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- a typical Spiral galaxy (Hammer et al. 2007)
- Classical bulge (Kormendy & Kennicutt 2004) 
- More than 15-20 stellar streams, including Giant Stream (Ibata et al. 
2001, 2005;McConnachie, Richardson et al. 2011;)  
- All are linked to independent accretion events of subhalos (minor 
mergers). (Tanaka et al 2010)   really ?? 
- Why similar metallicity in halo stellar population ? (Ferguson et al. 2005) 
- Major merger? (Rich 2004, Ibata et al. 2004, Brown et al, 2006, Bekki 2010, van den Bergh 2005)
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Hammer et al. 2007

Steinmetz&Navarro.1999

e.g., Morrison et al. (2003), shows that the agreement between
abundances estimated from spectroscopic and photometric mea-
surements is excellent. Second, the areas surveyed to derive stel-
lar abundances are small, they may be unrepresentative of the
dominate populations, and this may lead to biases in all estimates.
For example, an external observer of the Milky Way might have
unluckily observed the region where the bulk of the stars belong-
ing to Sagittarius lie and would likely conclude that the outskirts
of the Milky Way are indeed enriched. However, this conclusion
becomes more and more unrealistic, given the reasonable number
and variety of locations of surveyed areas in the outskirts of M31
and the insignificant fraction of the total mass within Sagittarius.

Mouhcine et al. (2006) have compared the abundances in the
outskirts of several spiral galaxies. Mouhcine et al. selected red
giant stars that lie 2Y10 kpc along the projected minor axis of
eight nearby spirals in areas that are part of galactic outskirts,
although they might also be contaminated by bulge or thick-disk
stars. Figure 6 (top) shows the h[Fe/H]i of red giant stars against
Vflat: all galaxies, except the MilkyWay, show a trend of increas-
ing metal abundance with rotation velocity of the disk. This trend,
found byMouhcine et al., is likely explained through an examina-
tion of Figure 6 (bottom): whilemassive galaxies have transformed
most of their gas into stars and metals, smaller galaxies have been
much less efficient in doing so and still include a large gas fraction,
as indicated by their location in the Tully-Fisher relation (e.g.,
McGaugh 2005). Interestingly, such a relation, if confirmed, re-
quires a certain mixing of stars with different enrichment patterns
in the outskirts of the galaxy, such as might be provided by a

merger. The Galaxy’s outskirts are underabundant relative to the
trend line formed by external galaxies by about 1 dex, implying
that it has been far less enriched than those of other galaxies of
the same total mass. On the other hand, M31 has a location sim-
ilar to other large spirals in Figure 6. This strengthens our hy-
pothesis that the properties of M31 are rather typical of large
spiral galaxies, while the MilkyWay appears to be exceptional.

Similarly, and perhaps more generally, the results of Zibetti
et al. (2004) add more credence to our hypothesis. They found,
by stacking 1047 images of SDSS edge-on spirals, that the aver-
age color of stars at !5 times the disk scale length, beyond the
diskminor axis, is redder by!(r " i) # 0:3Y0.4 thanMilkyWay
globular clusters (or Galactic halo stars), or, after converting
SDSS photometry (Jordi et al. 2006), by!(V " I ) # 0:45$ 0:1.
This discrepancy is especially large for the brightest galaxies of
the Zibetti et al. sample, i.e., those with absolute magnitudes
similar to the MilkyWay. The brightest galaxies show the reddest
stellar halo colors, accentuating this difference with the Milky
Way. Zibetti et al. show convincingly that their measurements
are not significantly affected by dust. If these measurements are
dominated by red giant stars, such a large shift in V " I colors is
unlikely related to an age difference between SDSS galaxies and
theMilkyWay, but more likely due to different metallicities (see,
e.g., Lee et al. 1993). The Galactic globular clusters and halo
stars are indeed very old, and a 0.45 mag shift in V " I to the red
is likely due to a shift of 0:8$ 0:2 dex in [Fe/H] (Lee et al. 1993).
Comparing the V " I colors from Zibetti et al. to that of nearby
galaxies studied by Mouhcine et al. allows us to place this en-
semble of galaxies in Figure 6. It is apparent that the SDSS
galaxies lie within the range defined by the intermediate-mass
spirals, including M31. The bulk of the Zibetti et al. (2004) sam-
ple is composed of galaxies withMi (where i refers to the i band
of the SDSS) ranging from"19.5 to"22.5 (forH0 # 70 km s"1

Mpc"1). This corresponds to log VCat ranging from 1.95 to 2.35,
or galaxies with rotation velocities similar to or less than that of
M31 and the MW (Pizagno et al. 2005).

Taken together, the above results strongly suggest that stars in
the outskirts of the Milky Way have an average chemical abun-
dance 3 times lower than those of most spirals within a similar
mass range. Simulations show that the very lowmetal abundance
of the outskirts of our galaxy may require the absence of any pre-
vious merger of satellites with mass larger than or equal to 109M%
(Font et al. 2006).

6. TOWARD A FORMATION SCHEME FOR SPIRAL
GALAXIES WITHIN THE CONTEXT OF DIFFERENCES

BETWEEN THE MILKY WAY AND M31

In the previous sections of this paper, we have shown that per-
haps the properties of the Milky Way are not representative of
those of a typical local spiral galaxy. In this context, we have
usedM31 as a foil to theMilkyWay in trying to demonstrate that
it is a typical representative of the spiral galaxy population (at
least for those that have rotation speeds similar to theMilkyWay).
Since we find a compelling case for the differing relative natures
of theMilkyWay andM31,wewish now to discuss and conjecture
about what these differencesmay be telling us about galaxy forma-
tion. Unlike previous discussions of the relative characteristics
of the Milky Way and M31, we wish to embed this within the
context of what we know about the properties of distant galaxies.

6.1. A Quiet Formation History Compared to a Merger-driven
Formation History: The MW versus M31

Historically, the MilkyWay andM31 were thought to be quite
similar. They have the same Hubble type and similar total masses.

Fig. 6.—Top: Iron abundances estimated for the outskirts of eight spiral gal-
axies from Mouhcine et al. (2006) plotted against log VCat (small points). Large
points represent the values for the Milky Way and M31. The solid line assumes
Mstar & V 4 (McGaugh 2005) andMstar & Z 2, following the prescription of Dekel
& Silk (1986). Dashed lines represent the range of Zibetti et al. (2004), after
stacking 1047 edge-on SDSS galaxies and assuming that their colors are domi-
nated by red giant stars. Bottom: Tully-Fisher relation for the same galaxies (very
small dots represent the sample of Pizagno et al. 2006). [See the electronic edition
of the Journal for a color version of this figure.]
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Fig. 1.—Morphological evolution of the satellite. (a–f) The spatial distribution of stellar mass density as a function of the elapsed time, where 0.00 Gyr
corresponds to the present. Each simulation box has a size of 160 kpc. The color corresponds to the logarithmic density . Elapsed!33.5 ! log r (M kpc ) ! 4.5,

time in Gyr is given in the lower right corner of each panel: (a) !1.00 Gyr, (b) !0.75 Gyr, (c) !0.50 Gyr, (d) !0.25 Gyr, (e) 0.00 Gyr, (f) 1.00 Gyr, (g) 2.00
Gyr, and (h) 3.00 Gyr. The formation of shells in (e)–(h) infers that the distant arcs observed by Ibata et al. (2007) may correspond to the shells of an ancient
radial merger. [This figure is available as an mpeg animation in the electronic edition of the Journal.]

model A of Widrow et al. (2003), finally, we obtain the critical
satellite mass,

9M p 5.2 # 10 Mc ,

1/2 1/2M v Dzd ds# . (1)( )( ) ( )10 !17 # 10 M 150 km s 0.3 kpc,

Consequently, the dynamical mass of the satellite should be
smaller than this critical mass, since the disk thickness must
agree with the observed thickness of M31 after the interaction
of the satellite. This yields an upper limit for the total pro-
genitor mass. Adopting for the stream [Fe/H] ! !1 (Koch et
al. 2007) and using the mass-metallicity relation of Dekel &
Woo (2003) gives a lower mass limit for a progenitor stellar
mass " , which agrees with the predictions of Font85 # 10 M,

et al. (2006, 2008). We offer only order-of-magnitude con-
straints on these mass bounds, which must be refined further
with better observations and fully nonlinear numerical
simulations.

3. NUMERICAL MODELING OF THE INTERACTION BETWEEN THE
SATELLITE AND M31

In this section, we demonstrate an N-body simulation of the
interaction between an accreting satellite and M31. We assume
that the total mass of the disk is . The density107.0 # 10 M,

of the disk falls off approximately as the exponential with a
scale length of 5.4 kpc in the radial direction, and as sech2 with
a scale height of 0.3 kpc in the vertical direction. The bulge
is a King (1962) model with a total mass of .102.5 # 10 M,

The dark matter halo is taken to be a lowered Evans model
(Kuijken & Dubinski 1995) with a total mass of 113.2 # 10

and a tidal radius of 80 kpc. This set of parameters cor-M,

responds to model A of Widrow et al. (2003), and provides a
good match with the observational data for M31. An N-body

realization of this model is done with the GalactICS code writ-
ten by Kuijken & Dubinski (1995). The satellite is assumed to
be a Plummer sphere with initial masses (model A),910 M,

(model B), and (model C). The initial9 105 # 10 M 10 M, ,

scale radius is 1 kpc. Following Fardal et al. (2007), we adopt
an initial position vector and velocity vector for the standard
coordinates centered on M31 of (!34.75, 19.37, !13.99) kpc
and (67.34, !26.12, 13.50) km s , respectively. The evolution!1

of the collisionless system is followed up to 5 Gyr using the
parallel N-body code GADGET-2 (Springel 2005) and AFD
(Mori & Umemura 2006). We adopt a tree algorithm with a
tolerance parameter of and the softening length is 50v p 0.5
pc for all particles. The number of particles is 7,351,266 for
the disk, 2,581,897 for the bulge, and 30,750,488 for the dark
matter halo. For the satellite, we use particles for model510
A, particles for model B, and particles for model5 65 # 10 10
C. The total number of particles is "40 million, and the mass
of a particle is .410 M,

Figure 1 shows the results for the time sequence of stellar
dynamics for Model A. The top panels illustrate the spatial
distribution of stellar density as a function of time from !1 to
!0.25 Gyr (where 0 Gyr is the present day). The bottom panels
describe the future evolution of the system from the present
day to 3 Gyr. In our time frame, !1 Gyr corresponds to the
initial condition and the start of the simulation run. The first
pericentric passage occurred about 0.8 Gyr ago. Figure 1b
shows that the satellite collides almost head-on with the bulge.
Then, the distribution of satellite particles is distorted and is
spread out significantly, as seen in Figure 1c. A large fraction
of the satellite particles acquire a high velocity relative to the
center of M31. This debris expands to great distance, remaining
collimated and giving rise to the southern giant stream. The
apocentric passage occurred #0.7 Gyr ago and the second per-
icentric passage is shown in Figure 1c. As seen in Figure 1d,
stellar particles that initially constituted the satellite start to
form a clear shell structure after the second collision with the

Mori & Rich 2008
Font et al. 2008: the presence of intermediate-age stars and the absence of young stars suggest 
that the satellite could have been accreted as long ago as 6-7 Gyr. If the satellite was accreted 
more than 1-2 Gyr ago, a continuation of the stream should exist in the halo of M31, about < 2 
mag arcsec^2 fainter than the currently observed one.

No. 2, 2008 ONCE AND FUTURE ANDROMEDA STREAM L79

Fig. 2.—Comparison between our simulation and the observed star counts.
Top: Map of RGB count density around M31 observed by Irwin et al. (2005).
Bottom: Projected stellar density of satellite particles for model A.

Fig. 3.—Vertical extent of the disk at the present day for different impact-
satellite masses. The solid line and the dashed line show the initial radial
profile and the resultant radial profile after 5 Gyr without a collision, respec-
tively. The dot-dashed line, the dotted line, and the triple-dot-dashed line
correspond to satellite masses of (model A), (model B),9 910 M 5 # 10 M, ,

and (model C), respectively. We note that our preferred model A has1010 M,

a negligible effect on the disk.

disk. Moreover, a double shell system is sharply defined in
Figure 1e. The system is composed of approximately constant
curvature shells formed by phase wrapping (Hernquist & Quinn
1988). Then, these shells further expand and a multiple large-
scale shell system is finally formed in the outer region and a
dense core is formed in the inner region. The outermost large-
scale shells in our simulation have a radius of 150 kpc and
these structures survive at least 4 Gyr from the present day.

Figure 2 shows the comparison between the map of RGB
count density around M31 observed by Irwin et al. (2005) and
the projected stellar density at the present day in our simulation.
The satellite is entirely disrupted, and the giant stream of debris
arising from the tidal destruction of the accreting satellite at
the southern part of M31 is observed. The total mass of the
stream given by the simulation is . This is con-81.4 # 10 M,

sistent with the estimated mass ! from the ob-83 # 10 M,

servations by Ibata et al. (2001). The maximum length and
width of the present-day model stream are !150 and !50 kpc,
respectively, in good agreement with the observations of Ibata
et al. (2007). Furthermore, the simulation reproduces the but-
terfly-shaped shells in the northeast and the west parts of M31.
In the RGB count map of Irwin et al. (2005), the brightness
of the northeast shell appears to exceed that of the west shell.
The observed density contrast between the shells is 0.43 at

and (!1.5, 0.7) with a radius of 0.5! for(y, h) p (2.0, 0.7)

the standard coordinates centered on M31. On the other hand,
the simulated density contrast is 0.25, which reasonably
matches the observed faint features in M31.

Figure 3 shows the disk thickness as a function of the1/2AzS
radius following the interaction, for different satellite models.
The solid line and the dashed line show the initial radial profile
and the resultant radial profile after 5 Gyr without the infalling
satellite, respectively. A concordance of two lines confirms that
our fiducial model of M31 has perfect dynamical stability dur-
ing the integration time. There is no significant impact on the
disk kinematics or disk thickness for models A and B. There-
fore, satellites less massive than have a negligible effect910 M,

on the disk dynamics. But it is clear that the massive satellite
(model C) more effectively heats the disk than do the less
massive satellites. For the inner part of the disk, kpc,R ! 10
the scale height increases less than !10% of its initial value
for models A and B, while it increases more than !50% for
model C. Thus, a massive satellite is ruled out as the progenitor
of the giant stream, and this result confirms the discussion in
§ 2.

4. DISCUSSION

In this work, we follow the approach of earlier studies (Ibata
et al. 2004; Font et al. 2006; Geehan et al. 2006; Fardal et al.
2006, 2007) in simulating the infall of a massive satellite into
M31. However, we add a live N-body disk and bulge, and this
permits us to ask under what conditions this collision might
eject stars from these populations into the halo and quantifies
the effect of these populations on the satellite. We also follow
the evolution of this encounter for 4 Gyr beyond the present.
As is the case in Fardal et al. (2007), our simulations suc-
cessfully reproduce the giant stream and (for a similar but much
older collision) the apparent shell structures that are observed
in the star count maps. The large number of test particles in
our satellite affords a good comparison with observations
(Koch et al. 2007). We conclude that the event responsible for
the giant stream most likely has not populated the halo with
ejected disk stars; hence the intermediate-age metal-rich pop-
ulations observed in deep HST fields by Brown et al. (2006)
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When?
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1st 
passage

2nd 
passage fusion

8Gyr 5Gyr
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How?
First-order Constraints
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The first-order constraints to match
Rotation curve
Bulge-to-total mass ratio : B/T = 0.28 
Scale length of think disk Rd = 5.6 kpc
Thick disk (10% of total stellar mass)
10-kpc, HI star-forming ring
Giant stream and its kinematics 
Age distribution of stellar populations
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First-order Constraints 
==> model setup

constraint initial model info.

age distribution
pericentric distance; 
high fraction at redshift; 
galaxy size

10 kpc HI ring polar type orbit

B/T = 0.28 mass ration/gas fraction (Hopkins, 2010)

GS + oirentation spin of the minor galaxy
main galaxy Inc.
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B/T - mass ratio - gas fraction 

 Mass ratio (     ) Hopkins et al. 2010
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First-order Constraints 
==> model setup

constraint initial model info.

age distribution
pericentric distance; 
gas fraction at redshift; 
galaxy size

10 kpc HI ring polar type orbit

B/T = 0.28 mass ration/ high gas fraction (Hopkins, 2010)

GS + oirentation spin of the minor galaxy
main galaxy Inc.
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1st 
passage

2nd 
passage

3rd?  or 
fusion

Monday, 21 March 2011



N-body/SPH model of major 
merger with Gadget2

Gaget2, public version. 2.0.6 (Springel 2005)

developed an efficient interactive tool to 
exam the simulation result.

Gas cooling, Feedback & Star formation (Cox, 
2006; Wang et al. In preparation)

We adopt a star formation history that is 
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Star formation prescription

Feedback & Star formation (Cox, 2006)

1026 T. J. Cox et al.

Figure 7. Star formation for a major merger between two identical Sbc disc galaxies. The n = 0, 1 and 2 feedback models are shown in the top, middle and

bottom panels, respectively. In every instance, the low-feedback model has a higher star formation rate than the high-feedback model between T ! 2 Gyr. The

final merger occurs at T = 1.8 Gyr and this is coincident with the highest peak of star formation in all models with sufficient feedback to stabilize the isolated

discs, i.e. the medium- and high-feedback parameter sets.

Table 3. Star formation properties of major-merger simula-

tions. Here, e is the fraction of the original gas consumed by

star formation during the entire 3-Gyr simulation. SFRmax is

the maximum star formation rate during the merger. TLIRG

is the duration, in Gyr, at which the star formation rate is

greater than 20 M! yr"1, corresponding to when this galaxy

pair would be classified as a LIRG.

Model e SFRmax TLIRG

(M! yr"1) (Gyr)

n0low 0.70 78 1.55

n0high 0.55 159 1.31

n0high 0.25 51 0.25

n1low 0.69 84 1.72

n1med 0.51 105 1.29

n1high 0.24 43 0.08

n2low 0.67 75 1.85

n2med 0.47 56 1.34

n2high 0.18 44 0.04

effects of dust and its re-radiation in the infrared (but see Jonsson

2004; Jonsson et al. 2006; Jonsson 2006).

It is clear that these three quantities do not describe the full star

formation history of each model. Instead, they are gross measures,

useful to characterize the effects n and ! fb have on the star formation

induced by a galaxy major merger. Future work will compile quan-

tities such as these for a wide range of initial conditions, assumed

merger orbits and merger mass ratios. These relations will be use-

ful in analytic or semi-analytic models of galaxy formation, and in

using observations to clarify which feedback models are realistic.

As a final remark related to the star-forming histories shown in

Fig. 7, we draw attention to the oscillatory star formation that occurs

in nearly every model, but is most pronounced in the high-feedback

models. These oscillations occur primarily after peaks in the star for-

mation rate and are thus clearly visible after the first passage and the

final burst. However, even the isolated disc high-feedback models

contain some oscillatory star formation. The periods of oscillation

are almost exactly 2 # ! fb, the thermalization time-scale, indicating

that the oscillations result from the interplay between pressuriz-

ing feedback efficiently quenching star formation followed by the

dissipation of this pressure support, gravitational collapse and an

increase in the star formation rate.

4.2 The Kennicutt law

In Section 3.3, we demonstrated the individual spiral galaxies

matched the empirical Kennicutt law (equation 2 Kennicutt 1998),

as they were designed to do. In Fig. 8, we show the star forma-

tion rate and gas mass averaged in a 2-kpc aperture plotted at

Figure 8. Star formation rate per unit area and gas surface density averaged

within an azimuthal aperture of radius 2.0 kpc, one point type for each simu-

lation. For each run, points are plotted every 200 Myr during the interaction,

and every 50 Myr during the final merger. The solid line is the empirical

Kennicutt law, and the dotted lines represent the envelope in which all ob-

servations reside. This plot can be directly compared to fig. 6 from Kennicutt

(1998).

C$ 2006 The Authors. Journal compilation C$ 2006 RAS, MNRAS 373, 1013–1038

1026 T. J. Cox et al.

Figure 7. Star formation for a major merger between two identical Sbc disc galaxies. The n = 0, 1 and 2 feedback models are shown in the top, middle and

bottom panels, respectively. In every instance, the low-feedback model has a higher star formation rate than the high-feedback model between T ! 2 Gyr. The

final merger occurs at T = 1.8 Gyr and this is coincident with the highest peak of star formation in all models with sufficient feedback to stabilize the isolated

discs, i.e. the medium- and high-feedback parameter sets.

Table 3. Star formation properties of major-merger simula-

tions. Here, e is the fraction of the original gas consumed by

star formation during the entire 3-Gyr simulation. SFRmax is

the maximum star formation rate during the merger. TLIRG

is the duration, in Gyr, at which the star formation rate is

greater than 20 M! yr"1, corresponding to when this galaxy

pair would be classified as a LIRG.

Model e SFRmax TLIRG

(M! yr"1) (Gyr)

n0low 0.70 78 1.55

n0high 0.55 159 1.31

n0high 0.25 51 0.25

n1low 0.69 84 1.72

n1med 0.51 105 1.29

n1high 0.24 43 0.08

n2low 0.67 75 1.85

n2med 0.47 56 1.34

n2high 0.18 44 0.04

effects of dust and its re-radiation in the infrared (but see Jonsson

2004; Jonsson et al. 2006; Jonsson 2006).

It is clear that these three quantities do not describe the full star

formation history of each model. Instead, they are gross measures,

useful to characterize the effects n and ! fb have on the star formation

induced by a galaxy major merger. Future work will compile quan-

tities such as these for a wide range of initial conditions, assumed

merger orbits and merger mass ratios. These relations will be use-

ful in analytic or semi-analytic models of galaxy formation, and in

using observations to clarify which feedback models are realistic.

As a final remark related to the star-forming histories shown in

Fig. 7, we draw attention to the oscillatory star formation that occurs

in nearly every model, but is most pronounced in the high-feedback

models. These oscillations occur primarily after peaks in the star for-

mation rate and are thus clearly visible after the first passage and the

final burst. However, even the isolated disc high-feedback models

contain some oscillatory star formation. The periods of oscillation

are almost exactly 2 # ! fb, the thermalization time-scale, indicating

that the oscillations result from the interplay between pressuriz-

ing feedback efficiently quenching star formation followed by the

dissipation of this pressure support, gravitational collapse and an

increase in the star formation rate.

4.2 The Kennicutt law

In Section 3.3, we demonstrated the individual spiral galaxies

matched the empirical Kennicutt law (equation 2 Kennicutt 1998),

as they were designed to do. In Fig. 8, we show the star forma-

tion rate and gas mass averaged in a 2-kpc aperture plotted at

Figure 8. Star formation rate per unit area and gas surface density averaged

within an azimuthal aperture of radius 2.0 kpc, one point type for each simu-

lation. For each run, points are plotted every 200 Myr during the interaction,

and every 50 Myr during the final merger. The solid line is the empirical

Kennicutt law, and the dotted lines represent the envelope in which all ob-

servations reside. This plot can be directly compared to fig. 6 from Kennicutt

(1998).
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Figure 7. Star formation for a major merger between two identical Sbc disc galaxies. The n = 0, 1 and 2 feedback models are shown in the top, middle and

bottom panels, respectively. In every instance, the low-feedback model has a higher star formation rate than the high-feedback model between T ! 2 Gyr. The

final merger occurs at T = 1.8 Gyr and this is coincident with the highest peak of star formation in all models with sufficient feedback to stabilize the isolated

discs, i.e. the medium- and high-feedback parameter sets.
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induced by a galaxy major merger. Future work will compile quan-
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merger orbits and merger mass ratios. These relations will be use-

ful in analytic or semi-analytic models of galaxy formation, and in
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mation rate and are thus clearly visible after the first passage and the

final burst. However, even the isolated disc high-feedback models

contain some oscillatory star formation. The periods of oscillation

are almost exactly 2 # ! fb, the thermalization time-scale, indicating

that the oscillations result from the interplay between pressuriz-

ing feedback efficiently quenching star formation followed by the

dissipation of this pressure support, gravitational collapse and an

increase in the star formation rate.

4.2 The Kennicutt law

In Section 3.3, we demonstrated the individual spiral galaxies

matched the empirical Kennicutt law (equation 2 Kennicutt 1998),

as they were designed to do. In Fig. 8, we show the star forma-

tion rate and gas mass averaged in a 2-kpc aperture plotted at

Figure 8. Star formation rate per unit area and gas surface density averaged

within an azimuthal aperture of radius 2.0 kpc, one point type for each simu-

lation. For each run, points are plotted every 200 Myr during the interaction,

and every 50 Myr during the final merger. The solid line is the empirical

Kennicutt law, and the dotted lines represent the envelope in which all ob-

servations reside. This plot can be directly compared to fig. 6 from Kennicutt
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Figure 1. Chronological sketch of the structures surrounding M31. In the central panel (reproduced from Ibata et al. 2005), the large and thick rotating disk is a vast
flattened structure with a major axis of about 4!. Squares represent fields observed by Brown et al. (2006, 2007, 2008), and are linked to their measurements by arrows.
(A color version of this figure is available in the online journal.)

Table 1
Initial and Adopted Conditions for a Major Merger Model for M31

Ingredient Tested Range Comments Adopted Range

Total mass 5.5 " 1011M# 20% of baryons · · ·
Mass ratio 2–4 To reform B/T $ 0.3 2.5–3.5
fgas Gal1 0.4–0.6 Expected at z = 1.5a 0.6
fgas Gal2 0.6–0.8 Expected at z = 1.5 0.8
Orbit Near polar To form the ring · · ·
Gal1 incyb 10–90 Giant Stream 35–75
Gal2 incyb %30 to %110 Giant Stream %55 to %110
Gal1 inczc 90–110 Giant Stream 90–110
Gal2 inczc 90–110 Giant Stream 90–110
Spin Gal1 Prograde · · · · · ·
Spin Gal2 Retrograde Significant remnant diskd · · ·
rpericenter 20–30 kpc See the text 22–30 kpc
Feedback High-mediume To preserve gas High/varyinge

cstar 0.004f–0.03 To preserve gas 0.03

Notes.
a Daddi et al. (2010) found fgas = 0.5–0.65 in galaxies with Mbaryon = 0.8–2.2

1011M# at z = 1.5.
b Orientation of the angular momentum of Gal1 relative to the orbital angular
momentum, y-axis.
c Orientation of the angular momentum of Gal1 relative to the orbital angular
momentum, z-axis.
d Following Hopkins et al. (2008).
e In some simulations, the feedback is assumed to be high before fusion and
later on, assumed to drop to the medium or low feedback values of Cox et al.
(2008); see also Section 4.2).
f Another way to preserve the gas before fusion in order to allow a significant
amount of gas in the disk.

by step our ability to reproduce both the isolated and merger
cases for all the different combinations of feedback and cooling
in Cox et al. (2008), and as such, all parameters used in our
simulations are very similar to those of Cox et al. (see J. L. Wang
2010, in preparation). Usually, the free parameters describing
the star formation efficiency and the feedback strength are

chosen in order to match the Schmidt–Kennicutt law between
star formation and gas surface densities (see Cox et al. 2006).
Given the relatively large scatter of this relation, a large number
of combinations can be accommodated (Cox et al. 2006, 2008).
In the following, we explored several combinations that are in
agreement with this relation, but with the additional constraint of
preserving a significant gas reservoir in the progenitors, before
fusion (see Section 4.2). Properties of the progenitors are listed
in Table 1, and these galaxies have been generated to follow
the baryonic Tully Fisher relation (see Puech et al. 2010, for
an argument in favor of a non-evolving relation). Their atomic
gas content has been assumed to be 3 times more extended
than the stars, as also adopted by Cox et al. (2006); see also an
observational support from van der Kruit (2007) and references
therein. We have to preserve enough gas immediately after the
fusion to preserve the formation of a significant thin disk with
more than 50% of the baryonic mass.

During our investigations to optimize the orbital parameters,
we run the GADGET2 code with 150,000 particles. In most
simulations, we have ensured that the mass of dark matter
particles is no more than twice that of initial baryon particles,
i.e., gas or stars in the progenitors. During star formation
events controlled by the gas volume density (and following the
Kennicutt–Schmidt law), we have also limited the number of
newly formed stars per gas particle to 3. This is an important
limitation to the simulation as we have verified that when newly
born stars are relatively too small in mass, they are artificially
scattered due to their encountering heavy dark matter particles.
Similarly, we need to keep the mass of dark matter particles low
enough to avoid non-physical disruption of the newly reformed
disk at the end of the simulation. In the following, we have
tested that the decomposition of the newly formed galaxy does
not depend on the adopted number of particles within the range
of 150,000–800,000.

However, simulating the first-order properties of faint struc-
tures like the Giant Stream requires a high particle number: the
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Table 3
Summary of Model Parameters from Table 1 Used throughout the Paper (All within the Range of Parameters of Table 1, Column 4)

Parameter Figure 2 Figure 3 Table 2a Table 2b Table 2c Table 2d Table 2e Figure 5 Figure 6(a) Figure 6(c) Figure 11(b)
& Figure 6(b) & Figure 11(a)

Mass ratio 3.0 2.8 3.5 3.0 2.8 2.5 2.5 3.0 3.0 3.0 2.8
Gal1 incy 70 65 60 65 65 65 65 65 65 65 65
Gal2 incy !100 !89 !109 !89 !89 !89 !89 !95 !95 !105 !89
Gal1 incz 50 90 110 90 90 90 90 90 85 90 90
Gal2 incz 90 90 110 90 90 90 90 90 85 90 90
rpericenter 24 30 24 24.8 24.8 24 24 24.8 24.8 26 30
Feedback 1 1 1 1 1 1 3 3 4 1 1
Nparticle 300 300 154 300 159 300 159 540 540 300 960
MDM 2.2 2.2 7.3 2.2 7.3 2.2 7.3 1.2 1.2 2.2 0.68
Moldstar 1.1 1.1 1.8 1.1 1.8 1.1 1.8 0.6 0.6 1.1 0.34
Mgas 1.1 1.1 0.9 1.1 0.9 1.1 0.9 0.6 0.6 1.1 0.34
Mnewstar 0.37 0.37 0.3 0.37 0.3 0.37 0.3 0.3 0.3 0.37 0.11

Model goodness
Decomposition OK OK OK OK OK OK NO OK OK OK OK
Disk scale length OK OK OK OK OK OK OK OK OK OK OK
10 kpc ring OK OK OK OK OK OK OK OK OK OK OK
Giant Stream OK OK OK OK OK OK OK OK OK OK OK
Stellar ages OK OK OK OK OK OK OK OK OK OK OK
Gas fraction NOa NOa NOa NOa NOa NOa OK OK OK NOa NOa

Notes. Angle, pericenter radii, number, and mass of particles are given in degrees, kpc, 1000 s of particles and (106 M"), respectively. Feedback adopted
values are: (1) high feedback; (2) five times medium feedback; (3) high feedback before fusion then low feedback; and (4) five times medium feedback before
fusion then low feedback. Model parameters for Figures 4 and 7–10 are the same as those of Figure 3; the other model used in Figure 10 is the same as that of
Figure 11(a). The last six lines of the table provide a check of the goodness of each model within ±20% of the observed value: the decomposition of M31 in the
bulge and the thin and thick disks (e.g., B/T = 0.28 ± 0.05), the disk scale length (e.g., 5.8 ± 1.1 kpc), the 10 kpc ring, the Giant Stream (e.g., 3 ± 0.6 108 M"),
the stellar ages in the thick disk and in the Giant Stream (assuming fraction of >8 Gyr stars to be 85% ± 8%), and gas fraction in the galaxy within 30 kpc
(7% ± 2%).
a Models with a constant star formation with low efficiency (or high feedback) could not transform enough gas into stars after the fusion leading to a more
gas-rich disk than observed; assuming a varying star formation (more efficient after the fusion) suffices to correct the discrepancy.

1. A thin disk such as that of M31 can be reproduced with a
combination of #65% of gas in the progenitors and a star
formation history that prevents gas consumption before the
fusion; low efficiency of star formation is thus predicted
in primordial gaseous phases, while when the medium has
been sufficiently enriched and mixed during fusion, the gas
is more easily consumed; this transition has essentially been
modulated through the assumed feedback history.

2. The same star formation history also reproduces a rotation-
ally supported thick disk with a stellar composition similar
to what is observed.

3. Fractions of bulge/thin disks and thick disks similar to what
is observed within 10% accuracy.

4. These polar orbits always reproduce the observed 10 kpc
ring, and in most cases, the gas map is very similar to the
observed one (see Figure 6), especially when the gas in
the galaxy center is allowed to form stars after the galaxy
fusion.

5. The predicted Giant Stream is made of stellar streams due to
returning stars from a tidal tail formed prior to fusion from
stripped particles of the satellite; these stars are drawing
streams along loops which are inserted into a thick plane
that is inclined 45$ relative to the disk P.A. (see Figure 8).
Such streams are very long-lived because returning particles
are trapped into such loops for periods larger than several
gigayears, and also because the streams are permanently
fed by new particles falling back from the tidal tail at all
epochs.

The success of modeling M31 properties as resulting from
a past major merger event is patent. Its predictive power is,

however, limited by the complexity of the system as well as the
very demanding number of particles required to reproduce in
detail all substructures of M31. An important limitation could
also be the accuracy of the calculations, which requires tracking
positions and velocities of particles with an unprecedented
accuracy for almost a Hubble time. In fact, we cannot claim to
have determined the best major merger model of M31, although
it is likely within the limits discussed below.

We also did not try to investigate the whole parameter space
to which the above results hold, although examination of Table 1
led us to suspect that it is likely large. However, some specific
links between parameters and observations may provide some
empirical limits. The bulge fraction can be reached within a 10%
accuracy for all models with the mass ratio of 3 ± 0.5. In the
frame of our model for M31, the halo is enriched by stars coming
from the progenitors before the interaction, while the thick disk
and Giant Stream are further enriched by stars formed before
the first passage and fusion. This (see Figure 1 and Section 2) is
compliant with pericenter radii of 25 ± 5 kpc. Further modeling
and measurements of stellar ages in several fields in the outskirts
of M31 would certainly help to provide more accurate values.
This would also provide better accuracy for the important epochs
of the interaction which would have begun 8.75 ± 0.75 Gyr
ago with a fusion time 5.5 ± 0.5 Gyr ago. There is still
work needed to properly constraint other orbital parameters
such as the inclinations of progenitors relative to the angular
momentum direction. We are far from having investigated the
whole range of orbital properties which produces a strong tidal
tail from stripped material from the satellite, and then a structure
similar to the Giant Stream. Table 3 describes all the models
presented in this paper, which are part of about 50 tested models.
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We find a family of model in a certain 
parameter space explain well the main 
properties of M31
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of the angular momentum (i.e.,

�
J2
X + J2

Z), i.e.,

JY /Jtotal should be larger than -1/
√
2 =-0.707,

as illustrated by the dot-dashed lines in Fig. 4.

We have generated the decomposition proposed

by Abadi et al. (2003) for comparison. In their

scheme, the thick disk is the residue after subtract-

ing the bulge and the thin disk assuming a bulge

symmetrically distributed around JY =0. While

the thin disk fraction is found to be very simi-

lar with both approaches, the residual thick disk

from Abadi et al’s method is almost twice that

provided by our method. We notice that a signifi-

cant fraction (up to 50%) of such a residual thick

disk is made of particles which are not dominated

by rotation around the Y-axis, which well explains

the discrepancy. For comparison with the Ibata et

al. (2005) observations of a rotationally-supported

thick disk, we keep our decomposition as described

above.

Fig. 3.— Distribution of newly formed stars 0.5

Gyr after the fusion which occurs 5 Gyr after the

beginning of the simulation, for a 2.8:1 merger

with rper=30 kpc, Gal1 incy=65 and Gal2 incy=-

90. Ten gigayears after the simulation, the diam-

eter of the newly formed disk reaches ∼ 36 kpc

for a thickness of 4 kpc (see thin lines) in a model

for which high feedback has been assumed during

the entire duration of the merger. Here the thin

disk has been projected along the X-axis, and its

angular momentum is oriented along the Y-axis.

Table 2: Decomposition in mass (unit=10
10M⊙) of

the newly formed galaxy 9 Gyr after the simula-

tion, for various parameters of our modelling. For

all models but the last one, high feedback has been

maintained during all the simulation. For the last

simulation, feedback has been abruptly dropped

from high to low values (from Cox et al. 2008),

3.5 Gyr after the beginning of the simulation and

∼ 0.7 Gyr after the fusion.

Parameters Comp. Thin Bulge Thick

disk disk

rpericenter=24 Stars 2.66 2.51 0.85

mass ratio =3.5 Gas 3.24 0.15 0.09

Gal inc=65 & -110 Fraction 62% 28% 10%

rpericenter=24.8 Stars 2.72 2.31 0.78

mass ratio =3.0 Gas 3.34 0.12 0.11

Gal inc=65 & -89 Fraction 65% 26% 9%

rpericenter=24.8 Stars 2.38 2.67 0.95

mass ratio =2.8 Gas 2.95 0.13 0.10

Gal inc=65 & -89 Fraction 60% 29% 9%

rpericenter=24 Stars 2.25 2.84 0.88

mass ratio =2.5 Gas 2.91 0.12 0.09

Gal inc=65 & -89 Fraction 57% 32% 10%

Same as above Stars 3.62 2.61 1.22

feedback Gas 1.32 0.07 0.12

changed at 3.5Gyr Fraction 55% 29% 14%

4.2. Thin and thick disks: feedback pre-
scriptions

Table 2 describes how the decomposition de-

pends on the choice of orbital parameters. From

the 2nd to the 4th sets of parameters, only the

mass ratio varies and the bulge fraction increases

as the mass ratio decreases as shown by Hopkins et

al. (2009). However, we have also tested a higher

mass ratio (1st set of parameters) with a differ-
ent set of inclinations for the progenitors. Thus

the bulge fraction may also depend on other or-

bital parameters, here the relative inclination of

the progenitors. For example, it reaches a max-

imum when the difference of inclination between

the two progenitors is close to 180 degrees, possi-

bly because more stars take radial orbits and fall

into the bulge. It will be shown later in section 4.4

that this resonance has a more considerable effect
on the matter that is stripped from the satellite to

8

The first-order constraints are matched
Rotation curve  
Bulge-to-total mass ratio : B/T = 0.28 
Scale length of think disk Rd = 5.6 kpc
Thick disk (10% of total stellar mass)
10-kpc, HI star-forming ring
Giant stream and its kinematics 
Age distribution of stellar populations
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Figure 9. Left: same model as in Figure 3. The distribution of heliocentric velocities in the Giant Stream region at distances indicated in each panel with references to
fields from Gilbert et al. (2009). The dot-dashed line reproduces the black line of Figure 1 of Ibata et al. (2004) representing the high negative velocity edge. Green
dots represent the mass-weighted average for each panel. Right: same for particles returning from the tidal tail. In this plot, we have accounted for several snapshots
in the simulation to artificially increase the number of stars in the central regions (see the text).
(A color version of this figure is available in the online journal.)

Figure 10. Comparison of observations (top left from Ibata et al. 2005) with
our modeling; at top right, we adopted a mass ratio of 2.8:1 with rper = 30 kpc
observed after 10 Gyr, at bottom left, a mass ratio of 3:1 with rper = 25 kpc
observed after 9 Gyr. The bottom right panel shows the same as that of the top
right, except that we have inverted all axes. Four to ten snapshots have been
used to optimize the contrast.

the advantage of being able to reproduce the Giant Stream
with many variations of our model parameters, but it also has
the inconvenience of providing a very large amount of space
parameters to investigate. Figure 10 illustrates some examples
of this exercise for two models with 500 K particles for which
the Giant Stream mass is slightly larger than the observed
one. Much larger numbers of particles are certainly required

to simultaneously reproduce all the morphological details of
the thick disk, although we generally reproduce the NE and W
shelves quite well.

5. DISCUSSION AND CONCLUSION

By construction, all models reproduce the distribution of
stellar ages in the various substructures quite well, as they are
described in Figure 1. This is especially true for both the thick
disk and the Giant Stream (see Sections 4.2 and 4.4) for which
our predicted compositions of stellar ages are from 10% to 20%
of intermediate age stars (5–8 Gyr), the rest essentially being
made of older stars. However, we experienced some difficulties
in reproducing the distribution of the 21 and 35 kpc “halo” fields
of Brown et al. (2008). We find a fraction of intermediate-age
stars ranging from 5% to 15%, while according to Figure 1, it
should be near or below 5%. It would be tempting to use this
property for selecting the best model of M31. However, in our
models intermediate-age stars are related to low-mass particles,
three of them being produced by a single gas particle. It may lead
to an artificial scattering of those intermediate-age star particles
(see Section 3), which could be only solved by simulations with
a much larger number of particles than 500 K.

All models as defined in Table 1 (Column 4) can reproduce
with quite good accuracy the bulge and thin and thick disk
fractions, as well as the ring and the shape, the mass, and
the kinematics of the Giant Stream. The examples shown in
Figure 10 are cases for which the Giant Stream stellar content is
slightly larger than the observed one, for illustrative purposes.
We also note that the shapes of the predicted thick disk and
Giant Stream can significantly change—within a given set of
orbital parameters (see Table 1)—either because they can be
modified through a rotation around the disk axis or because they
could fluctuate with the assumed time after the beginning of the
simulation. It is beyond the scope of this paper to search for the
best model that reproduces all the details of M31 substructures.
This would require launching several hundreds of simulations
with several millions of particles. We have, however, learned
the following from this analysis.

M31’s Giant Southern Stream 3

Fig. 1.— Locations (in M31-centric coordinates) of the
Keck/DEIMOS spectroscopic fields discussed in this paper (§ 2),
overlaid on a star count map of M31 (Ibata et al. 2005). The
GSS is the overdensity of stars extending to the south-southeast
of M31’s center. The approximate size and position angle of each
DEIMOS spectroscopic slitmask is indicated by a rectangle. Black
rectangles denote the location of masks from our survey of M31
for which velocity distributions have been previously published (a3
and H13s; Guhathakurta et al. 2006; Kalirai et al. 2006b), while
green rectangles denote masks whose velocity distributions are be-
ing presented for the first time. Red rectangles denote masks IF1,
IF2, IF6 and IF8 from Ibata et al. (2004). The polygons show the
regions chosen by Ibata et al. (2007) for analysis of the photomet-
ric properties of the GSS (red solid outline), GSS core (red dashed
outline), GSS envelope (red dashed-dotted outline), and the 60 kpc
southeast minor-axis arc “stream C” (blue solid outline).

2.1. Field Selection

The data presented here represent a small subset
of the full data set collected as part of our SPLASH
Keck/DEIMOS spectroscopic survey of M31 RGB stars.
The subset was selected based on location of the fields
with respect to M31’s GSS and other debris that may be
related to the GSS (Fig. 1). In relatively high-density re-
gions of M31, “fields” consist of one spectroscopic mask
(field f207) or two overlapping spectroscopic masks (field
H13s), while in lower density regions fields consist of mul-
tiple masks designed from a single KPNO 4 m/Mosaic
pointing (e.g., fields a13 and m4). Fields d1 and d3 were
initially targeted to probe the stellar kinematics of the
dwarf spheroidals And I and And III (Kalirai et al., in
preparation). We are using them here to study the stellar
kinematics of the underlying M31 field halo population,
including possible GSS stars.

Fields f207, H13s, and a3 are located on/near the
highest-surface brightness region of the GSS core (near
its eastern edge) at Rproj ! 17, 21, and 33 kpc, respec-
tively. Fields d1 and a13 are located to the west of the
highest-surface brightness region of the GSS at Rproj !
45 and 58 kpc, respectively, but are still well within the
broader region spanned by the GSS (Ibata et al. 2007),
while field d3, at Rproj ! 69 kpc, is on the western edge of

this region. Finally, field m4 is located on M31’s south-
east minor axis at Rproj ! 57 kpc, overlapping one of the
minor-axis arc features (“stream C”) identified as stellar
streams in the photometric survey of Ibata et al. (2007).
The latest models show that for certain collision geome-
tries, similar arc morphologies on the minor-axis can be
produced, and thus stream C could be related to the GSS
(Fardal et al. 2008).

2.2. Photometric and Spectroscopic Observations

Photometric catalogs for fields f207 and H13s were
derived from images taken with the MegaCam instru-
ment8 on the CFHT 3.6-m telescope (for details, see
Kalirai et al. 2006b). Images were obtained with the
g! and i! filters. The observed stellar magnitudes were
transformed to Johnson-Cousins V and I magnitudes us-
ing observations of Landolt photometric standard stars
(Kalirai et al. 2006a). Photometry for the remainder
of the fields (a3, a13, m4, d1, and d3) was derived
from images taken with the Mosaic Camera on the
KPNO 4-m telescope9. The KPNO images were ob-
tained with the Washington system M and T2 filters
and the intermediate-width DDO51 filter (Ostheimer
2003). The observed magnitudes were transformed to
V and I magnitudes using the transformation equations
of Majewski et al. (2000).

The DDO51 filter measures the surface-gravity sensi-
tive Mgb and MgH stellar absorption features. There-
fore photometry in the intermediate-width DDO51 band,
when combined with photometry in the M and T2 bands,
can be used as a discriminant of stellar surface-gravity.
This allows photometric pre-selection of spectroscopic
targets that are likely to be red giant branch (RGB) stars
in M31 (as opposed to foreground MW dwarf stars). For
masks designed from Mosaic photometry, the spectro-
scopic target selection algorithm gave highest priority to
objects with high photometric RGB probability [as deter-
mined from the star’s position in the (M"DDO51) ver-
sus (M"T2) color-color diagram (e.g., Palma et al. 2003;
Majewski et al. 2005)], star-like morphology (based on
the DAOPHOT parameters chi and sharp), and with
I0 magnitudes within ! 1 mag of the tip of M31’s RGB.
The available space remaining on the mask was then
packed with lower priority “filler” targets. All spec-
troscopic targets were restricted to the brightness range
20 < I0 < 22.5. In fields imaged with CFHT/MegaCam,
spectroscopic targets were selected based on their I0
magnitude and the SExtractor morphological criterion
stellarity. Details of the spectroscopic target selec-
tion procedure for fields with and without DDO51 pho-
tometry are given by Guhathakurta et al. (2006) and
Kalirai et al. (2006b), respectively.

Spectra were obtained using the DEIMOS spec-
trograph on the Keck II 10-m telescope, using the
1200 line mm"1 grating, which has a dispersion of

8 MegaPrime/MegaCam is a joint project of CFHT and
CEA/DAPNIA, at the Canada-France-Hawaii Telescope which is
operated by the National Research Council of Canada, the Insti-
tut National des Science de l’Univers of the Centre National de la
Recherche Scientifique of France, and the University of Hawaii.

9 Kitt Peak National Observatory of the National Optical As-
tronomy Observatory is operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
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Fig. 5.— Line-of-sight, heliocentric velocity distributions for stars
in each of the fields shown in Figure 1, displayed in order of in-
creasing distance along the giant southern stream (GSS). The ve-
locity distributions of stars identified as M31 RGB stars (§ 2.5)
are shown by the bold histograms. The velocity distributions of
all observed stars (including stars identified as MW dwarfs) are
shown as thin histograms. Stars associated with the dSphs And I
and And III have been removed from the velocity distributions.
Arrows mark the mean velocity of the GSS: black arrows denote
velocities measured in this work (§ 3), while grey arrows denote
previously published velocities. The mean velocity of the GSS be-
comes increasingly negative as the stream approaches the center
of M31. In addition to the prominent kinematical peaks identified
as the GSS, several of our spectroscopic fields show evidence of
other kinematical substructures (fields f207, H13s, and m4; § 3).
Each panel is labeled with the projected radial distance of the
field from M31’s center and the total number of stars with radial
velocity measurements. The majority of the data come from the
SPLASH Keck/DEIMOS survey of M31’s stellar halo (fields f207,
H13s, a3, d1, a13, m4, and d3). The velocities in fields IF8, IF6,
IF2, and IF1 were obtained from Ibata et al. (2004); only stars
with v < !100 km s!1 are available from the literature (dashed
lines). M31’s systemic velocity is vsys = !300 km s!1.

2.6. Velocity Distributions

Figure 5 presents the line-of-sight heliocentric velocity
distributions of all stars (M31 red giants and MW dwarfs)
observed in our fields, as well as the velocity distributions
of stars in the four GSS spectroscopic fields published by
Ibata et al. (2004) (fields IF1, IF2, IF6, and IF8). In the
innermost fields, M31 RGB stars greatly outnumber MW
dwarf stars along the line-of-sight, while the majority of
stars observed in the outermost fields are MW dwarf stars
due to the decreasing density of M31’s halo with Rproj.

Most of the fields show clear evidence of kinematically
cold features in their stellar velocity distributions in addi-
tion to stars with a wide range of velocities (M31’s kine-
matically broad spheroid). In fact, several fields appear
to have multiple kinematically cold components (e.g.,
f207, H13s, and m4). The GSS is a prominent structure
in the stellar velocity distributions of fields near the east-
ern edge of the high surface brightness GSS core (f207,
H13s, IF6, a3, IF2, and IF1; Fig. 1). The detection of
the GSS in field f207 is the innermost secure kinematical
detection of the GSS to date. There are also prominent
kinematically cold peaks in fields d1 and a13 with veloc-
ities in keeping with the expected velocity of the GSS.

We will show below that these are also attributable to
the GSS, and are the first kinematical detections of the
GSS in fields to the west of its prominent, eastern edge
(§ 3.3.1 & § 4.1).

3. IDENTIFICATION OF SUBSTRUCTURE IN
INDIVIDUAL FIELDS

This section discusses in detail the stellar velocity dis-
tributions and evidence for the presence of kinematically
cold components in each of our Keck/DEIMOS spectro-
scopic fields (Fig. 5). The velocity and metallicity distri-
butions of M31 RGB stars are analyzed in order to iden-
tify substructure in each field, and maximum-likelihood
fits to the velocity distributions are performed to char-
acterize the kinematical properties of the substructure,
including its mean velocity, velocity dispersion, and the
fraction of stars belonging to it. The fields near the east-
ern edge of the GSS are discussed first (f207, H13s, and
a3; § 3.2), followed by the fields to the west (d1, a13, and
d3; § 3.3.1) and the field on the 60 kpc minor-axis arc
(m4; § 3.3.2). A broader analysis of the kinematical and
chemical properties of the identified substructures in re-
lation to each other and a discussion of the origins of the
features will be presented in § 4.

3.1. Characterizing Kinematical Substructure

We use a combination of kinematics and metallicities to
identify the number of kinematically-cold substructures
in each field. We then fit a multiple-component Gaus-
sian to the kinematical distribution using a maximum-
likelihood technique. The maximum-likelihood multi-
Gaussian fits in each field are discussed below and sum-
marized in Table 2. Quoted errors are 90% confidence
limits from the maximum-likelihood analysis. Although
the true shapes of the velocity distributions of the vari-
ous kinematical components in M31’s spheroid are likely
di!erent from pure Gaussians, they provide a convenient
means of characterizing the mean velocity and velocity
dispersions of kinematical features.

We assume a kinematically broad distribution of ve-
locities corresponding to M31’s well-mixed spheroid is
present in each field. To date, only two spectroscopic
studies have measured the velocity dispersion of M31’s
spheroid. Gilbert et al. (2007) used a sample of ! 1000
M31 RGB stars in spectroscopic fields from Rproj = 9–
30 kpc along M31’s minor axis. They measured a velocity
dispersion of !sph

v = 129 km s!1 for M31’s spheroid, and
saw no evidence for a change in the velocity dispersion
with radius between 9 – 30 kpc. The stars were selected
using the technique described in § 2.5, but without use of
the velocity diagnostic. Chapman et al. (2006) measured
an average velocity dispersion of !sph

v = 126 km s!1

for M31’s spheroid, consistent with the Gilbert et al.
(2007) value. Their measurement was based on a sam-
ple of ! 800 M31 stars selected using windows in line-of-
sight velocity space designed to remove foreground Milky
Way stars, M31 disk stars, and substructure. They also
fit a model in which the velocity dispersion of M31’s
spheroid decreases with increasing projected distance.
Using this model, they find that M31’s spheroid is ex-
pected to have a velocity dispersion of !sph

v = 137 km s!1

at Rproj= 17 kpc, decreasing to !sph
v = 100 km s!1 at

Rproj= 60 kpc.

Gilbert et al. (2009)

2 R. Ibata, S. Chapman, A. M. N. Ferguson, M. Irwin, G. Lewis,A. McConnachie

Figure 1. The left hand panel shows the locations of the observed fields on the plane of the sky, in standard coordinates (!, "). Asterisk
symbols denote field centres of, from South to North, Fields 1–8 and 12–14 of our photometric survey of the Andromeda Stream with
the CFHT12K camera; while the large rectangles display the size of the CFHT12K camera pointings. The Keck2 DEIMOS targets
are shown as small dots in the centre of Fields 1, 2, 6 and 8. Triangles represent the positions of the planetary nebulae identified by
Morrison et al. (2003). The inner ellipse demarcates the approximate limit of the visible disk of M31 at 2! (= 27 kpc radius), and the
outer ellipse shows a segment of a 50 kpc radius ellipse flattened to c/a = 0.6, corresponding to the approximate limit of our INT
survey. The right hand panel presents the radial velocity measurements (full circles), as a function of distance from M31 along the
declination direction [= 780 tan(") kpc]. The positions of M32 and NGC 205 are also shown. The black line shows a straight-line fit
[vh(") = !4244.8 tan(") ! 610.9 km s"1] to the high negative velocity edge of this diagram. Stars that are more than 100 km s"1 away
from this line are marked with open circles. The two large squares show the chosen points for our “back-of-the-envelope” calculation,
detailed in Section 3. The dashed, dot-dashed and dotted lines show the orbital paths in simple Kepler, logarithmic and NFW potentials,
respectively. The velocities of the Morrison et al. (2003) PNe are represented again with triangles.

significant at the 50-sigma level. Interestingly, this stream
points toward the Andromeda satellites M32 and NGC205,
and is aligned with the outer isophotes of NGC205, sug-
gesting a relationship between the Andromeda Stream and
these two dwarf galaxies. If this interpretation is correct,
the stream has to be the result of previous interactions with
M31, as there is otherwise not enough time to spatially sep-
arate it from either of the two dwarf galaxies.

The proximity of M31 provides us with an opportu-
nity to undertake a spectroscopic survey of individual stars
within the stream; indeed Andromeda o!ers the only ex-
tragalactic giant galaxy in which such a study can be un-
dertaken with current instrumentation, as in more distant
systems such halo substructure would be smeared into very
low surface brightness features.

One useful property of the stream is that it is on a
highly radial orbit. It passes very close to the centre of M31,
where a comparison of the RGB tip of the stream with
that of M31 itself shows them to lie at the same distance
(McConnachie et al. 2003); whereas in the furthest field that
it has been detected to date, the peak of its giant branch is
0.27 mag fainter, indicating that it is 106 ± 20 kpc behind

M31 (McConnachie et al. 2003). This fortuitous alignment
close to the line of sight, allows us to measure directly the
potential gradient over > 100 kpc, and hence measure the
halo mass.

The layout of this paper is as follows: section 2 presents
the spectroscopic survey of the Andromeda Stream, the re-
sults of which are used in section 3 to constrain the mass
of the dark matter halo of M31, and finally in section 4
we discuss the significance of the results and present the
conclusions of this study. Throughout this work, we as-
sume a distance of 780 kpc to M31 (Stanek & Garnavich
1998) and a systemic radial velocity of !300 kms"1

(de Vaucouleurs et al. 1991).

2 THE ANDROMEDA HALO SURVEY

To understand the nature of the substructures detected in
our panoramic halo surveys of M31, we undertook a follow-
up programme to measure the kinematics of individual RGB
stars with the DEIMOS spectrograph on the Keck2 10m
telescope. On Sep 29-30 2002, we used the instrument in

Ibata et al. (2004)
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Conclusion

The complexities of M31 is well explained by a single 
event of major merger: morphology (disk+bulge, GS), 
kinematics, stellar populations.  

Up to 15% baryon matter is ejected from the 
collision, far to 1 Mpc (see video). This may populate 
the whole Local group space, possibly including our 
Milky Way. (--> LMC story) 
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Origin of Magellanic clouds (MC)
Could the Magellanic Clouds be Tidal Dwarfs 

Expelled from a Past-merger Event Occurring in 
Andromeda?
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Evidences for alien

high space velocity, 380 km/s, close to 
escape velocity of Milky Way At r=50 kpc.

MCs are the only blue satellite near the 
Milky Way 

Besla, 2007, propose the first passage 
scenario of MC. 
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Trace back in time

those in an isothermal sphere model. In our fiducial model, the
vdM02 and GN96 proper motions (Table 2) imply that the LMC
has completed only one orbit within 10 Gyr and reached an apo-
galacticon distance of 300Y400 kpc, whereas these same proper
motions suggest orbital periods of 1.5 Gyr and an apogalacticon
distance of 100 kpc in the isothermal spheremodel. These striking
results indicate that, independent of the proper-motion measure-
ments, the choice ofMWmodel can significantly alter our picture
of the orbital history of theMagellanic system. The dependence of
these results on model parameters are discussed in x 4.3.1.

In Figure 3we also plot the orbital path of the LMC for each of
the 10,000 proper-motion combinations allowed within K1’s er-
ror space. We find that the orbits are still roughly polar, but are
not strictly confined within the Y-Z plane. Colored areas indicate
the portion of the Y-Z plane spanned by orbits corresponding to
(!W, !N) combinations within a specified " from the mean (!!).
The orbit corresponding to themean values [!! " (#2:03; 0:44)]
is parabolic. Orbits with a larger j!W j component (#1 to #4 "
from !!

W ) correspond to hyperbolic orbits. The magnitude of
j!!

W j must decrease by 3Y4 " before the orbit will cross the disk
plane. In Figure 4 these same orbits are constrained between the
lines marked as ! " !!

W $ 4 ". Even in the case most favorable
to bound orbits (!W " !!

W % 4 "), the orbital period is roughly a
Hubble time and reaches an apogalacticon distance of 550 kpc,
which is substantially larger than that predicted by all other stud-
ies. On such distance scales dynamical friction plays little role in
modifying the orbital history of the LMC and uncertainties in the
analytic description ofFDF are irrelevant (see x 3). In particular, if
dynamical friction is ignored entirely, Figures 3 and 4 are un-

changed. This is demonstrated by the long-dashed line in Figure 4
representing the orbital evolution of the LMC for the mean values
with no dynamical friction.
We now examine these results more statistically: in Figures 5

and 6 all 10,000 combinations are color coded according to the
time (Fig. 5) or distance (Fig. 6) at which the LMC last crossed
the MW disk plane. In both cases the light blue dots indicate or-
bits that never crossed the MWdisk plane within tH. Dashed lines
indicate the number of standard deviations of a given point from
the mean proper motion [(!!

W , !!
N ); filled triangle]. The large as-

terisk shows the vdM02 average of previous proper measure-
ments: this value is well outside 4 " of !!

W , but is consistent with
!!
N . The distance and time of disk crossing for the vdM02 value

(250 kpc; 1.5 Gyr ago) are marked in the legend.
No solutions within 1 " of the K1 mean ever cross the disk

plane: in most of those cases the LMC never completes a single
orbit within tH. The 2% of cases that do cross the disk plane do so
at substantially larger times and distances than predicted by any
previous study. In fact, only&0.1% of all cases ever cross the disk
plane <4 Gyr ago; i.e., at times greater than twice the orbital
period predicted byGN96 using an isothermal sphereMWmodel.
Because the LMC does not complete a single orbit in most cases,
the time atwhich theLMC last crossed the disk plane is amore rel-
evant point of comparison to previous estimates of the orbital
period. Also, the distance of disk-plane crossing is relevant to ram
pressure stripping models for the formation of the MS, which are
sensitive to the density of the ambient medium (e.g., Moore &
Davis (1994); see x 5.4.3). These plots thus provide a measure for
the timescale and strength of the interaction between the MWand
LMC.

Fig. 3.—Orbital paths corresponding to 10,000 randomly selected combina-
tions (!W,!N) traced 4Gyr in the past and plotted in the Galactocentric Y-Z plane.
The present location of the LMC is indicated by the filled square and theMWdisk
plane by the short-dashed line. The dash-dotted line indicates the virial radius of
the halo (258 kpc). Orbital paths corresponding to !W values within $1 " from
the mean value (!!

W " #2:03) are confined within the red area. Paths that corre-
spond to !W components within 1Y2 " are confined within the light blue region, be-
tween 2 and 3 "within the blue region and between 3Y4 "within the green region.
Only orbits within the upper green region (!W " !!

W % 4 ") cross the disk plane
within 4 Gyr. The heavy dashed and dotted lines indicate the orbits traced by the
GN96 and vdM02 values, respectively, in our fiducial model. [See the electronic
edition of the Journal for a color version of this figure.]

Fig. 4.—Orbital evolution of the LMC plotted as a function of time in the past,
where T " 0 corresponds to today. The dash-dotted line indicates the virial radius
of the halo (258 kpc). All allowed orbits are constrained by the lines marked !W "
!!
W $ 4", which indicate the outer boundary of the green regions in Fig. 3. The two

lines indicated by !! represent the orbital evolution of the LMC if the mean values
are used [!! " (#2:03; 0:44)]: the long-dashed(solid) line illustrates the orbit ig-
noring(including) dynamical friction. Even in the best-case scenario, the LMC com-
pletes only one orbit within tH and reaches an apogalacticon distance of 550 kpc. The
short-dashed and dotted lines indicate the orbits traced by the old GN96 and vdM02
values, respectively, in our fiducial model. [See the electronic edition of the Journal
for a color version of this figure.]

BESLA ET AL.954 Vol. 668

Besla et al. 2007 Kallivayalil et al. 2009
M31 proper motion = 0, 42 km/s 
(cf. van der Marel et al. 2008)
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possibility MC is from M31

Previous studies: Raychaudhury & Lynden-
Bell 1989, Byrd et al. 1994, Shuter 1992

In a major merger, the matter ejected mainly 
close the plane of orbit.

M31 edge-on (Inc. 77 deg), MW may be 
include.

no direct measure for M31 proper motion! 
(can be expected from GAIA)
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L26 YANG & HAMMER Vol. 725

Table 2
Model Parameters

Parameter MW M31 LMC

Mvirial (1012 M!) 1.0a 1.6a · · ·
Rvirial (kpc) 258b 300b · · ·
cc 15 18 · · ·
Mbaryon (1010 M!) 5.6d 10.9d 2.0
B/Te 0.15 0.3 · · ·
ab (kpc) 0.62 1.0 · · ·
rd (kpc) 2.3d 5.8d · · ·

Notes.
a Data are from Besla et al. (2007).
b Data are from Klypin et al. (2002).
c The concentration of the NFW profile.
d Data are from Hammer et al. (2007).
e B/T is defined as the mass ratio of bulge to the total baryon mass.

provides us with an accuracy down to 0.1% over 10 Gyr, which
is precise enough for our discussions.

As mentioned in the Introduction, the non-spherical halo of
the MW may have impacted the trajectory of the LMC as seen
in Besla et al. (2007). The case of a non-spherical MW halo can
be studied by replacing r in !h(r) by r =

!
R + z2/q2 where

the cylindrical polar coordinates are adopted and q characterizes
the axis ratio of halo potential (Hayashi et al. 2007; Besla et al.
2007). For q > 1 we refer to a prolate halo while for q < 1
refers to an oblate halo.

2.2. Results

We uniformly sampled "2000 possible M31 proper motions
with an amplitude of [0, 0.12] mas yr#1 and an orientation of
[0, 360] deg on the sky. We define a reasonable solution by
searching when the minimal distance between LMC and M31
can be less than 50 kpc, which is close enough to be consistent
with material ejected from an ancient merger during the last 10
Gyr. We do find a group of solutions by using the LMC proper
motion from Kallivayalil et al. (2006b). The solution of M31
proper motion for a spherical MW halo is

µW = # 62 ± 18 µas yr#1, (6)

µN = # 25 ± 13 µas yr#1,

where the error bar accounts for the error of the LMC proper
motions, and µW and µN are quoted in the equatorial system as

Table 3
Possible Solutions

qa µW µN vrad
b vtan

b,c Ttravel v50
d

(µas yr#1) (km s#1) (km s#1) (Gyr) (km s#1)

0.5 #83 ± 10 01 ± 08 #127 194 ± 44 #4.3 ± 0.5 432
0.7 #77 ± 14 #10 ± 10 #128 160 ± 56 #4.5 ± 0.6 428
0.9 #68 ± 16 #21 ± 14 #128 124 ± 53 #5.1 ± 1.1 423
1.0 #62 ± 18 #25 ± 13 #128 106 ± 63 #5.5 ± 1.4 421
1.1 #56 ± 20 #28 ± 11 #129 89 ± 68 #6.2 ± 1.9 418
1.3 #56 ± 16 #30 ± 09 #129 89 ± 48 #7.8 ± 2.2 417
1.5 #52 ± 15 #32 ± 09 #129 80 ± 46 #7.2 ± 2.3 417

Notes.
a The shape parameter of MW halo.
b The velocities are given relative to the MW.
c The error bars actually delineate the solution regions.
d The velocity of LMC at 50 kpc to the M31 center.

usually used. It corresponds to vrad = #128 km s#1 and vtan =
102 km s#1 for M31 relative to the MW. The averaged time
since the LMC was ejected from M31 is 5.5 ± 1.4 Gyr ago.
Table 3 summarizes the results after assuming different values
for the axis ratio of the MW potential. In this Table vtan, Ttravel,
and v50 are averaged values for all of the trajectories that put the
LMC at 50 kpc from M31 at look-back times indicated by Ttravel.
At such a distance from M31 and for all solutions, the relative
velocity of LMC to M31 was slightly higher than the escape
velocity which is 408 km s#1 consistent with expectations for
material ejected from M31. Note that we define the escape
velocity when an object arrives to the intergalactic space, i.e.,
600 kpc from M31, between the MW and M31.

In Figure 2, we show the trajectories of M31 and the LMC
for the mean solution (q = 1). In the right panel of Figure 2,
we show the solutions of M31 proper motion varying with q
that corresponds to the average of all successful solutions. We
have scanned a region of q = [0.5, 1.5] with a span of 0.2, i.e.,
from oblate to prolate (see also Table 3). Note that q is used in
potential space, therefore the halo shape in density space would
be even more extreme for both prolate and oblate ones.

3. DISCUSSION AND CONCLUSION

Could the Magellanic Clouds be ejected tidal dwarfs from
a previous major merger occurring at the M31 location? In
this Letter, we simply demonstrate that this could be the case
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Figure 2. Left and middle panels: trajectories of LMC (red) and M31 (black) for the mean solution of a spherical MW halo (Equation (6)). The open boxes indicate
the time when the LMC is closest to M31. Right panel: possible M31 proper motions that satisfy our hypothesis. The gray dots are all the possible solutions, including
varying the MW shape, i.e., q, and accounting for the measurement errors of the LMC proper motion. The color dots connected by a line indicate the mean value for
different q. The bars attached to each point indicate the solution region for each q.
(A color version of this figure is available in the online journal.)
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Conclusion

Both observation and calculation indicate the 
possibility that MCs could be originated from 
M31.

GAIA will provide the direct determination of 
M31 proper motion, which will support or 
decline the validity the scenario. 
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Could Milky Way be formed 
by major merger?

B/T = 0.19
thick disk ~ 10% of thin disk
R(thin disk)=2.3+/-0.5 kpc
R(thick disk)=3.0 kpc
Baryon mass = 5.5 10^10 Msun
gas fraction = 12%
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Steinmetz&Navarro.1999

e.g., Morrison et al. (2003), shows that the agreement between
abundances estimated from spectroscopic and photometric mea-
surements is excellent. Second, the areas surveyed to derive stel-
lar abundances are small, they may be unrepresentative of the
dominate populations, and this may lead to biases in all estimates.
For example, an external observer of the Milky Way might have
unluckily observed the region where the bulk of the stars belong-
ing to Sagittarius lie and would likely conclude that the outskirts
of the Milky Way are indeed enriched. However, this conclusion
becomes more and more unrealistic, given the reasonable number
and variety of locations of surveyed areas in the outskirts of M31
and the insignificant fraction of the total mass within Sagittarius.

Mouhcine et al. (2006) have compared the abundances in the
outskirts of several spiral galaxies. Mouhcine et al. selected red
giant stars that lie 2Y10 kpc along the projected minor axis of
eight nearby spirals in areas that are part of galactic outskirts,
although they might also be contaminated by bulge or thick-disk
stars. Figure 6 (top) shows the h[Fe/H]i of red giant stars against
Vflat: all galaxies, except the MilkyWay, show a trend of increas-
ing metal abundance with rotation velocity of the disk. This trend,
found byMouhcine et al., is likely explained through an examina-
tion of Figure 6 (bottom): whilemassive galaxies have transformed
most of their gas into stars and metals, smaller galaxies have been
much less efficient in doing so and still include a large gas fraction,
as indicated by their location in the Tully-Fisher relation (e.g.,
McGaugh 2005). Interestingly, such a relation, if confirmed, re-
quires a certain mixing of stars with different enrichment patterns
in the outskirts of the galaxy, such as might be provided by a

merger. The Galaxy’s outskirts are underabundant relative to the
trend line formed by external galaxies by about 1 dex, implying
that it has been far less enriched than those of other galaxies of
the same total mass. On the other hand, M31 has a location sim-
ilar to other large spirals in Figure 6. This strengthens our hy-
pothesis that the properties of M31 are rather typical of large
spiral galaxies, while the MilkyWay appears to be exceptional.

Similarly, and perhaps more generally, the results of Zibetti
et al. (2004) add more credence to our hypothesis. They found,
by stacking 1047 images of SDSS edge-on spirals, that the aver-
age color of stars at !5 times the disk scale length, beyond the
diskminor axis, is redder by!(r " i) # 0:3Y0.4 thanMilkyWay
globular clusters (or Galactic halo stars), or, after converting
SDSS photometry (Jordi et al. 2006), by!(V " I ) # 0:45$ 0:1.
This discrepancy is especially large for the brightest galaxies of
the Zibetti et al. sample, i.e., those with absolute magnitudes
similar to the MilkyWay. The brightest galaxies show the reddest
stellar halo colors, accentuating this difference with the Milky
Way. Zibetti et al. show convincingly that their measurements
are not significantly affected by dust. If these measurements are
dominated by red giant stars, such a large shift in V " I colors is
unlikely related to an age difference between SDSS galaxies and
theMilkyWay, but more likely due to different metallicities (see,
e.g., Lee et al. 1993). The Galactic globular clusters and halo
stars are indeed very old, and a 0.45 mag shift in V " I to the red
is likely due to a shift of 0:8$ 0:2 dex in [Fe/H] (Lee et al. 1993).
Comparing the V " I colors from Zibetti et al. to that of nearby
galaxies studied by Mouhcine et al. allows us to place this en-
semble of galaxies in Figure 6. It is apparent that the SDSS
galaxies lie within the range defined by the intermediate-mass
spirals, including M31. The bulk of the Zibetti et al. (2004) sam-
ple is composed of galaxies withMi (where i refers to the i band
of the SDSS) ranging from"19.5 to"22.5 (forH0 # 70 km s"1

Mpc"1). This corresponds to log VCat ranging from 1.95 to 2.35,
or galaxies with rotation velocities similar to or less than that of
M31 and the MW (Pizagno et al. 2005).

Taken together, the above results strongly suggest that stars in
the outskirts of the Milky Way have an average chemical abun-
dance 3 times lower than those of most spirals within a similar
mass range. Simulations show that the very lowmetal abundance
of the outskirts of our galaxy may require the absence of any pre-
vious merger of satellites with mass larger than or equal to 109M%
(Font et al. 2006).

6. TOWARD A FORMATION SCHEME FOR SPIRAL
GALAXIES WITHIN THE CONTEXT OF DIFFERENCES

BETWEEN THE MILKY WAY AND M31

In the previous sections of this paper, we have shown that per-
haps the properties of the Milky Way are not representative of
those of a typical local spiral galaxy. In this context, we have
usedM31 as a foil to theMilkyWay in trying to demonstrate that
it is a typical representative of the spiral galaxy population (at
least for those that have rotation speeds similar to theMilkyWay).
Since we find a compelling case for the differing relative natures
of theMilkyWay andM31,wewish now to discuss and conjecture
about what these differencesmay be telling us about galaxy forma-
tion. Unlike previous discussions of the relative characteristics
of the Milky Way and M31, we wish to embed this within the
context of what we know about the properties of distant galaxies.

6.1. A Quiet Formation History Compared to a Merger-driven
Formation History: The MW versus M31

Historically, the MilkyWay andM31 were thought to be quite
similar. They have the same Hubble type and similar total masses.

Fig. 6.—Top: Iron abundances estimated for the outskirts of eight spiral gal-
axies from Mouhcine et al. (2006) plotted against log VCat (small points). Large
points represent the values for the Milky Way and M31. The solid line assumes
Mstar & V 4 (McGaugh 2005) andMstar & Z 2, following the prescription of Dekel
& Silk (1986). Dashed lines represent the range of Zibetti et al. (2004), after
stacking 1047 edge-on SDSS galaxies and assuming that their colors are domi-
nated by red giant stars. Bottom: Tully-Fisher relation for the same galaxies (very
small dots represent the sample of Pizagno et al. 2006). [See the electronic edition
of the Journal for a color version of this figure.]
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e.g., Morrison et al. (2003), shows that the agreement between
abundances estimated from spectroscopic and photometric mea-
surements is excellent. Second, the areas surveyed to derive stel-
lar abundances are small, they may be unrepresentative of the
dominate populations, and this may lead to biases in all estimates.
For example, an external observer of the Milky Way might have
unluckily observed the region where the bulk of the stars belong-
ing to Sagittarius lie and would likely conclude that the outskirts
of the Milky Way are indeed enriched. However, this conclusion
becomes more and more unrealistic, given the reasonable number
and variety of locations of surveyed areas in the outskirts of M31
and the insignificant fraction of the total mass within Sagittarius.

Mouhcine et al. (2006) have compared the abundances in the
outskirts of several spiral galaxies. Mouhcine et al. selected red
giant stars that lie 2Y10 kpc along the projected minor axis of
eight nearby spirals in areas that are part of galactic outskirts,
although they might also be contaminated by bulge or thick-disk
stars. Figure 6 (top) shows the h[Fe/H]i of red giant stars against
Vflat: all galaxies, except the MilkyWay, show a trend of increas-
ing metal abundance with rotation velocity of the disk. This trend,
found byMouhcine et al., is likely explained through an examina-
tion of Figure 6 (bottom): whilemassive galaxies have transformed
most of their gas into stars and metals, smaller galaxies have been
much less efficient in doing so and still include a large gas fraction,
as indicated by their location in the Tully-Fisher relation (e.g.,
McGaugh 2005). Interestingly, such a relation, if confirmed, re-
quires a certain mixing of stars with different enrichment patterns
in the outskirts of the galaxy, such as might be provided by a

merger. The Galaxy’s outskirts are underabundant relative to the
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that it has been far less enriched than those of other galaxies of
the same total mass. On the other hand, M31 has a location sim-
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pothesis that the properties of M31 are rather typical of large
spiral galaxies, while the MilkyWay appears to be exceptional.

Similarly, and perhaps more generally, the results of Zibetti
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Evidences of major merger

age, metallicity of thick disk and bulge are 
comparable. (this is predicted by major merger)

thick disk has stars older than thin disk.

possible presence of a classical bulge in the MW.  
(Babusiaux et a.2010)
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first try (J.L. WANG et al.)
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