Mohayaee & Colin 2014; Miki et al. 2014;
Kirihara, Miki & Mori 2014; Miki, Mori & Rich 2016).

The total mass of the progenitor has been estimated by several approaches. The lower limit of its stellar
mass, estimated from the kinematics and luminosity of the GSS, is 108M� (Font et al. 2006). Mori &
Rich (2008) reported the upper limit of its dynamical mass as 5× 109M�. They considered the effect of
dynamical friction on the thickness of M31’s disk. Fardal et al. (2013) and Miki, Mori & Rich (2016)
also examined the stellar mass of the satellite progenitor assuming a spherical progenitor galaxy. Their
best-fitting value was approximately 3−4×109M�.

Fig. 5.1 shows the stellar mass of the observed dwarf galaxies around M31 versus the projected distance
from the center of M31. The predicted mass range of the progenitor dwarf galaxy is dominated by dwarf
ellipticals and dwarf irregulars. On the contrary, all such satellite galaxies in M31 have rotating stellar
and/or gas components (McConnachie 2012). Even M32, which is classified as a compact elliptical, has a
rotating stellar component with a measured velocity of 55 km s−1 (Bender, Kormendy & Dehnen 1996).
M33 is a disk galaxy with no clear bulge. Disk galaxies comprize a large proportion of the less massive
galaxies in the local universe (Moffett et al. 2016). Although previous studies have usually assumed a
spherical, non-rotating progenitor galaxy, these reasonable conditions motivate us to assume a disk-like
galaxy as the GSS progenitor.
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Fig. 5.1: Stellar mass M∗ and morphological types of the observed dwarf galaxies surrounding M31 as
functions of projected distance from the center of M31 DM31 (data are taken from McConnachie 2012).
Symbols indicate dSphs (open red squares), dIrrs (filled blue circles), dEs (filled magenta triangles), a
compact elliptical galaxy (filled cyan square), and an Sb galaxy (inverted filled triangle).

Using star count maps around M31, McConnachie et al. (2003) analyzed the surface brightness profile
in the direction orthogonal to major axis of the GSS. They obtained an asymmetric surface brightness of
the GSS, with sharply decreased star counts at the north-eastern side of the GSS (viewed from the most
luminous direction of the GSS). On the other hand, the surface brightness distribution extends widely and
smoothly at the western side. This asymmetrical structure of the GSS has never emerged in simulations
that assume the infall of a spherical, non-rotating dwarf galaxy (e.g. Fig. 6.12d; Fardal et al. 2006; Gilbert
et al. 2007). The characteristic surface brightness profile of the GSS would be an excellent tracer of the
morphology of the disrupted progenitor galaxy. To examine the disk merger scenario and identify the
progenitor conditions that would lead to complicated evolution, we must systematically scrutinize a large
parameter space. Few disk satellite models have generated an asymmetric structure for the GSS. Moreover,
they have not reproduced the observed shape (Fardal et al. 2008; Sadoun, Mohayaee & Colin 2014). For
example, Fardal et al. (2008) reported two arc-like structures on the eastern side of the GSS (they resemble
streams C and D in Ibata et al. 2007). Notably, the sharp edge-like structure at the eastern side of the GSS
has not been reproduced.

Owing to its estimated mass, the progenitor galaxy is unlikely to be a nearby dSph, which has mass-to-
luminosity ratios of ∼ 100. Initially, the progenitor is thought to have inhabited a dark matter halo, with
a mass-to-luminosity ratio (M/L = 2–5). Similar M/L values have been reported for local satellite dwarf
galaxies (see figure 11 of McConnachie 2012). On the other hand, most previous works have ignored the
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dark matter halo component of the progenitor galaxy, because this component was rationalized to have
been stripped before the first interaction with M31. However, if an inner region of the dark matter halo was
gravitationally strongly bound, it would survive the collision with M31. Further, it is not understood how
the collision would disperse the dark matter halo component through the host halo.

The formation history of galaxies can be inferred from the spatial distribution of heavy elements in
their stars. Ibata et al. (2007) obtained the metallicity distribution in the southern area of M31 from
color-magnitude diagrams. They suggested a clear metallicity difference between an eastern high-surface-
brightness region (metal-rich) and a faint western region (metal-poor) of the GSS. Similar trends in the GSS
appear in spectroscopic measurements of the metallicity distribution based on the Ca II triplet absorption
lines (Gilbert et al. 2009). In addition, Fardal et al. (2012) measured the metallicity distribution of the
western shell along the minor axis of M31’s disk. Only recently, Conn et al. (2016) observed the radial
metallicity distribution along the GSS. Radial metallicity gradients are commonly observed in dwarf galax-
ies (Koleva et al. 2009), and are also known in nearby disk galaxies (Magrini et al. 2016). The present-day
metallicity gradient of the GSS could conceivably have originated in the progenitor dwarf galaxy (Fardal
et al. 2008; Miki, Mori & Rich 2016).
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Chapter 6 Internal structure of the Giant Stellar
Stream and its Progenitor’s Morphology

6.1 Motivation
We focus on the evidence of a past minor merger discovered in the halo of the Andromeda galaxy (M31).

Previous N–body studies have enjoyed moderate success in producing the observed giant stellar stream
(GSS) and stellar shells in M31’s halo. The observed distribution of stars in the halo of M31 shows an
asymmetric surface brightness profile across the GSS; however, the effect of the morphology of the pro-
genitor galaxy on the internal structure of the GSS requires further investigation in theoretical studies. To
investigate the physical connection between the characteristic surface brightness in the GSS and the mor-
phology of the progenitor dwarf galaxy, we systematically vary the thickness, rotation velocity, and initial
inclination of the disk dwarf galaxy in N–body simulations. Besides reproducing the observed GSS and
two shells in detail, we discuss the effect of varying a progenitor with different morhologies for further
observations.

In surveys of N–body simulations, we explores galaxy collisions between M31 and a dwarf satellite
galaxy composed of a stellar disk, a stellar bulge, and a dark matter halo component. The aim is to repro-
duce the asymmetric surface brightness of the GSS. In §6.2, we describe the observational data and their
treatment, including our simple analysis of the asymmetric surface brightness profile of the GSS. In §6.3,
we introduce our modeling of the M31 potential, the N–body satellite progenitor and the numerical model
for systematic surveys. The results of numerical simulations and quantitative comparisons with observed
data are displayed in §6.4. The metallicity distribution, distribution of the disrupted dark matter halo com-
ponent of the progenitor, the position of a hypothetical MBH (initially centralized in the progenitor galaxy),
and the extended stellar shell at the north-western area of M31 are described in §6.5. We summarize our
findings in §6.6.

6.2 Observed Structures

6.2.1 Spatial faint structures around M31

Merger remnants can reveal the properties (mass and morphological type) not only of the host galaxy, but
also of the disrupted progenitor galaxy. Some of the faint stellar structures in M31’s halo have been well
reproduced by an on-going merger of a satellite galaxy (Fardal et al. 2007; Mori & Rich 2008; Fardal et al.
2008, 2013; Miki et al. 2014; Sadoun, Mohayaee & Colin 2014; Kirihara, Miki & Mori 2014; Miki, Mori
& Rich 2016). Irwin et al. (2005) intensively surveyed the M31 halo with the INT/WFC. Their map covers
a 4◦ elliptical region of the semi-major axis with an aspect ratio of 5:3 and an additional ∼10 [degree2]
extension towards the south of M31. We analyze their stellar dataset in comparisons with our numerical
simulations.

The star count maps include non-GSS components such as the halo stars of M31, foreground halo stars
of MW, and other substructures around M31. To clarify the GSS structure, we simply subtract a constant



6.2 Observed Structures

Table. 6.1: Fitted values of the GSS surface brightness

Region GSS axis Eastern Edge Western Broad
θaxis [◦] width δ−

obs [◦] width δ+
obs [◦]

Inner 64.0 2.74 24.1
Outer 65.1 3.34 21.9

background as follows. We first calculate the GSS background by removing the area of the M31’s disk,
the eastern and the western shell, the GSS and several stellar substructures from the star count map. In
order to avoid assuming the MW background model and/or M31 stellar halo model, we mainly selected the
background field at the southern area of the M31 disk. Next, we average the star counts per cell, excluding
the above non-background area. The stellar background count is 1.18 stars per cell. This count is subtracted
from the star counts in each cell. That is why the MW contamination is visible at the northern area of the
M31 disk (Fig. 6.1a). This treatment provides a clearer structure of the GSS.

6.2.2 Asymmetric structure of the GSS

In their analysis of the star count maps, McConnachie et al. (2003) found an asymmetric surface bright-
ness across the GSS. Specifically, they reported a sharp increase in star counts at the eastern side of the
GSS, relative to the western side. To compare our simulated GSS with the observed GSS, we reanalyze the
observed data and obtain the azimuthal surface brightness profile of the GSS.

Within the radius R = 2.5◦ (∼ 30 kpc), the pure GSS component is obscured by superposition of M31’s
disk and the clumpy stellar structures. Beyond R = 3.5◦, the star counts are insufficient for a proper analysis.
Therefore, we analyze the region 2.5◦ < R < 3.5◦ from the center of M31 over the azimuthal angular range
30◦ < θa < 100◦ (east to south). The radial distance is divided into inner and outer areas separated at
R = 3.0◦. The analyzed area is enclosed by solid lines in Fig. 6.1a.

Fig. 6.1b shows the azimuthal distribution of star counts in the GSS. Hereafter, we define the brightest
azimuthal angle (θa ∼ 65◦) as the GSS axis. The surface brightness gradually decreases at the western side
(larger θa) of the GSS axis but increases sharply at the eastern side. Each side of this asymmetric star count
profile is fitted by an asymmetrical exponential function proportional to exp(−|dθa|/δ±

obs), where δ−
obs and

δ+
obs are the observed widths of the eastern edge and the broad western structure, respectively. The fitted

values are summarized in Table 6.1. The significant width difference between the two sides confirms the
strongly asymmetric spatial distribution.
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Fig. 6.1: (a) Background-subtracted stellar count map of the halo of M31 (Irwin et al. 2005). Arcs denote
the observed edges of the eastern and western shells and squares locate in the previously observed area of
the GSS (see Table 1.1 and Table 1.2, McConnachie et al. 2003; Guhathakurta et al. 2006; Fardal et al.
2007). The white ellipse traces the disk of M31. The azimuthal angle θa is taken from the eastern direction
in M31-centered coordinates. (b) Azimuthal star count distribution of the GSS. The analysis area is a
portion of an annulus (30◦ < θa < 100◦), as shown in panel (a). The dotted and dashed lines profile the
inner and outer regions of the annulus, respectively.
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6.3 Numerical models

6.3 Numerical models

6.3.1 M31 potential model

In this work, we assume a fixed gravitational potential model for M31 with a Hernquist bulge (Hernquist
1990), an exponential disk and a dark matter halo with an NFW profile (Navarro, Frenk & White 1996).
The scale radius and total mass of the bulge component are 0.61 kpc and 3.24× 1010M�, respectively.
The M31 disk is assigned a scale height of 0.6 kpc, a radial scale length of 5.4 kpc and a total mass of
3.66×1010M�. The inclination and position angle of the M31 disk are 77◦ and 37◦, respectively (Geehan
et al. 2006). The NFW halo has a scale radius of 7.63 kpc, and a scale density of 6.17× 107M� kpc−3.
Under these conditions, the M31 model nicely reproduces the observed surface brightness of the bulge and
disk components, the velocity dispersion of the bulge and the rotation curve of the disk (Geehan et al. 2006;
Fardal et al. 2007). The more detailed information is stated in § 3.2.

Also using full N–body simulations, Mori & Rich (2008) examined the dynamic response of the in-
teraction between M31 and a less massive progenitor (. 5 × 109M�). They found little change in the
gravitational potential of M31. Therefore, M31 can be feasibly treated as a fixed gravitational potential,
and the above-mentioned M31 parameters have been adopted in previous studies using the same initial
orbital variables of the progenitor (Fardal et al. 2007, 2008; Miki, Mori & Rich 2016).

6.3.2 N-body satellite models

To elucidate the origin of the asymmetric GSS surface brightness, we collide M31 with a disk dwarf
satellite galaxy, which is a self-consistent N–body disk with stars and dark matter. The initial position and
velocity vectors of the progenitor galaxy are taken from Fardal et al. (2007).

An equilibrium model of the disk dwarf galaxy is constructed using in the public code GALACTICS (Kui-
jken & Dubinski 1995), which generates a self-consistent bulge–disk–halo N–body system. McConnachie
(2012) describes there exist a lot of dwarf galaxies that inhabit dark matter. However, it is controversial
how much mass of dark matter they have (there exists stellar dominant galaxy such as M32). As a tentative
disk progenitor model for the THIN model, we adopt the downsized model of the M31 Model A presented
in Widrow, Perrett & Suyu (2003), which reduces the M31 mass by a factor of 100. This model treats
the density profile of the dark matter halo as a lowered Evans profile (Kuijken & Dubinski 1994), which
satisfies an isothermal distribution function with a characteristic radius ra. The disk component follows an
exponential density profile with a scale length Rd in the radial direction, and an isothermal profile with a
scale height Zd in the vertical direction. The bulge component is modeled as a King sphere.

We now summarize the input parameter set of the disk dwarf progenitor models. In GALACTICS, the length,
velocity and mass units are 1 kpc, 100 km s−1 and 2.325× 109M�, respectively (see Kuijken & Dubinski
(1995) and Widrow, Perrett & Suyu (2003)). The halo parameters input to THIN are the central potential
Φ(0) =−1.483, the central velocity dispersion V0 = 0.952 and ra = 0.981. The total mass, scale length, and
scale height of the disk component are Md = 0.318, Rd = 1.11, and Zd = 0.13, respectively. The outermost
cutoff radius of the disk Router is 8.0, with a truncation length of 0.2. The parameters of the bulge component
are the central density (ρ0 = 6.68), velocity dispersion (σb = 0.508), and cutoff potential (ψcut = −0.835).
The cutoff potential controls the extent of the bulge.

As is well known, the nearby dwarf galaxies are relatively thick (Spolaor et al. 2010; Toloba et al. 2011).
Accordingly, we construct two additional models (THICK and HOT), in which the scale heights are Zd =
0.52 (four times the scale height of the disk of THIN), and Zd = 1.11 (the same length as the scale length),
respectively. The input parameter values are listed in Table 6.2. The models are seeded with 203,418
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Table. 6.2: Properties of the progenitor models

Model THIN THICK THICK2 THICK3 THICK4 THICK5 THICK6 THICK7
Zd 0.13 0.52 0.52 0.52 0.52 0.52 0.52 0.52
Ψ0 −1.483 −1.483 −1.400 −1.450 −1.500 −1.550 −1.600 −1.650
V0 0.952 0.952 1.000 1.100 1.200 1.300 1.400 1.500

Model THICK8 THICK9 HOT
Zd 0.52 0.52 1.11
Ψ0 −1.700 −1.750 −1.483
V0 1.600 1.650 0.952

Table. 6.3: Mass abundances of the progenitor models

Model THIN THICK HOT
Zd [kpc] 0.13 0.52 1.11
vmax/σ 10.8 2.5 1.3

Bulge [M�] 2.9× 108 3.1× 108 3.1× 108

Disk [M�] 7.8× 108 7.3× 108 6.5× 108

DM halo [M�] 3.2× 109 3.5× 109 3.9× 109

particles; 153,752 dark matter particles, 36,756 disk particles, and 12,910 bulge particles. When checking
the convergence of the numerical resolution, we multiplied this total particle number by five (to 1,017,090).
Because the GALACTICS code uses a Poisson solver, the total mass in our models is altered by changing the
disk thickness. Table 6.3 lists the ratios of the rotation velocity to the velocity dispersion of the stellar
component and the masses of the bulge, disk, and dark matter halo in each disk model. The effective radius
of the constructed bulge (∼ 200 pc) is consistent with the relationship between the radius and stellar mass
(Gadotti 2009).

To expand the parameter space of the THICK model, we fix Zd and vary the rotation curve, which would
affect the shape of the GSS. The different rotation velocity of the disk is simply varied by changing the
central gravitational potential of the dark matter halo. The resulting models are named THICK2–THICK9
(see Table 6.2). Fig. 6.2 shows rotation curves of the various disk models. The THICK disk models are
numbered in order of increasing rotation velocity of the disk inner 5 kpc. All of the progenitor models are
consistent with the observed baryonic Tully–Fisher relation in the scatter range (McGaugh et al. 2000).

In the N–body simulations, the gravity is calculated by an original parallel tree code with a tolerance
parameter of 0.5. The Plummer softening length is ∼ 8 pc. These parameters sufficiently resolve the bulge
component and reduce numerical two-body relaxation. The orbit is integrated by a second-order leapfrog
integrator with a shared timestep of approximately 10 kyr.

When testing the convergence of the numerical resolution, we perform an additional high-resolution run
using the same code. As mentioned above, the total particle number in the high-resolution run (1,017,090) is
five times that of the normal resolution. Additionally, we increase the particle number to 16,777,216 (∼ 16
times that of the high-resolution) and conduct a highest-resolution run. Besides verifying convergence,
the highest-resolution run reveals the metallicity distribution in the faint regions such as the broad western
structure of the GSS, by which we reduce the Poisson noise in the N–body simulations. In the highest-
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Fig. 6.2: Rotation curves in various disk models (THICK (lowest disk rotation velocity) to THICK9 (high-
est disk rotation velocity)).

Table. 6.4: Resolution (particle number N) and programming codes at different resolutions

Resolution Normal High Highest
N 203,418 1,017,090 16,777,216

purpose Large parameter Convergence test High-quality
survey for large survey data analysis

code Original tree on CPUs Original tree on CPUs GOTHIC on CPUs
section §6.4 §6.5.1 §6.5.2–§6.5.4

resolution model, we employ the gravitational octree code optimized for Graphics Processing Units (GPU),
GOTHIC (Miki & Umemura 2017), which implements a hierarchical time step with a second-order Runge–
Kutta integrator and the multipole acceptance criterion proposed by Warren & Salmon (1993) and Salmon
& Warren (1994). The accuracy control parameter ∆acc is set to be 2−8. The resolutions and codes of the
normal, high and highest resolution models are summarized in Table 6.4. Numerical calculations are carried
out on the T2K–Tsukuba System, HA–PACS System, COMA System, and workstations at the Center for
Computational Sciences, University of Tsukuba, Japan.
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6.3.3 Rotation of satellite progenitor

To reproduce the observed shapes of the GSS and shells, we require an initial inclination of the disk
progenitor, which is precluded in spherical progenitor models. Therefore, we systematically vary the initial
inclination of the disk and simulate galaxy merger between M31 and the progenitor galaxy. In this survey,
we construct a two-dimensional plane in spherical coordinates (φ ′,θ ′) (later altered to φ(≡ 180◦ − φ ′),
θ(≡ 180◦−θ ′)) (as shown in Fig. 6.3). Initially, the pole of the satellite system aligns with the direction of
the angular momentum vector of M31’s disk. In other words, when (φ ′,θ ′) = (0◦,0◦), the disk planes and
the spin axes of the progenitor and M31 disks are identical. The X(Z) axis corresponds to the minor (major)
axis of M31’s disk and the arrow points to the north-western (eastern) side of M31’s center. The polar angle
θ ′ ranges from the pole (+Y ) direction to the −X direction (0◦ 5 θ ′ < 180◦), and the azimuthal angle φ ′

is measured anti-clockwise from the −X axis on the disk plane in the +Z direction (0◦ 5 φ ′ < 360◦). The
spin axis of the disk dwarf galaxy is inclined first by θ ′ and then by φ ′.

Initially, the disk of the progenitor galaxy is inclined by (φ ,θ), and the (φ ,θ) plane is comprehensively
surveyed with a grid width of 30◦. Next, we carefully examine parameter spaces that reasonably reproduce
the GSS. In each disk model (THIN, THICK, and HOT), we simulate approximately 350 runs on the (φ ,θ)
plane and identified the appropriate parameter spaces on that plane (e.g. Fig. 6.10).

In the beginning, we explore the case of the models THIN, THICK, and HOT and find an appropriate
range of the parameter space on the plane (φ ,θ) (e.g., Fig. 6.10). We then perform detailed simulations in
the appropriate parameter spaces (−50◦ ≤ φ ≤ 60◦ and 10◦ ≤ θ ≤ 105◦). All models are iterated through
74 runs except for the THICK7 model (176 runs).
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Fig. 6.3: Initial inclination (φ ′,θ ′) of the spin axis of the progenitor’s disk in the specified coordinate
system. Gray elliptical disk delineates the M31’s disk in the numerical simulation coordinates, and the
orange elliptical disk is the inclined disk of the progenitor. The green compass shows the north, east, and
the Local Standard of Rest directions. The Earth locates at the backside of M31’s disk. Three-dimensional
visualization was conducted with the S2PLOT programming library (Barnes et al. 2006).
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6.4 Numerical Results

6.4.1 Representative models

In this section, we simulate galaxy collisions between M31 and a disk dwarf satellite galaxy. First, we
demonstrate a successful model that well reproduces the GSS axis, the width of the sharp eastern edge and
width of the broad western structure of the GSS. Fig. 6.4 shows the whole spatial distribution of the satellite
galaxy remnant and the normalized stellar number count, as function of the azimuthal angle for one of the
successful parameters (model THICK7 with (φ ,θ) = (−15◦,30◦)). To ensure a high-quality analysis, we
here use the data of the highest-resolution runs (see Table 6.4). The shapes and sizes of the north-eastern and
western shells are also well reproduced. The westernmost side of the GSS exhibits an arm-like structure
rather than the observed smooth structure. However, the true structure is poorly understood because the
GSS features are faint in that region and substructures have been observed there. The northern side of the
eastern shell presents a dense region at the approximate position of the northern spur reported by Ferguson
et al. (2002). The faintest structures are an extended shell structure outside the western shell (§6.5.4) and
a spillover at the tip of the GSS (η ∼ −5◦ and ξ ∼ 4◦). Ibata et al. (2007) reported a similar structure
called Stream B, which is mainly composed of metal-rich stars. Whereas the observed structure is almost
perpendicular to the GSS, the simulated one has a smaller interior angle.

Fig. 6.5 shows the time evolution of the disrupted dwarf galaxy on the sky coordinate up to current epoch.
The progenitor galaxy, initially located in the north-western area of M31 (Fig. 6.5i), collided almost head-on
with M31. From its initial condition, the progenitor disk reached the first pericentric passage of the orbital
motion in approximately one dynamical time of the progenitor’s disk. The progenitor is then disrupted, and
a component spreads into the south-eastern area with the growth of the GSS (Fig. 6.5j). Simultaneously,
part of the debris falls and enters the western side of M31’s center. After the second pericentric passage, the
debris spreads into a wide fan called the eastern shell (Fig. 6.5k). Immediately, some of the debris moves
to the western area, forming a similar shell called the western shell (Fig. 6.5l). In each run, the current
epoch is defined as the snapshot, in which the simulated edge positions of the eastern and western shells
best match the observed positions.

In Fig. 6.5l, the dense region of the simulated GSS lies along the observed fields (Table 1.1; indicated
by open squares) (McConnachie et al. 2003; Guhathakurta et al. 2006). In the simulation results, the
boundaries of the shell structures at the north-eastern and western areas reach the observed edges of the
shells analyzed by Fardal et al. (2007) (Table 1.2; indicated by black circles). Most of the bulge component
resides in the eastern shell (Fig. 6.5d); almost none is found in the GSS area. This occurs because the bulge
stars are strongly bound by the gravitational potential of the progenitor’s bulge and therefore survive the
tidal disruption of M31’s gravitational field at the first pericentric passage. The simulated progenitor also
exhibits a spherical dark matter halo component, which evolves as shown in the bottom panels of Fig. 6.5.
The spatial distribution spread over a quite broad region around M31, particularly at the eastern side of the
GSS. Interestingly, the sharp edge of the dark matter distribution in the western M31 appears to locate at
the stellar component.

Fig. 6.6 shows the mass fraction of the dark matter component originally surrounding the progenitor
dwarf, relative to M31. The assumed mass distribution of the dark matter halo inhabited with M31 is de-
scribed in §6.3.1. This figure is constructed from the snapshot of Fig. 6.5p. The highest mass fraction is
approximately 0.1. Relative to the smooth dark matter halo of M31, the progenitor’s dark matter is signif-
icantly enhanced at the edge of the western shell. Interestingly, this region of mass-density enhancement
coincides with the stellar structure at the western shell. However, this result indicates that the mass frac-
tion is too small to detect even with TMT (thirty-metre-telescope), which exploits the weak lensing of the
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background halo stars.
Fig. 6.7 displays the three-dimensional distribution of the debris in the spherically symmetric and axisym-

metric progenitor models. The merger with a spherical galaxy is simulated under the same mass-resolution
(11,520,000 particles) as the baryonic component of the disk model in the highest-resolution run. The
spherical dwarf satellite galaxy has a Plummer equilibrium distribution with a total mass of 2.2× 109M�

and a scale radius of 1.03 kpc. The time evolution of the disrupted progenitor with the Plummer model
is shown in Fig. 1.3. The three-dimensional distribution of the simulated GSS is consistent with the latest
observations by Conn et al. (2016). The simulated GSS is slightly shorter than the observed GSS, possibly
because we imposed an artificial radial cutoff in the initial progenitor’s disk for simplicity. Dynamically
cold components (e.g. fine structures in the inner regions of the eastern and western shells) appear in the
disk merger scenario (Fig. 6.7). The most important difference is the GSS width; in particular, a dynami-
cally cold component on the western side of the GSS. The southern and western spread of the GSS is much
broader in the disk merger than in the spherical progenitor merger in the three-dimensional view.

Fig. 6.8 shows the three-dimensional distributions of the bulge and the dark matter halo components
at the best-fitting epoch. In panels (b) and (c), the progenitor’s bulge is elongated along the line-of-sight
direction by the tidal force of M31’s potential. Several shell-like structures appear in the three-dimensional
view of the dark matter halo component of the disrupted progenitor, indicating that part of the dark matter
halo component crosses the central region of M31 several times.

We now present some typical results of clockwise- and anti-clockwise-rotating disk models in the sky
coordinate system. Figs 6.9a and b show the stellar mass-density distributions of almost clockwise ((φ ,θ) =
(−90◦,100◦)) and anti-clockwise ((φ ,θ) = (90◦,75◦)) rotating disk models, respectively. The shape of the
debris largely differs from that of the galaxy–spherical dwarf merger. The progenitor–M31 collision was
almost head-on, and the progenitor center passed barely east of M31’s center. The shortest distance between
the progenitor and M31 centers was 1 kpc at the first pericentric passage. In addition, the progenitor’s disk
is more than 1 kpc across (§6.3.2). As the details depend on the inclination of the progenitor disk, the main
component of the progenitor passes to the east of M31’s center, but a portion enters the western area of
M31’s center.

Clearly, there is no GSS-like component in Fig. 6.9a. Instead, we observe a curious structure at the
south-eastern area of M31. This occurs because the stellar component passing to the west of M31’s center
at the first pericentric passage has a clockwise-rotating component, so is ejected eastward. On the other
hand, in Fig. 6.9b, the stellar component passing just east of M31’s center has an anti-clockwise-rotating
component, so the GSS is slight on the eastern side but spreads broadly on the western side. However, the
direction of the simulated GSS offsets relative to that of the observed GSS.

To summarize the above findings, the direction and shape of the GSS strongly depend on the rotation of
the progenitor galaxy. To evaluate how the initial inclination of the progenitor affects the GSS, we analyze
the reproducibility of the GSS axis, the width of the eastern edge, and the width of the broad western extent
in the following subsections.
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Fig. 6.4: (a) Surface mass-density distribution of the disrupted progenitor, under the parameters yielding
one of the most successful results (model THICK7 with (φ ,θ) = (−15◦,30◦)). The inclined elliptical line
describes the shape of M31’s disk. Square symbols indicate the observed fields of the GSS (see Table 1.1,
McConnachie et al. 2003; Guhathakurta et al. 2006). Circles are the edge positions of the eastern and
western shells analyzed by Fardal et al. (2007) (Table 1.1). (b) Normalized stellar count in the GSS as
a function of azimuthal angle. Blue solid and black lines present the N–body simulation results and the
observed profile of the GSS, respectively.
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Fig. 6.5: Evolution of the surface mass-density distribution of the disrupted dwarf galaxy in sky coordi-
nates. Top to bottom panels show the evolution of the bulge component (a–d), disk component (e–h), bulge
and disk components (i–l), and dark matter halo component (m–p). Left-hand to right-hand panels present
the mass-density distributions at 0.0 Gyr, 0.3 Gyr, 0.6 Gyr, and 0.9 Gyr (current epoch) after the start of the
simulation run. Symbols and lines in each panel are those of Fig. 6.4a.
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Fig. 6.6: Mass ratio of the dark matter halo initially inhabited with the progenitor galaxy, relative to the
dark matter halo of M31. The inclination of the disk model is (φ ,θ) = (−15◦,30◦) (model THICK7).
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Fig. 6.7: Three-dimensional distribution of the colliding satellite galaxy in the disk model (both disk and
bulge stars are plotted) and the spherical progenitor model at the best-fitting epoch. Symbols and lines in
each graphic are those of Fig. 6.4a. Observed distances in each region are indicated as follows: open red
circles with error bars (best parameters in Conn et al. 2016), filled black triangles (most likely parameter
values in Conn et al. 2016), and cyan crosses (McConnachie et al. 2003). Left panels (a–c): Results of
the successful disk model (progenitor model using the same parameters as Fig. 6.5l). Right panels (d–f):
Results of the spherical symmetric Plummer model. Panels (a) and (d): View on the sky coordinates. Panels
(b) and (e): View on the line-of-sight depth dM31 [kpc] versus η [deg] plane. Panels (c) and (f): View on
the line-of-sight depth dM31 [kpc] and ξ [deg] plane. White arrows show the line-of-sight direction from
Earth.
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Fig. 6.8: Three-dimensional distribution of the bulge (left-hand panels) and dark matter (right-hand panels)
components of the disrupted dwarf galaxy at the best-fitting epoch. Symbols and lines in each panel are
those of Fig. 6.4a. The viewing angle is the same as in Fig. 6.7. The upper right graphic in panel (a) enlarges
the 1.5◦×1.5◦ region outlined in green. The phase-space distribution of the bulge component is analyzed in
the white-outlined region (see §6.5.3). The red circle indicates the position and size of a recently discovered
density enhancement on M31’s disk (Davidge 2012).
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Fig. 6.9: Projected stellar mass-density distributions of (a) an initially clockwise-rotating disk model
(model THICK with (φ ,θ) = (−90◦,100◦)) in the sky at the best-fitting epoch and (b) an initially anti-
clockwise-rotating disk model (model THICK with (φ ,θ) = (90◦,75◦)). Symbols and lines in each panel
are those of Fig. 6.4a.
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6.4.2 GSS axis

The direction of the GSS axis explicitly informs the reproducibility of the GSS. As stated in §6.4.1, the
azimuthal angle of the density peak in the GSS largely depends on the initial inclination of the progenitor’s
disk. To examine the effect of this initial parameter, we require a complete sweep of the large parameter
space.

To quantitatively compare the observed and simulated GSS axes θaxis, we conduct a χ2 analysis. Mim-
icking the observed data analysis, we obtain the simulated GSS axis by an asymmetric exponential fitting
of the azimuthal distribution of the GSS (as described in §6.2.2). The top panels in Fig. 6.10 show the
χ2 maps of the simulated GSS axis at the best-fitting epoch on the (φ ,θ) plane in each model. Here we
assume an observed uncertainty σ peak

obs of δ−
obs, the observed width of the eastern edge (see Table 6.1). The

bluer region well matches the observed GSS direction and the (φ ,θ) parameter space that reproduces the
observed GSS axis is tightly constrained. The thick black line in each panel describes the 1σ confidence
interval of ∆χ2 (=1). The minimum χ2 value in the THIN, THICK, and HOT disk models are 0.01, 0.28,
and 0.44, respectively.

The well-fitting area apparently shifts to larger θ with increasing scale height of the disk. The reason for
this trend is discussed in §6.4.5. Here the χ2 value in the Plummer model is 2.5, reasonably suitable for
detecting the GSS axis.

6.4.3 Eastern edge of the GSS

The star counts sharply decrease from the GSS axis in the eastward direction, relative to the western
direction. We analyze the eastern edge similarly to the GSS axis.

To compare the observed and simulated widths of the eastern edge, we conduct a χ2 analysis assuming
an observational uncertainty σ east

obs ≡ δ−
obs (the observed width of the eastern edge stated in Table 6.1). Mim-

icking the observed data analysis, we obtain the width of the simulated GSS by an asymmetric exponential
fitting. The middle panels in Fig. 6.10 show the simulated widths of the GSS eastern edge at the best-fitting
epoch on the (φ ,θ) plane in each disk model. The minimum χ2 values in the THIN, THICK, and HOT
disk models are 0.01, 0.04, and 0.18, respectively. Note that in the THIN and THICK models, a specific
parameter range replicates both the observed GSS axis and the eastern edge of the GSS.

At present, how the surface brightness profile of the GSS becomes asymmetric is unclear. Here, we
examine the mechanism that forms the eastern edge of the GSS on the plane (φ ,θ). The bluer region well
fits the observed width of the GSS eastern edge, and a clear boundary of χ2 values separates the well-fitting
parameters from the remaining (φ ,θ) parameter space. The color maps in the bottom panels of Fig. 6.10
show the directions of the initial inclination of the progenitor’s disk, viewed from the Earth. These maps
are overlaid on the χ2 maps of the eastern edge width of the GSS. The color bar indicates the inner product
of the normalized line-of-sight vector into M31’s center and the unit vector of the progenitor’s disk spin.
This figure describes the behavior of the rotating disk in the sky, providing intuitive information on the
successful conditions. The boundaries in the middle panels of Fig. 6.10 resemble the curve of the edge-on
region in the sky coordinates. Viewed from the Earth, the spin vector of the progenitor’s disk switches
between positive and negative as it crosses the curve. In other words, the curve is the switching line of the
clockwise and anti-clockwise rotation of the progenitor’s disk in the sky.

Although the clockwise-rotating disk models nicely replicate the GSS axis, they fail to reproduce the
sharp eastern edge. The successful parameter space resides in the plane ((φ ,θ) with −45◦ < φ < 30◦ and
30◦ < θ < 80◦ (THIN model) or −20◦ < φ < 20◦ and 40◦ < θ < 70◦ (THICK model)). The Plummer
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Fig. 6.10: Top panels: Comparisons between the azimuthal angles of the density peaks in the observed
GSS and the simulation runs in each disk model on the plane (φ ,θ) of the initial inclination of the progen-
itor’s disk (χ2 analysis). Middle panels: Comparisons between the observed and simulated eastern edge
widths. Colored squares show the χ2 values of the simulated parameters. Thick solid, thin solid and dashed
contour lines indicate the 1σ , 2σ , and 3σ confidence intervals of the ∆χ2, respectively. Thick red contours
describe the 1σ confidence intervals of the azimuthal angles of the density peaks in the GSS (top panels).
Bottom panels: The initial spin axis of the progenitor’s disk on the observed frame is related to the eastern
edge width of the GSS. The color bar shows the inner product of the normalized line-of-sight vector into
M31’s center and the normalized initial spin vector of the progenitor’s disk. Magenta (green) areas indicate
clockwise (anti-clockwise) rotation of the progenitor’s disk. Within the yellow area, the disk is viewed
almost edge-on from the Earth.

model fails to construct the edge, and the minimum χ2 value is 9.9. This confirms that spherical progenitor
models cannot reproduce the sharp the eastern edge.

6.4.4 Broad western structure of the GSS

In contrast to the eastern side, the star counts at the western side of the GSS gradually decrease from the
GSS axis to the westward direction. We investigate the internal structure of this region and the reproducibil-
ity of the broad western structure, comparing the simulated results with the observed data. For comparison,
we set the half width of the broad western structure δ+

obs/2 (see Table 6.1) as the uncertainty σ west
obs in the χ2

analysis. This large uncertainty σwest
obs reflects the faint and noisy nature of the wider western region of the

GSS. Consequently, the observed distribution fitting might overestimate the true width of the broad western
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Fig. 6.11: Same as Fig. 6.10, but comparing the observed and simulated western widths of the GSS.

structure. Nevertheless, the western side of the GSS is significantly wider than the eastern edge in reality.
Fig. 6.11 shows the χ2 map of the western side of the GSS at the best-fitting epoch in the (φ ,θ) plane. The

bluer region well reproduces the observed broad western width of the GSS. The minimum χ2 value in the
THIN, THICK, and HOT models are 0.74, 0.97, and 0.21, respectively. Again, we estimate the width of the
simulated GSS by an asymmetric exponential fitting. This analysis does not apparently limit the parameter
space. In general, the thicker the disk model, the better the reproducibility of the observed western width.
The best-fitting parameters in the THICK and HOT models reproduce all three stellar distributions of the
GSS: the GSS axis, the eastern edge, and the broad western structure.

Fig. 6.12 plots the normalized number count as a function of the azimuthal angle for (φ ,θ) = (5◦,40◦)
in various disk and spherical progenitor models. The selected parameters in Fig. 6.12 yield successful
results in the THICK model. In the THIN model, the azimuthal angle of the density peak in the GSS
matches the observed one, but the stream is dynamically too cold and is too narrow. In contrast, the THICK
model (Fig. 6.12b) well reproduces the observed axis and eastern edge of the GSS. The western side of the
simulated GSS is wider than the eastern edge. At this inclination, the profile of the HOT model resembles
that of the spherical model (Fig. 6.12d), with an angular shift of the GSS axis. The western and eastern
sides of the simulated GSS are almost symmetric about the GSS axis. In the Plummer model, the χ2 value
of the western width is 3.2.

6.4.5 Effect of rotation velocity

As stated in §6.4.3, the width of the eastern edge can be explained by the anti-clockwise rotation of the
progenitor’s disk in the sky. As displayed in Fig. 6.10, the parameters that well-fitted the GSS axis are
substantially limited on the (φ ,θ) plane. When around φ = 0, the parameter space that well reproduces the
edge width favors smaller θ . The THIN model reproduces the GSS axis at smaller θ than the larger scale
height models. This tendency might be attributable to the varying thicknesses of the disk models. In fact, as
mentioned in §6.3.2, changing the thickness of the disk model alters the total mass of the progenitor model,
and hence the rotation velocity of the disk model. As varying the rotation velocity of the progenitor’s disk
would shift the simulated GSS axis, we expand the parameter space of the THICK model (maintaining
constant Zd) to vary the rotation curves.

Fig. 6.13 presents the results of the additional simulations in and around the acceptable parameter range
of the THIN and THICK models. The number assigned to each disk model indicates its rotation speed
(lowest for THICK, highest for THICK9; see Table 6.2). Higher rotational velocity reduces the θ that
reproduces the GSS axis. As the rotation speed of the disk increased, the fitted parameter space converges
towards the THIN’s parameter space (Fig. 6.10 top-left panel).
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Fig. 6.12: Azimuthal angle distributions (red lines) of the GSS simulated by the (a) THIN, (b) THICK,
(c) HOT, and (d) Plummer models. The inclination of the disk models is fixed at (φ ,θ) = (5◦,40◦). The
observed GSS distribution (black dashed lines) is also plotted in each panel.

Here, we briefly summarize our findings. A disk progenitor with higher rotation velocity shifts the
GSS axis θ to smaller values. The eastern edge of the GSS forms only under anti-clockwise rotation
of the progenitor dwarf, regardless of its disk thickness. In the extremely thin disk model, the debris is
too dynamically cold to reproduce the observed spatial extent of the GSS. On the other hand, the HOT
model could not form the observed sharp eastern edge. The broad structure at the western side of the GSS
likely originates from an anti-clockwise rotating component passing just east of M31’s center at the first
pericentric passage.

6.4.6 Line-of-sight velocity distribution

Additionally to the photometric survey of stars, spectroscopic measurements of the line-of-sight velocity
distribution in the GSS have also been carried out (Ferguson et al. 2004; Kalirai et al. 2006; Koch et al.
2008; Gilbert et al. 2009). The observed area almost follows the extending direction of the GSS (Ibata et al.
2004). Fig. 6.14 shows the line-of-sight velocity distribution of the simulated GSS at the best-fitting epoch.
The simulated data are those of the highest-resolution run described in §6.4.1 (model THICK7; (φ ,θ) =
(−15◦,30◦)) and the simulation area is 30◦ < θa < 100◦ (see Fig. 6.1a). The distance and heliocentric
systemic line-of-sight velocity of M31 are assumed as 780 kpc and −300 km s−1, respectively (Font et al.
2006). The simulated line-of-sight velocity distributions are consistent with that of the observed data.

Gilbert et al. (2009) reported an additional cold component (R . 20 kpc) near the eastern edge of the
GSS. This component is absent on the sky coordinates in our result (Fig. 6.7a), but a similar structure
overlaps on the eastern shell (see the three-dimensional map ((ξ ,dM31) = (0.5◦,5kpc)) in Fig. 6.7c). Miki,
Mori & Rich (2016) reported a similar component (third shell) in many parameter sets.
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Fig. 6.13: χ2 analysis of the azimuthal angle of the GSS density peak in the thick disk models. The
symbols are explained in Fig. 6.10.

6.5 Discussions

6.5.1 Availability of the model and assumptions

To test the convergence of the numerical resolution, we perform a high-resolution run using the parame-
ters that well reproduce the observed structures (THICK7; (φ ,θ) = (−15◦,30◦)). The high-resolution run
simulates 1,017,090 particles (five times the particle number in normal-resolution runs). Fig. 6.15 shows
the convergence results. Panel (c) presents the results of the highest-resolution run, which the number
of particles is approximate 16 times higher than in the high-resolution run. All three runs yield similar
global structures, but the distribution is somewhat noisy in Fig. 6.15a. The azimuthal angle distributions of
the GSS are consistent in the normal- and higher-resolution runs (Fig. 6.15d). Therefore, we consider the
resolution of our systematic surveys is sufficient.

Miki et al. (2014) systematically evaluated the infalling orbit of a spherical progenitor galaxy. They
limited the possible orbital parameters within a narrow range including the orbit proposed by Fardal et al.
(2007). The tight constraint originates from the strength of the tidal force exerted by M31’s bulge and
the passage duration of M31’s central region. To form the GSS and both shells, the progenitor must be
almost entirely disrupted. Therefore, assuming that the feasible orbital parameters are independent of the
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Fig. 6.14: Mass density of the line-of-sight velocity distribution of the simulated GSS (model THICK7
with (φ ,θ) = (−15◦,30◦)). Cyan symbols are observed data in each field (Table 3.1: Ferguson et al.
2004; Kalirai et al. 2006; Gilbert et al. 2009). Each bar on the symbols indicates the line-of-sight velocity
distribution of the stars at that distance.

progenitor’s morphology, we here adopt the orbit found by Fardal et al. (2007). Our hypothesis will be
tested in a future study (i.e. a systematic orbit survey of the disk progenitor).

Kirihara, Miki & Mori (2014) examined the outer density distribution of the dark matter halo of M31 (see
Chapter 3. They highlighted the necessity of reproducing the observed surface brightness ratios among the
GSS and both shells. They suggested that the varying gravitational potential of M31 changes the evolutional
timescale of the merger remnants and forms appropriate structures. However, in a spherical progenitor
merger, their best-fitting parameter did not replicate the characteristic asymmetric structure of the GSS. In
addition, their results might depend on the morphology of the progenitor. For this reason, we first assume
the generally adopted conditions in our M31 model. On the other hand, our successful disk model does
not explain the observed surface density ratio. Therefore, the mass-density profile of M31’s dark matter
halo, the orbital initial conditions, and the detailed morphology of the progenitor are interesting future
investigations.

6.5.2 Metallicity distribution

The GSS exhibits non-uniform metallicity in the perpendicular direction to the GSS axis (Ibata et al.
2007; Gilbert et al. 2009). The observed mean metallicities in the ‘core’ region (high-brightness region;
outlined by the green dashed line in Fig. 6.16) and the ‘cocoon’ region (western envelope; outlined by the
magenta dashed line in Fig. 6.16) are 〈[Fe/H]〉 = −0.54 and 〈[Fe/H]〉 = −0.71, respectively. On the other
hand, nearby dwarf galaxies exhibit radial metallicity gradients of −0.6 < ∆[Fe/H] < 0.2 (Koleva et al.
2009). The radial metallicity is computed by:

∆[Fe/H] ≡ d [Fe/H](r)
d log(R/Rd)

, (6.1)

70



6.5 Discussions

η 
[d

eg
re

es
]

-4

-2

 0

 2
(a)

ξ [degrees]

-2 0 2

(b)

lo
g
 Σ

*
 [

M
⊙

 d
eg

-2
]

 4

 5

 6

 7

 8

 9
η 

[d
eg

re
es

]

ξ [degrees]

-4

-2

 0

 2

-2 0 2 4

(c)

N
o
rm

al
iz

ed
 c

o
u
n
t

θa[°]

 0

 0.2

 0.4

 0.6

 0.8

 1

 30  40  50  60  70  80  90  100

(d)

Fig. 6.15: Convergence test of our simulations with a successful parameter set (model THICK7 with
(φ ,θ) = (−15◦,30◦)). Spatial distributions of the disrupted progenitor at the best-fitting epoch with dif-
ferent resolutions: (a) normal-resolution simulation in parameter surveys, (b) high-resolution simulation,
which uses five times more particles than the normal-resolution runs, (c) highest-resolution simulation,
which is implemented in different code (GOTHIC). Symbols and lines in panels (a), (b), and (c) are those
of Fig. 6.4a. (d) Azimuthal angle distribution of the GSS. The dotted magenta, solid red, and solid blue
lines are generated at normal, high, and highest resolutions, respectively. The black dashed line denotes the
observed data (Irwin et al. 2005).

where Rd is the scale length of the progenitor’s disk. The spatial metallicity distribution of the merger
remnants could reveal the initial metallicity gradient of the progenitor galaxy. In fact, Fardal et al. (2008)
showed that disk infalling models generate the differences of metallicity in the GSS, although the initial
radial gradient of the progenitor is quite high (∆[Fe/H] ∼−1.0, read by eye from figure 2b in Fardal et al.
(2008)). Metallicity gradients in the GSS appear even in models of a spherically symmetric progenitor
galaxy (Miki, Mori & Rich 2016). However, the observed large differences in mean metallicity do not
easily develop in these models.

To estimate the metallicity distribution in faint regions, such as the broad western structure of the GSS,
we need to reduce the Poisson noise in the N–body simulations. For this purpose, we seed the progenitor
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a metallicity gradient of ∆[Fe/H] = −0.5 and the mean metallicity of 〈[Fe/H]〉 = −0.57. (c) Metallicity
distribution filtered by the detection limit of INT/WFC. Green and magenta dashed lines respectively denote
the ‘core’ and ‘cocoon’ regions (Ibata et al. 2007). Other symbols and lines in each panel are indicated in
Fig. 6.4a.

galaxy with over 16 million particles in the highest-resolution simulation using GOTHIC (see Table 6.4).
Other parameters for the progenitor model are those of the high-resolution run.

As shown in the top panels of Fig. 6.5, most of the disrupted bulge component appear on the M31 disk.
Therefore, we set the metallicity gradient only to the disk component of the progenitor galaxy. Initially, we
assume ∆[Fe/H] = −0.5, the observed metallicity gradient of Koleva et al. (2009). We also set the mean
metallicity to 〈[Fe/H]〉 = −0.57, consistent with the mass-metallicity relation of nearby dwarf galaxies
(Dekel & Woo 2003).

Fig. 6.16b shows the metallicity distribution in the disrupted disk of the progenitor galaxy. To remove
extremely faint structures from this figure, we set a simple detection limit and generate Fig. 6.16c. The
total absolute magnitude of the GSS is set to MV = −14 (Ibata et al. 2001), and the apparent magnitude
limit in the V -band is 24.5 (detection limit of INT/WFC). The initial radial metallicity gradient yields
large difference in the metallicity distribution in the azimuthal direction of the GSS. Fig. 6.16c suggests
that in the east–west direction, the stellar population of the GSS originates from the center of the initial
satellite progenitor’s disk and proceeds towards the outside. Interestingly, similar azimuthal differences of
metallicity also occurred in the western shell (see Fig. 6.16c).

Ibata et al. (2007) and Gilbert et al. (2009) observed the mean metallicity in the cocoon region, which is
far from the ‘core’ of the GSS and contains few simulated particles. Therefore, we cannot directly com-
pare the simulation results with observations in this region. Instead, we analyze the azimuthal metallicity
distribution near the radius of the observed data (3.5◦ < R < 4.5◦ from M31’s center). Fig. 6.17 shows
the azimuthal distribution of the mean metallicity of the GSS, where the mean metallicity of the whole
progenitor’s disk is −0.5, and the initial metallicity gradient is varied from −0.5 to −0.2. The GSS axis
is θa ∼ 65◦ (see Table 6.1). The mean metallicity around this axis is relatively high and almost equals
the mean metallicity of the whole progenitor’s disk. On the other hand, the mean metallicity in the GSS
envelope (θa >∼80◦) is relatively low. We obtain strong metallicity differences from the core to the envelope
regions of the GSS.

Fardal et al. (2012) observed the mean metallicity in the western shell along the minor axis of the M31
disk and obtained 〈[Fe/H]〉 = −0.7. Here, we roughly fit our simulated mean metallicity to the observed
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Fig. 6.17: Mean azimuthal metallicity distribution in the GSS. The inclination of the disk model is THICK7
with (φ ,θ) = (−15◦,30◦). The mean metallicity of the progenitor’s disk 〈[Fe/H]〉 is set to −0.5. The
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〈[Fe/H]〉 values under two metallicity gradient conditions. For the smaller ∆[Fe/H] = −0.3 and larger
∆[Fe/H] = −0.5 metallicity gradients, the best-fitting 〈[Fe/H]〉 values are −0.62 and −0.57, respectively.

We also analyze the azimuthal metallicity distributions at similar radii of the observed data. Fig. 6.18
plots the azimuthal and radial metallicity distributions of the GSS and the western shell for (∆[Fe/H] ,
〈[Fe/H]〉 )=(−0.5,−0.57) and the case of (∆[Fe/H] , 〈[Fe/H]〉 )=(−0.3,−0.62). Fig. 6.16a shows the ana-
lyzed areas of the mean metallicity distributions in the azimuthal and radial directions (outlined by red solid
and blue dashed lines, respectively) of the GSS and western shell. The azimuthal mean metallicity distri-
butions of the GSS are plotted in Fig. 6.18a. The clearest metallicity differences appear at 3.5◦ < R < 4.5◦.
In the higher metallicity gradient model, the difference of metallicities in the core region (θa = 65◦)
and envelope region (θa = 85◦) differ by approximately 0.25 dex. Conversely, as shown in Fig. 6.18b,
the radial metallicity differences in the GSS are small in narrow azimuthal ranges (60◦ < θa < 70◦ and
70◦ < θa < 80◦). Radial metallicity differences in the GSS were only recently reported by Conn et al.
(2016). Although their data are azimuthally averaged, our results are qualitatively consistent with theirs;
namely, the metallicity differences are higher near the root than in the tail of the GSS. In Fig. 6.18c, we
show the azimuthal metallicity differences inside and outside of the western shell. The metallicity differs
by approximately 0.2 from south to north inside the shell but scarcely differs outside the shell. Along the
minor axis of M31’s disk, the mean metallicities are similar inside and outside the western shell. Fardal
et al. (2012) measured only the directional mean metallicities, and their dataset stacks the metallicities of
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inclination of the disk model is THICK7 with (φ ,θ) = (−15◦,30◦). Solid and dotted lines are the results of
(∆[Fe/H] , 〈[Fe/H]〉 )=(−0.5,−0.57) and (∆[Fe/H] , 〈[Fe/H]〉 )=(−0.3,−0.62), respectively. The vertical
black solid line and the green square in panel (c) indicate the minor axis of M31’s disk and the observed
mean metallicity along the minor axis (Fardal et al. 2012), respectively.

stars inside and outside the western shell. Fig. 6.18d shows the radial metallicity differences in the western
shell. The mean metallicity drastically decreases at the edge of the western shell (155◦ < θa < 175◦), sug-
gesting largely inhomogeneous metallicity distribution in the western shell. As a result, a major part of our
successful models has the same pattern as we showed in Fig. 6.18. Some parameters have additional metal
rich component around the minor axis (θa ∼ 220◦) that we can see at (ξ ,η) = (−0.5,1.0) in Fig. 6.16c.

6.5.3 Progenitor’s Bulge and Central MBH

We now discuss the current position of an MBH initially centered at the progenitor galaxy of the GSS.
According to the hierarchical structure formation of the universe, MBHs centralized in dwarf galaxies
should be wandering in the halo of their host galaxy. The assumed spherical component of the GSS progen-
itor galaxy has an approximate stellar mass of 108−9M�. The observed mass of a central MBH correlates
with the mass and velocity dispersion of the spherical component (Magorrian et al. 1998; Gültekin et al.
2009). The velocity dispersion of the bulge σbulge is ∼ 50 km s−1 and the MBH mass is simply estimated
as 4×105M� assuming the M–σ relation (Gültekin et al. 2009). Baldassare et al. (2015) presented a small
central MBH, which has a mass of ∼ 5×105M�, lies on the correlation. The bulge component of our disk
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progenitors is somewhat less massive than in the spherical model assumed in Miki et al. (2014). Although
not demonstrated in the present simulation, it is important to notice that the mass of the bulge component
can change by several factors when varying the bulge–disk ratio and the mass-to-luminosity ratio.

Our simulations can track the current position of the putative MBH initially centered in the progenitor.
In fact, Miki et al. (2014) predicted the current position of the progenitor MBH in the halo of M31, varying
the orbits of the progenitor galaxy of the GSS. The radiation spectrum of the gas surrounding the MBH was
estimated from the advection-dominated accretion flow (ADAF) model (Kawaguchi et al. 2014), which rea-
sonably describes this phenomenon. According to their results, the MBH might be observed with currently
operating radio band telescopes such as JVLA and ALMA. They assumed a spherical progenitor galaxy of
the GSS. We emphasize that the position of the surviving bulge component (Fig. 6.5d) approximates the
most suitable orbit (ID 1) of Miki et al. (2014) in the sky coordinates. Despite the different morphology
of our progenitor, its bulge core component at the best-fitting epoch approximates the current position of
the MBH predicted by Miki et al. (2014). The bulge component and MBH undergo similar orbital motions
under the gravitational potential of M31, which essentially controls both orbits. In addition, the progenitor
is currently passing through the apocenter of its orbital motion with a slow drift velocity, implying that the
current bulge position is relatively long-term. Also, the best-fitting epoch of the simulation runs, as defined
by the edges of the eastern and western shells, is less variable than when a spherical progenitor is assumed.
Therefore, our results are consistent with the current MBH position predicted by Miki et al. (2014).

One might expect that the progenitor’s bulge can trace the MBH and appear in in surface brightness data
and/or phase-space mass-density distributions. For instance, Davidge (2012) located a north-eastern clump
at (ξ ,η) = (0.24,0.20) on M31’s disk with an effective radius of ∼ 600 pc. The position and size of this
clump are indicated by the red circle in Fig. 6.8a. Davidge (2012) estimated the stellar mass of the clump
as 3×108M�, consistent with the mass of the progenitor’s bulge in our models (∼ 3×108M�).

The uncertainty of the position of the MBH relates to how to choose the current snapshot. We use the
expanding two shells to choose the appropriate timing. This approach is the same as (Miki et al. 2014) that
investigated the current position of the MBH with varying variable orbits for the progenitor galaxy. They
show the probable area of the MBH including time variation (figure 2 in Miki et al. 2014). In this work, we
assumed an orbit taken from Fardal et al. (2007), and the orbit is similar to one of the best-fitting orbits in
Miki et al. (2014). The uncertainty of the orbit of our models is almost the same as the result in Miki et al.
(2014), and that of the current position of the MBH is within 0.6◦×0.7◦ on the sky.

We analyze the phase-space distribution of the progenitor’s bulge in the observed frame. We construct
an M31 model with N–body particles in the MAny-component Galactic Initial-conditions generator (MAGI)
(Miki & Umemura in prep.), adopting the physical quantities of our present fixed potential model. The
number of particles is approximately 128 million particles for M31 whole system. Fig. 6.19 shows the
spatial distribution of the disrupted progenitor galaxy and M31 stars. A skewer is observed in the minor
axis direction of the M31 disk. This artificial structure is originated by the isothermal seeding for the vertical
distribution of the M31 disk. The analyzed area of the surviving progenitor’s bulge does not overlap with the
artificial structure. Fig. 6.20 shows the phase-space mass-density distributions. This figure is constructed
from the same data as Fig. 6.15c. The analyzed region is outlined in white in Fig. 6.8a. The clumpy
region at R ∼ 15 kpc mainly constitutes the bulge component of the progenitor galaxy. Of course, the total
bulge mass and progenitor orbit are uncertain, but such a bulge remnant should be detected by integral field
spectroscopic and/or photometric observations around the predicted position. In addition, if high velocity
dispersion (probably induced by the MBH) occurred in the central region, the bulge component would be
easily recognized (e.g. Seth et al. 2014). To estimate the mass of central MBH, Thater et al. (2016) applied
a similar approach to a late-type galaxy NGC 4414.
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Fig. 6.19: Mass-density distributions of the progenitor’s bulge and M31 stars. The inclination of the disk
model is THICK7 with (φ ,θ) = (−15◦,30◦).

When a massive object is flying through a field, which is filled with less massive particles than the
object, dynamical friction works on it and drags it into the center of the system. In our simulations, M31 is
assumed to be a fixed gravitational potential instead of particles. Therefore, the simulations do not include
the effect of the dynamical friction on the imaginary MBH. We here assume that the MBH locates at the
center of the progenitor’s bulge because we do not install the MBH at the progenitor’s center. Mimicking
the discussion of Miki et al. (2014), we here estimate the efficiency of the dynamical friction to the MBH
using the Chandrasekhar formula (Binney & Tremaine 2008),

Wfric = −
4πG2Mobject

2ρ
(
robject

)
lnΛ

vobject

[
erf(X)− 2X√

π
e−X2

]
. (6.2)

Here, X is defined as vobject/
√

2σ̂ 2, where σ̂ is the velocity dispersion of each component of M31. The ve-
locity dispersion of the bulge and dark matter halo at rs are 260 km s−1 (Geehan et al. 2006) and 233 km s−1

(Miki et al. 2014), respectively. The velocity dispersion of the disk perpendicular to the disk plane is
60 km s−1 (Mori & Rich 2008). The mass density profile of M31 ρ(r) is described in § 3.2. The quantities
robject and vobject denote the position and velocity of the object relative to the M31 center, respectively. The
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Fig. 6.20: Phase-space mass-density distributions (or position-velocity diagrams) of the progenitor’s bulge
and M31 stars. The inclination of the disk model is THICK7 with (φ ,θ) = (−15◦,30◦).

coulomb logarithm lnΛ is approximately given by

lnΛ = ln
(

bmaxvtyp
2

GMobject

)
, (6.3)

, where Mobject is the mass of the orbitting object and bmax is set to be 40 kpc, which is the approximate
radius of the apocenter. The typical velocity vtyp of the M31 bulge and dark matter halo are set to be their
velocity dispersion, and that of the M31 disk is assumed to be the maximum rotation velocity 260 km s−1.

Fig. 6.21a shows the effect of dynamical friction on the orbiting progenitor’s MBH. When the orbital
period is getting close to the pericentric passage (190 Myr and 600 Myr), the effect of dynamical friction
is getting greater. Fig. 6.21b plots the energy loss by dynamical friction during ∆t of 1 Myr relative to
its kinetic energy. Even the most influenced period, the rate is at most 10−5. The dynamical friction by
M31 is unlikely to work effectively to change its orbit. The self-effect of dynamical friction caused by the
progenitor’s disk is also negligible because the local density of the progenitor’s disk is smaller than the
stellar density of the M31 bulge.

In our simulation, the progenitor’s bulge is barely disrupted until the present day. The bulge survives
in the halo of M31. One might be considered that the dynamical friction is effective on the bulge. If
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Fig. 6.21: Effect of the dynamical friction on the progenitor’s MBH. (a) Estimation of the effect of dynam-
ical friction by bulge (dotted line), disk (dashed line), and dark matter halo (solid line) of M31. (b) Rate of
the energy loss over 1 Myr in its orbital motion relative to its kinetic energy.

the surviving bulge is affected by dynamical friction, the central MBH will be dragged along the bulge.
Fig. 6.22a shows the effect of dynamical friction on the orbiting progenitor’s bulge assuming the constant
mass of 3.1×108M�. For simplicity, we here assume the progenitor’s bulge is a point mass locating at the
center of the highest-density region of the bulge particles. The shapes of the curves are the same as those
of Fig. 6.21 because the orbit of the bulge and MBH in these estimations are the same. The amplitudes of
the curves are five orders of magnitude greater than those in the case of the MBH. As Fig. 6.22b shows,
however, the rate of ergery loss relative to the kinetic energy is at most 0.3 %. The dynamical friction by
M31 is also unlikely to work effectively to change the orbit of surviving bulge. Assuming M31 as a fixed
potential in our simulation does not affect the estimation of the current position of the progenitor’s bulge.
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Fig. 6.22: Effect of the dynamical friction on the progenitor’s bulge. Lines are those of Fig. 6.21.
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6.5.4 Extended stellar shell

Our unprecedented highly resolved simulation of the minor merger enables to predict a faint but huge
stellar structure outside the western shell (see Fig. 6.16). The outer western shell (hereafter OWS) originates
from outermost region of the initial progenitor galaxy. As shown in Fig. 6.16b and 6.18c, the metallicity
is lower in the OWS than in the GSS and both shells. On the other hand, the westernmost side of the
GSS is sourced from the outermost region of the initial progenitor galaxy and appears as a broad GSS
structure. The OWS metallicity will also limit the initial metallicity distribution of the satellite progenitor.
Estimating the surface brightness of the OWS is important for further observations. A faint extent of
metal-poor component has appeared in PAndAS observations (see fig. 2 of Martin et al. 2013), which may
correspond to our simulated faint shell. This correspondence requires validation by additional spectroscopic
observations of the faint component.

Fig. 6.23 shows the phase-space mass-density distributions in the western shell and OWS. The analyzed
area is 180◦ < θa < 230◦ with radii R > 0.5◦. This figure is constructed from the data set of the highest-
resolution run in the THICK model (φ ,θ) = (−15◦,30◦). To compare the phase-space distributions of the
disk and Plummer progenitors, we use data with very similar mass-resolutions in the two cases. Fig. 6.23a
shows the western shell at R < 2◦ and the OWS at R < 3◦. Both shells are clearly distinguished by their
phase-space mass-density distributions (Fig. 6.23b). Panels (c) and (d) of Fig. 6.23 reveal a similar structure
in a spherical progenitor merger. The disk and Plummer models differ in their OWS phase-space distribu-
tions; specifically, the latter model exhibits a symmetric pattern in Vlos (Fig. 6.23c) whereas the former
shows an asymmetric pattern (Fig. 6.23a).

Fig. 6.24 shows the line-of-sight velocity and spatial distribution of the velocity dispersion in the observed
frame. The line-of-sight velocity dispersion of σlos ' 0 reveals clear edges of the western shell and OWS
(Fig. 6.24a). The OWS particles have experienced two pericentric passages, as particles in the eastern shell.
Therefore, on the phase-space distribution, the particles in the OWS and eastern shell exhibit the same
phase.

At the OWS, the disk and spherical models differ primarily by their distances from us. In the Plummer
model, the OWS corresponds to a semicircular arc at the bottom-right of Fig. 6.7f (−3◦ < ξ < 0◦ and
−45kpc < dM31 < 30kpc). In the disk model, most of the stellar components in the OWS spread out only
in the foreground of M31 (−3◦ < ξ < 0◦ and −40kpc < dM31 < 0kpc).

We here summarize the extended stellar shell. The surface brightness of the extended shell is almost flat
and requires a V -band detection limit 3− 4 magnitude deeper than the apparent magnitude at the western
shell on the minor-axis of M31’s disk. The shell is observed in both disk and spherical progenitor models.
The morphologies of the progenitor galaxies in the two models differ by their distance between the OWS
and us. The stars in the extended stellar shell have relatively low metallicities with small azimuthal varia-
tion, although the metallicity in the azimuthal direction varies widely in the simulated western shell. Future
observations of the extended stellar shell (beyond the currently observed region) would further constrain
the progenitor model.

6.5.5 Gas distribution

The observed structures in the GSS favor a rotating disk galaxy as the progenitor. As disk galaxies
frequently contain gaseous components, we can predict that such components are stripped and dispersed in
M31’s halo. H I observations around M31’s disk have revealed high-velocity H I clumps that aligned the
GSS with an offset of ∼ 15 kpc and a similar line-of-sight velocity to the GSS (Westmeier, Braun & Thilker
2005; Westmeier, Brüns & Kerp 2008; Lewis et al. 2013). Only recently, another gaseous component in
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Fig. 6.23: Phase-space mass-density distributions of the simulated western shell and OWS assuming the
disk (a and b) and Plummer (c and d) progenitors. Panels (a) and (c): Line-of-sight velocity distributions.
Panels (b) and (d): Phase-space distribution centered on M31’s center. The inclination of the disk model is
THICK7 with (φ ,θ) = (−15◦,30◦).

the GSS was detected in the absorption spectra of a background Active Galactic Nuclei source (Koch et al.
2015). In addition, the gaseous rings of M31’s disk could have been formed by a recent gaseous interaction
(Gordon et al. 2006), reminiscent of the past gaseous interaction of a gas-rich progenitor. The origin may
be revealed by hydrodynamical simulations.

6.6 Summary
Through detailed simulations of the merger event and comparisons with observed data, we have strictly

constrained the physical quantities of M31 and the infalling progenitor, including the gravitational potential
of M31, the progenitor orbit, and progenitor mass. However, the morphology (and dynamics) of the GSS
progenitor galaxy has not been detailed here. By simply analyzing the stellar count maps of the GSS in
M31’s halo, we characterized the asymmetric surface brightness profile across the GSS, which constrains
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Fig. 6.24: Distribution of line-of-sight velocity dispersion (a) and velocity (b) in the simulated western
shell and OWS. Symbols and lines are those of Fig. 6.4a. The inclination of the disk model is THICK7 with
(φ ,θ) = (−15◦,30◦).

the morphology of the GSS progenitor. We also perform the first large systematic survey of a minor merger
with a disk satellite progenitor galaxy.

We identified the parameter space that properly reproduces the asymmetric surface brightness of the
GSS on the plane (φ ,θ), which defines the inclination angle of the initial disk. The structure was best
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reconstructed by the thick disk model (Rd = 1.1 kpc, Zd = 0.52 kpc). The dynamically hot disk model
cannot easily reproduce the eastern edge of the GSS, because the GSS is broadened by velocity dispersion
in this model. On the other hand, the thin disk model struggles to reproduce the broad western structure,
because it generates an excessive dynamically cold component.

Finally, we summarize our four predictions gained from the highly resolved simulations, which could
be verified in future observations. First, the progenitor’s bulge currently occupies the eastern shell and
foreground of the disk of M31, and the two structures are distinguishable in the phase-space mass-density
distributions. Secondly, we expect clear metallicity differences in the merger remnants, because the metal-
licity clearly differed in the azimuthal direction at approximately 3.5◦ < R < 4.5◦. The western shell also
exhibited clear metallicity differences in the azimuthal direction. Thirdly, an extended stellar shell should
reside outside the western shell. This extended shell should be detectable in photometric observations if the
detection limit in the V -band is 3−4 magnitudes deeper than the apparent magnitude of the western shell
on the minor-axis of M31’s disk. Finally, the western and extended shells contain clearly different stellar
populations and observations of their metallicities and/or distances would further constrain the progenitor
model.
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Westmeier T., Brüns C., Kerp J., 2008, MNRAS, 390, 1691

Widrow L. M., Perrett K. M., Suyu S. H., 2003, ApJ, 588, 311

Zinn R., 1985, ApJ, 293, 424

89



Acknowledgments
First and foremost I would like to express my gratitude to my supervisor Masao Mori for his valuable

guidance and continued support for seven years since sophomore at the University of Tsukuba. His encour-
agement and enthralling comments have truly motivated me to improve and proceed with my research. His
advice and insight he shares in our various discussions really help me construct my research. Without his
help, this thesis would not have been possible.

I am deeply grateful to Yohei Miki, who is one of my collaborators. We have often enjoyed talking about
the formation of the halo of the Andromeda galaxy. Besides his being my collaborator, I have learned a lot
from him, including technical skills for numerical calculations. He always assists me politely when helping
me improve my imperfect sentences and presentation slides and gives me wisdom based on his experiences.
Moreover, his excellently tuned code to GPU clusters enabled me to perform a part of calculations in this
thesis.

I appreciate my collaborator Toshihiro Kawaguchi for his comments to my analysis in observational
scope. His polite comments for our paper broadens my outlook. I also appreciate Professor R. Michael
Rich, who is also my collaborator. Advice and comments given by him great improved our paper.

I received generous support from Professor Masayuki Umemura. His insightful comments and sugges-
tions based on his wide and deep perspective improved my research. Kohji Yoshikawa gave me fruitful
comments and critical suggestions based on cosmology. I am particularly grateful for the assistance given
by Nozomu Kawakatsu, who helped me to start research seven years ago. I really appreciate Alexander
Y. Wagner for proofreading based on his deep understanding of my research. I believe that his support
improves my English skills in both speaking and writing. I greatly appreciate Go Ogiya that he invariably
concerns about me. His support was reassuring to my first business stay in a foreign country (Germany).
Makito Abe has been greatly supportive of me. I asked him a lot about formation scenarios of globular
clusters, and he always politely spared me for teaching and discussing them.

I would like to express my sincere gratitude to Professor Masashi Chiba, Professor Nario Kuno, Professor
Masayuki Umemura, and Dr. Kohji Yoshikawa for their valuable comments to the doctoral thesis. I thank
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