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ACCRETED STARS
• Our current cosmology requires the 

merging and associated accretion of 
stars and dust to form large-scale 
structure. 

• The halo is most sensitive to small 
substructures ⟹ accreted halo stars 

• The disk is more sensitive to massive 
mergers that reach higher metallicity 
and suffer from dynamical friction and 
disk plane dragging                                
⟹ accreted disk stars 

• Accreted disk stars probe late, massive 
mergers and the dark matter disk
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Figure 1. Left: location of MW stars (red); the LMC (orange); and giant stars in the Sagittarius, Carina, and Fornax dwarf galaxies (blue) in the [[Fe/H],
[Mg/Fe]] plane. Data compiled from Bensby, Feltzing & Oey (2014), Ruchti et al. (2013), Nissen & Schuster (2010), Van der Swaelmen et al. (2013), Carretta
et al. (2010), Lemasle et al. (2012) and Letarte et al. (2010). For [Fe/H] > −1.3 (vertical dashed lines) the satellite galaxies have [Mg/Fe] ratios typically less
than ∼0.3 dex (horizontal dashed line), and are lower than the typical MW star at similar metallicities. Right: a simple chemical evolution model to explain
these data (see Section 3.1.1 for details). We show results for stars in the [[Fe/H], [Mg/Fe]] plane after 8 Gyr of star formation with an assumed exponentially
declining gas inflow. We plot two models of different mass: 109 M⊙ (Dwarf; red); and 1012 M⊙ (MW; black). The dwarf model assumes a low star formation
efficiency ν = 0.1 Gyr−1; we consider both ν = 0.1 and 1 Gyr−1 for the MW model. In both cases, we plot results for two different SNIa rates (solid and
dotted lines, as marked).

Romano 2013; Micali, Matteucci & Romano 2013, to mention some
of the most recent versions) and of local dwarfs (e.g. Lanfranchi,
Matteucci & Cescutti 2006; Lanfranchi & Matteucci 2010).

In Fig. 1(b), we show results for two models with a fixed dark
matter potential of 109 M⊙ (Dwarf) and 1012 M⊙ (MW). We model
the low mass case with a star formation efficiency of ν = 0.1 Gyr−1;
we adopt both ν = 0.1 and 1 Gyr−1 for the higher mass case. For
both models, we plot two curves showing results for low- and high-
SNIa rates, varying the parameter A (see equation 2 in PM04) from
0.05 to 0.18, respectively.

The figure clearly shows that the [Mg/Fe] ratio slowly de-
creases with [Fe/H], remaining almost flat until at some point (e.g.
[Fe/H] ∼ −1 for the MW case) the decrease becomes much more
rapid. This ‘knee’ in the curve is due to the onset of SNIa, which
typically explode on longer time-scales. This is known as the ‘time-
delay model’ (Matteucci & Greggio 1986). The position of the knee
along [Fe/H] thus depends on the SNIa rate (solid versus dotted
curves).

As indicated in Fig. 1(b), the star formation efficiency plays an
important role in the resultant abundance patterns. The low-mass
model shows consistently lower [Mg/Fe] ratios than the high-mass,
high-ν model. This is consistent with observations for [Fe/H] > −2
(see Fig. 1 a). However, the high-mass model with low ν also shows
lower [Mg/Fe] ratios than that with high ν. The fact that the [[Fe/H],
[Mg/Fe]] curves vary as a function of ν is not new (Matteucci
& Brocato 1990; Matteucci 1994; Lanfranchi & Matteucci 2004;
PM04), what is important here is the illustration of how this links
with the potential. The star formation efficiency correlates both with
the depth of the potential well, which affects the gas surface density,
and the radius in the disc of the MW at which stars form.

A striking feature of Fig. 1(b) is that the MW model with low ν

sits on the exact same [[Fe/H], [Mg/Fe]] curve as the dwarf galaxy
model with identically low ν. The likeness between the two curves
is, in part, due to the simplicity of our model. However, the fact
remains that stars formed in regions of low ν in the MW could have
similarly low α-enhancements to stars formed in satellite galaxies.
This poses a problem: stars with low [Mg/Fe] in the solar vicinity
could be accreted stars born in dwarf galaxies, or they could be ‘in
situ’ stars born in the MW disc. These latter ‘in situ’ stars could
have formed in a variety of ways. They could simply be the low

[Mg/Fe] tail of a distribution of stars formed at a single epoch; they
could have formed at the same location as the majority of thin disc
stars but at a time when the surface density was lower; or they could
have formed at radii R > R⊙ (where the surface density is also
lower) and later migrated inwards (e.g. Sellwood & Binney 2002;
Roškar et al. 2008a, 2008b; Minchev et al. 2012).

Recent observational evidence suggests that stars in the outer disc
of the MW do indeed have lower [Mg/Fe] ratios than those in the
inner disc (e.g. Bensby et al. 2011; Anders et al. 2014; Bergemann
et al. 2014). This could imply radial migration. Alternatively, it
could be explained as a difference in the radial scalelength between
distinct ‘thin’ and ‘thick’ stellar discs (e.g. Bensby et al. 2011;
Cheng et al. 2012). Either way, it is important to realize that radial
migration complicates the interpretation of any such metallicity
gradient observed today. Owing to radial migration, the abundance
distributions of the disc, as observed today, may not reflect the
distributions when the disc formed.

It is clear that to distinguish among the above possibilities, we
require further information in the form of stellar kinematics and
ages. We discuss the kinematic template for distinguishing accreted
from ‘in situ’ stars, next.

3.2 The kinematic template

We use a subset of the simulations already published in Read
et al. (2008) for our kinematic template. These model collision-
less minor mergers of satellites on cosmologically motivated orbits.
We consider two satellite masses: an LMC-like galaxy with mass
2.4 × 1010 M⊙ (stellar mass 7 × 108 M⊙); and a ‘Large’ LMC
with mass 1011 M⊙ (stellar mass 3 × 109 M⊙). These are placed
on eccentric orbits at 10◦ and 20◦ to the disc plane of a MW-mass
host galaxy. We additionally consider one low-inclination merger
(10◦) at low eccentricity (LMC-less). The simulations are evolved
for several Gyr until the disc has settled into a steady state. In Fig. 2,
we plot the distribution of ‘in situ’ disc stars (black contours) and
accreted stars (blue contours); the red contours show the initial con-
ditions for the in situ disc stars, set up to mimic the MW thin disc.
We select only those stars that lie within a ‘solar neighbourhood’
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Figure 2. Solar neighbourhood (8 < R < 9 kpc) heated versus accreted stars in a range of MW minor merger simulations, projected into the vertical
energy–vertical angular momentum plane: [Jz/Jc, Ez/Ec]. Note that stars that travel high above the disc corresponds to low Ez/Ec; stars with high eccentricity
correspond to low Jz/Jc. The contours show: initial condition in situ stars in the disc (red; panel a only); heated in situ stars (grey/black); and accreted stars
(blue). The top two panels explore the effect of orbital inclination, showing a 10◦ (a) and 20◦ (b) ‘LMC’-like merger with the MW. The bottom two panels
show results for a low eccentricity merger (c), and for a very massive (∼4 × LMC) 10◦ merger (d).

patch (8 < R < 9 kpc). We work in specific vertical energy–angular
momentum space [Jz/Jc, Ez/Ec]:

Jz = R · Vθ ; Jc = Rc · Vc, (4)
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where Vθ and Vz are the rotational and vertical velocity components
with respect to the Galactic disc, respectively; Vc is the circular
velocity:
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and Rc is the radius of a planar circular orbit with the same specific
energy E as the star. This is found by minimizing:
∣∣∣∣
V 2
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+ "(Rc, 0) − E

∣∣∣∣ . (7)

The advantages of using [Jz/Jc, Ez/Ec] space are as follows:
(i) these are integrals of motion for a static axisymmetric potential;
and (ii) they are less sensitive to the choice of potential " than the
orbital eccentricity e and maximum vertical excursion zmax that are
sometimes used instead. Circular orbits have Jz/Jc = Ez/Ec = 1.

First, note in Fig. 2(a) that the initial ‘thin disc’ of stars occu-
pies the region to the very top right of [Jz/Jc, Ez/Ec] space (red
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energy–vertical angular momentum plane: [Jz/Jc, Ez/Ec]. Note that stars that travel high above the disc corresponds to low Ez/Ec; stars with high eccentricity
correspond to low Jz/Jc. The contours show: initial condition in situ stars in the disc (red; panel a only); heated in situ stars (grey/black); and accreted stars
(blue). The top two panels explore the effect of orbital inclination, showing a 10◦ (a) and 20◦ (b) ‘LMC’-like merger with the MW. The bottom two panels
show results for a low eccentricity merger (c), and for a very massive (∼4 × LMC) 10◦ merger (d).
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Figure 5. The high-resolution spectroscopic sample, R13, plotted in the
[[Mg/Fe],[Fe/H]] plane. Stars are separated into high- and low-α regimes,
with a cut at 0.3 dex in [Mg/Fe] (as defined in Section 3.1). The data were
divided into different metallicity bins shown by the vertical dashed lines.
The uncertainty in [Fe/H] and [Mg/Fe] are less than 0.1 dex. Subsequent
plots are colour-coded in the same manner.

and the Miyamoto & Nagai (1975) potential for the disc:

"disc = − GMdisc√
R2 + (a +

√
z2 + b2)2

. (10)

Finally, we assumed a NFW dark matter profile (Navarro, Frenk &
White 1996) for the halo:

"halo = − GMvir√
R2 + z2 · d

· log

(
1 +

√
R2 + z2

rs

)
. (11)

Masses and constants for each potential were adopted from Gómez
et al. (2010), such that Vc = 220 kms−1 at 8 kpc from the Galactic
Centre.

As described in Section 3.2, we computed the specific vertical en-
ergy (Ez/Ec) and vertical angular momentum (Jz/Jc) of each orbit.
In this way, we can directly compare the kinematics of the sample
stars to the models. Uncertainties in Jz/Jc and Ez/Ec were prop-
agated from the uncertainties in the space motions and positions.
This resulted in uncertainties of 0.1 ± 0.1 in Jz/Jc and 0.01 ± 0.03
in Ez/Ec. These are small enough to be able to distinguish between
accreted stars and ‘heated’ disc stars according to our chemody-
namical template (Section 3.3).

6 R ESULTS

Based on the [Mg/Fe] ratios of satellite galaxies as compared to the
MW, shown in Fig. 1(a), we separated the data into two regimes,
defined by a cut at [Mg/Fe] = 0.3 (illustrated by the horizontal,
dashed line in Fig. 1 a).4 We consider stars that lie above this cut
as high-α, while those that lay below are low-α and have elemen-
tal abundances similar to present-day dwarf satellite galaxies and
the LMC. We further divided the data into three metallicity bins,
separated at [Fe/H] = −1.3 and −0.8 dex. The low-metallicity cut
was defined as the metallicity at which the satellite galaxies show
[Mg/Fe] ratios distinct from the MW (see Fig. 1 a), while we added
an additional cut at [Fe/H] = −0.8, since this has been shown to
be the limiting metallicity of the thin disc of the MW (e.g. Bensby
et al. 2014). The R13 data, cut into the respective bins, are shown
in Fig. 5.

4 Note that cutting at a lower ratio, e.g. [Mg/Fe] = 0.2, does not affect our
overall results. See Appendix B.

Figure 6. The vertical component of the specific orbital angular momen-
tum versus the vertical component of the orbital energy for the R13 data set.
These can be directly compared to the LMC-merger simulations in Fig. 2.
The symbols and colours are the same as those in Fig. 5. The uncertainties are
0.1 ± 0.1 in Jz/Jc and 0.01 ± 0.03 in Ez/Ec. Top: all stars with
[Fe/H] ≥ −0.8. Middle: stars with −1.3 ≤ [Fe/H] < −0.8. Bottom: stars
with [Fe/H] < −1.3.

In Fig. 6, we plot each [Fe/H]–[Mg/Fe] bin in the [Jz/Jc, Ez/Ec]
plane. As noted in Fig. 2, that an orbit with high zmax and high e
corresponds to that with low Jz/Jc and low Ez/Ec in this plane. To
empirically compensate for sample selection biases, as well as the
uncertainty in [Mg/Fe], we directly compared the two α-abundance
regimes using their distributions in the [Ez/Ec, Jz/Jc] space within
each metallicity bin (as described in Section 4.1). These are shown
in Fig. 7. We further quantified the difference between the two
regimes using a two-sample Kolmogorov–Smirnov (K–S) test, the
results for which are shown in Table 1. If the two regimes are
different and we see an ‘overdensity’ of low-α stars with low Jz/Jc

and low Ez/Ec as compared to the high-α stars, this suggests we are
seeing evidence of an accreted disc component.

In the following sections, we take a closer look at our findings
for each [Fe/H]–[Mg/Fe] bin.

6.1 Searching for accreted disc stars

6.1.1 [Fe/H] ≥ −0.8

At these metallicities, the high- and low-α regimes show very simi-
lar distributions in Jz/Jc; however, the high-α stars extend to slightly
lower Ez/Ec than the low-α stars. This difference in the distribu-
tions in Ez/Ec is further confirmed by the K–S test (p-value ∼0.005).
However, these differences do not indicate the presence of accreted

MNRAS 444, 515–526 (2014)

 at Lunds U
niversitet on Septem

ber 15, 2014
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

Accreted Stars

522 G. R. Ruchti et al.

Figure 5. The high-resolution spectroscopic sample, R13, plotted in the
[[Mg/Fe],[Fe/H]] plane. Stars are separated into high- and low-α regimes,
with a cut at 0.3 dex in [Mg/Fe] (as defined in Section 3.1). The data were
divided into different metallicity bins shown by the vertical dashed lines.
The uncertainty in [Fe/H] and [Mg/Fe] are less than 0.1 dex. Subsequent
plots are colour-coded in the same manner.

and the Miyamoto & Nagai (1975) potential for the disc:
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Finally, we assumed a NFW dark matter profile (Navarro, Frenk &
White 1996) for the halo:
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Masses and constants for each potential were adopted from Gómez
et al. (2010), such that Vc = 220 kms−1 at 8 kpc from the Galactic
Centre.

As described in Section 3.2, we computed the specific vertical en-
ergy (Ez/Ec) and vertical angular momentum (Jz/Jc) of each orbit.
In this way, we can directly compare the kinematics of the sample
stars to the models. Uncertainties in Jz/Jc and Ez/Ec were prop-
agated from the uncertainties in the space motions and positions.
This resulted in uncertainties of 0.1 ± 0.1 in Jz/Jc and 0.01 ± 0.03
in Ez/Ec. These are small enough to be able to distinguish between
accreted stars and ‘heated’ disc stars according to our chemody-
namical template (Section 3.3).

6 R ESULTS

Based on the [Mg/Fe] ratios of satellite galaxies as compared to the
MW, shown in Fig. 1(a), we separated the data into two regimes,
defined by a cut at [Mg/Fe] = 0.3 (illustrated by the horizontal,
dashed line in Fig. 1 a).4 We consider stars that lie above this cut
as high-α, while those that lay below are low-α and have elemen-
tal abundances similar to present-day dwarf satellite galaxies and
the LMC. We further divided the data into three metallicity bins,
separated at [Fe/H] = −1.3 and −0.8 dex. The low-metallicity cut
was defined as the metallicity at which the satellite galaxies show
[Mg/Fe] ratios distinct from the MW (see Fig. 1 a), while we added
an additional cut at [Fe/H] = −0.8, since this has been shown to
be the limiting metallicity of the thin disc of the MW (e.g. Bensby
et al. 2014). The R13 data, cut into the respective bins, are shown
in Fig. 5.

4 Note that cutting at a lower ratio, e.g. [Mg/Fe] = 0.2, does not affect our
overall results. See Appendix B.

Figure 6. The vertical component of the specific orbital angular momen-
tum versus the vertical component of the orbital energy for the R13 data set.
These can be directly compared to the LMC-merger simulations in Fig. 2.
The symbols and colours are the same as those in Fig. 5. The uncertainties are
0.1 ± 0.1 in Jz/Jc and 0.01 ± 0.03 in Ez/Ec. Top: all stars with
[Fe/H] ≥ −0.8. Middle: stars with −1.3 ≤ [Fe/H] < −0.8. Bottom: stars
with [Fe/H] < −1.3.

In Fig. 6, we plot each [Fe/H]–[Mg/Fe] bin in the [Jz/Jc, Ez/Ec]
plane. As noted in Fig. 2, that an orbit with high zmax and high e
corresponds to that with low Jz/Jc and low Ez/Ec in this plane. To
empirically compensate for sample selection biases, as well as the
uncertainty in [Mg/Fe], we directly compared the two α-abundance
regimes using their distributions in the [Ez/Ec, Jz/Jc] space within
each metallicity bin (as described in Section 4.1). These are shown
in Fig. 7. We further quantified the difference between the two
regimes using a two-sample Kolmogorov–Smirnov (K–S) test, the
results for which are shown in Table 1. If the two regimes are
different and we see an ‘overdensity’ of low-α stars with low Jz/Jc

and low Ez/Ec as compared to the high-α stars, this suggests we are
seeing evidence of an accreted disc component.

In the following sections, we take a closer look at our findings
for each [Fe/H]–[Mg/Fe] bin.

6.1 Searching for accreted disc stars

6.1.1 [Fe/H] ≥ −0.8

At these metallicities, the high- and low-α regimes show very simi-
lar distributions in Jz/Jc; however, the high-α stars extend to slightly
lower Ez/Ec than the low-α stars. This difference in the distribu-
tions in Ez/Ec is further confirmed by the K–S test (p-value ∼0.005).
However, these differences do not indicate the presence of accreted
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Figure 5. The high-resolution spectroscopic sample, R13, plotted in the
[[Mg/Fe],[Fe/H]] plane. Stars are separated into high- and low-α regimes,
with a cut at 0.3 dex in [Mg/Fe] (as defined in Section 3.1). The data were
divided into different metallicity bins shown by the vertical dashed lines.
The uncertainty in [Fe/H] and [Mg/Fe] are less than 0.1 dex. Subsequent
plots are colour-coded in the same manner.
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Masses and constants for each potential were adopted from Gómez
et al. (2010), such that Vc = 220 kms−1 at 8 kpc from the Galactic
Centre.

As described in Section 3.2, we computed the specific vertical en-
ergy (Ez/Ec) and vertical angular momentum (Jz/Jc) of each orbit.
In this way, we can directly compare the kinematics of the sample
stars to the models. Uncertainties in Jz/Jc and Ez/Ec were prop-
agated from the uncertainties in the space motions and positions.
This resulted in uncertainties of 0.1 ± 0.1 in Jz/Jc and 0.01 ± 0.03
in Ez/Ec. These are small enough to be able to distinguish between
accreted stars and ‘heated’ disc stars according to our chemody-
namical template (Section 3.3).

6 R ESULTS

Based on the [Mg/Fe] ratios of satellite galaxies as compared to the
MW, shown in Fig. 1(a), we separated the data into two regimes,
defined by a cut at [Mg/Fe] = 0.3 (illustrated by the horizontal,
dashed line in Fig. 1 a).4 We consider stars that lie above this cut
as high-α, while those that lay below are low-α and have elemen-
tal abundances similar to present-day dwarf satellite galaxies and
the LMC. We further divided the data into three metallicity bins,
separated at [Fe/H] = −1.3 and −0.8 dex. The low-metallicity cut
was defined as the metallicity at which the satellite galaxies show
[Mg/Fe] ratios distinct from the MW (see Fig. 1 a), while we added
an additional cut at [Fe/H] = −0.8, since this has been shown to
be the limiting metallicity of the thin disc of the MW (e.g. Bensby
et al. 2014). The R13 data, cut into the respective bins, are shown
in Fig. 5.

4 Note that cutting at a lower ratio, e.g. [Mg/Fe] = 0.2, does not affect our
overall results. See Appendix B.

Figure 6. The vertical component of the specific orbital angular momen-
tum versus the vertical component of the orbital energy for the R13 data set.
These can be directly compared to the LMC-merger simulations in Fig. 2.
The symbols and colours are the same as those in Fig. 5. The uncertainties are
0.1 ± 0.1 in Jz/Jc and 0.01 ± 0.03 in Ez/Ec. Top: all stars with
[Fe/H] ≥ −0.8. Middle: stars with −1.3 ≤ [Fe/H] < −0.8. Bottom: stars
with [Fe/H] < −1.3.

In Fig. 6, we plot each [Fe/H]–[Mg/Fe] bin in the [Jz/Jc, Ez/Ec]
plane. As noted in Fig. 2, that an orbit with high zmax and high e
corresponds to that with low Jz/Jc and low Ez/Ec in this plane. To
empirically compensate for sample selection biases, as well as the
uncertainty in [Mg/Fe], we directly compared the two α-abundance
regimes using their distributions in the [Ez/Ec, Jz/Jc] space within
each metallicity bin (as described in Section 4.1). These are shown
in Fig. 7. We further quantified the difference between the two
regimes using a two-sample Kolmogorov–Smirnov (K–S) test, the
results for which are shown in Table 1. If the two regimes are
different and we see an ‘overdensity’ of low-α stars with low Jz/Jc

and low Ez/Ec as compared to the high-α stars, this suggests we are
seeing evidence of an accreted disc component.

In the following sections, we take a closer look at our findings
for each [Fe/H]–[Mg/Fe] bin.

6.1 Searching for accreted disc stars

6.1.1 [Fe/H] ≥ −0.8

At these metallicities, the high- and low-α regimes show very simi-
lar distributions in Jz/Jc; however, the high-α stars extend to slightly
lower Ez/Ec than the low-α stars. This difference in the distribu-
tions in Ez/Ec is further confirmed by the K–S test (p-value ∼0.005).
However, these differences do not indicate the presence of accreted
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Figure 1. Left: location of MW stars (red); the LMC (orange); and giant stars in the Sagittarius, Carina, and Fornax dwarf galaxies (blue) in the [[Fe/H],
[Mg/Fe]] plane. Data compiled from Bensby, Feltzing & Oey (2014), Ruchti et al. (2013), Nissen & Schuster (2010), Van der Swaelmen et al. (2013), Carretta
et al. (2010), Lemasle et al. (2012) and Letarte et al. (2010). For [Fe/H] > −1.3 (vertical dashed lines) the satellite galaxies have [Mg/Fe] ratios typically less
than ∼0.3 dex (horizontal dashed line), and are lower than the typical MW star at similar metallicities. Right: a simple chemical evolution model to explain
these data (see Section 3.1.1 for details). We show results for stars in the [[Fe/H], [Mg/Fe]] plane after 8 Gyr of star formation with an assumed exponentially
declining gas inflow. We plot two models of different mass: 109 M⊙ (Dwarf; red); and 1012 M⊙ (MW; black). The dwarf model assumes a low star formation
efficiency ν = 0.1 Gyr−1; we consider both ν = 0.1 and 1 Gyr−1 for the MW model. In both cases, we plot results for two different SNIa rates (solid and
dotted lines, as marked).

Romano 2013; Micali, Matteucci & Romano 2013, to mention some
of the most recent versions) and of local dwarfs (e.g. Lanfranchi,
Matteucci & Cescutti 2006; Lanfranchi & Matteucci 2010).

In Fig. 1(b), we show results for two models with a fixed dark
matter potential of 109 M⊙ (Dwarf) and 1012 M⊙ (MW). We model
the low mass case with a star formation efficiency of ν = 0.1 Gyr−1;
we adopt both ν = 0.1 and 1 Gyr−1 for the higher mass case. For
both models, we plot two curves showing results for low- and high-
SNIa rates, varying the parameter A (see equation 2 in PM04) from
0.05 to 0.18, respectively.

The figure clearly shows that the [Mg/Fe] ratio slowly de-
creases with [Fe/H], remaining almost flat until at some point (e.g.
[Fe/H] ∼ −1 for the MW case) the decrease becomes much more
rapid. This ‘knee’ in the curve is due to the onset of SNIa, which
typically explode on longer time-scales. This is known as the ‘time-
delay model’ (Matteucci & Greggio 1986). The position of the knee
along [Fe/H] thus depends on the SNIa rate (solid versus dotted
curves).

As indicated in Fig. 1(b), the star formation efficiency plays an
important role in the resultant abundance patterns. The low-mass
model shows consistently lower [Mg/Fe] ratios than the high-mass,
high-ν model. This is consistent with observations for [Fe/H] > −2
(see Fig. 1 a). However, the high-mass model with low ν also shows
lower [Mg/Fe] ratios than that with high ν. The fact that the [[Fe/H],
[Mg/Fe]] curves vary as a function of ν is not new (Matteucci
& Brocato 1990; Matteucci 1994; Lanfranchi & Matteucci 2004;
PM04), what is important here is the illustration of how this links
with the potential. The star formation efficiency correlates both with
the depth of the potential well, which affects the gas surface density,
and the radius in the disc of the MW at which stars form.

A striking feature of Fig. 1(b) is that the MW model with low ν

sits on the exact same [[Fe/H], [Mg/Fe]] curve as the dwarf galaxy
model with identically low ν. The likeness between the two curves
is, in part, due to the simplicity of our model. However, the fact
remains that stars formed in regions of low ν in the MW could have
similarly low α-enhancements to stars formed in satellite galaxies.
This poses a problem: stars with low [Mg/Fe] in the solar vicinity
could be accreted stars born in dwarf galaxies, or they could be ‘in
situ’ stars born in the MW disc. These latter ‘in situ’ stars could
have formed in a variety of ways. They could simply be the low

[Mg/Fe] tail of a distribution of stars formed at a single epoch; they
could have formed at the same location as the majority of thin disc
stars but at a time when the surface density was lower; or they could
have formed at radii R > R⊙ (where the surface density is also
lower) and later migrated inwards (e.g. Sellwood & Binney 2002;
Roškar et al. 2008a, 2008b; Minchev et al. 2012).

Recent observational evidence suggests that stars in the outer disc
of the MW do indeed have lower [Mg/Fe] ratios than those in the
inner disc (e.g. Bensby et al. 2011; Anders et al. 2014; Bergemann
et al. 2014). This could imply radial migration. Alternatively, it
could be explained as a difference in the radial scalelength between
distinct ‘thin’ and ‘thick’ stellar discs (e.g. Bensby et al. 2011;
Cheng et al. 2012). Either way, it is important to realize that radial
migration complicates the interpretation of any such metallicity
gradient observed today. Owing to radial migration, the abundance
distributions of the disc, as observed today, may not reflect the
distributions when the disc formed.

It is clear that to distinguish among the above possibilities, we
require further information in the form of stellar kinematics and
ages. We discuss the kinematic template for distinguishing accreted
from ‘in situ’ stars, next.

3.2 The kinematic template

We use a subset of the simulations already published in Read
et al. (2008) for our kinematic template. These model collision-
less minor mergers of satellites on cosmologically motivated orbits.
We consider two satellite masses: an LMC-like galaxy with mass
2.4 × 1010 M⊙ (stellar mass 7 × 108 M⊙); and a ‘Large’ LMC
with mass 1011 M⊙ (stellar mass 3 × 109 M⊙). These are placed
on eccentric orbits at 10◦ and 20◦ to the disc plane of a MW-mass
host galaxy. We additionally consider one low-inclination merger
(10◦) at low eccentricity (LMC-less). The simulations are evolved
for several Gyr until the disc has settled into a steady state. In Fig. 2,
we plot the distribution of ‘in situ’ disc stars (black contours) and
accreted stars (blue contours); the red contours show the initial con-
ditions for the in situ disc stars, set up to mimic the MW thin disc.
We select only those stars that lie within a ‘solar neighbourhood’
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Figure 1. Left: location of MW stars (red); the LMC (orange); and giant stars in the Sagittarius, Carina, and Fornax dwarf galaxies (blue) in the [[Fe/H],
[Mg/Fe]] plane. Data compiled from Bensby, Feltzing & Oey (2014), Ruchti et al. (2013), Nissen & Schuster (2010), Van der Swaelmen et al. (2013), Carretta
et al. (2010), Lemasle et al. (2012) and Letarte et al. (2010). For [Fe/H] > −1.3 (vertical dashed lines) the satellite galaxies have [Mg/Fe] ratios typically less
than ∼0.3 dex (horizontal dashed line), and are lower than the typical MW star at similar metallicities. Right: a simple chemical evolution model to explain
these data (see Section 3.1.1 for details). We show results for stars in the [[Fe/H], [Mg/Fe]] plane after 8 Gyr of star formation with an assumed exponentially
declining gas inflow. We plot two models of different mass: 109 M⊙ (Dwarf; red); and 1012 M⊙ (MW; black). The dwarf model assumes a low star formation
efficiency ν = 0.1 Gyr−1; we consider both ν = 0.1 and 1 Gyr−1 for the MW model. In both cases, we plot results for two different SNIa rates (solid and
dotted lines, as marked).
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matter potential of 109 M⊙ (Dwarf) and 1012 M⊙ (MW). We model
the low mass case with a star formation efficiency of ν = 0.1 Gyr−1;
we adopt both ν = 0.1 and 1 Gyr−1 for the higher mass case. For
both models, we plot two curves showing results for low- and high-
SNIa rates, varying the parameter A (see equation 2 in PM04) from
0.05 to 0.18, respectively.

The figure clearly shows that the [Mg/Fe] ratio slowly de-
creases with [Fe/H], remaining almost flat until at some point (e.g.
[Fe/H] ∼ −1 for the MW case) the decrease becomes much more
rapid. This ‘knee’ in the curve is due to the onset of SNIa, which
typically explode on longer time-scales. This is known as the ‘time-
delay model’ (Matteucci & Greggio 1986). The position of the knee
along [Fe/H] thus depends on the SNIa rate (solid versus dotted
curves).

As indicated in Fig. 1(b), the star formation efficiency plays an
important role in the resultant abundance patterns. The low-mass
model shows consistently lower [Mg/Fe] ratios than the high-mass,
high-ν model. This is consistent with observations for [Fe/H] > −2
(see Fig. 1 a). However, the high-mass model with low ν also shows
lower [Mg/Fe] ratios than that with high ν. The fact that the [[Fe/H],
[Mg/Fe]] curves vary as a function of ν is not new (Matteucci
& Brocato 1990; Matteucci 1994; Lanfranchi & Matteucci 2004;
PM04), what is important here is the illustration of how this links
with the potential. The star formation efficiency correlates both with
the depth of the potential well, which affects the gas surface density,
and the radius in the disc of the MW at which stars form.

A striking feature of Fig. 1(b) is that the MW model with low ν

sits on the exact same [[Fe/H], [Mg/Fe]] curve as the dwarf galaxy
model with identically low ν. The likeness between the two curves
is, in part, due to the simplicity of our model. However, the fact
remains that stars formed in regions of low ν in the MW could have
similarly low α-enhancements to stars formed in satellite galaxies.
This poses a problem: stars with low [Mg/Fe] in the solar vicinity
could be accreted stars born in dwarf galaxies, or they could be ‘in
situ’ stars born in the MW disc. These latter ‘in situ’ stars could
have formed in a variety of ways. They could simply be the low

[Mg/Fe] tail of a distribution of stars formed at a single epoch; they
could have formed at the same location as the majority of thin disc
stars but at a time when the surface density was lower; or they could
have formed at radii R > R⊙ (where the surface density is also
lower) and later migrated inwards (e.g. Sellwood & Binney 2002;
Roškar et al. 2008a, 2008b; Minchev et al. 2012).

Recent observational evidence suggests that stars in the outer disc
of the MW do indeed have lower [Mg/Fe] ratios than those in the
inner disc (e.g. Bensby et al. 2011; Anders et al. 2014; Bergemann
et al. 2014). This could imply radial migration. Alternatively, it
could be explained as a difference in the radial scalelength between
distinct ‘thin’ and ‘thick’ stellar discs (e.g. Bensby et al. 2011;
Cheng et al. 2012). Either way, it is important to realize that radial
migration complicates the interpretation of any such metallicity
gradient observed today. Owing to radial migration, the abundance
distributions of the disc, as observed today, may not reflect the
distributions when the disc formed.

It is clear that to distinguish among the above possibilities, we
require further information in the form of stellar kinematics and
ages. We discuss the kinematic template for distinguishing accreted
from ‘in situ’ stars, next.

3.2 The kinematic template

We use a subset of the simulations already published in Read
et al. (2008) for our kinematic template. These model collision-
less minor mergers of satellites on cosmologically motivated orbits.
We consider two satellite masses: an LMC-like galaxy with mass
2.4 × 1010 M⊙ (stellar mass 7 × 108 M⊙); and a ‘Large’ LMC
with mass 1011 M⊙ (stellar mass 3 × 109 M⊙). These are placed
on eccentric orbits at 10◦ and 20◦ to the disc plane of a MW-mass
host galaxy. We additionally consider one low-inclination merger
(10◦) at low eccentricity (LMC-less). The simulations are evolved
for several Gyr until the disc has settled into a steady state. In Fig. 2,
we plot the distribution of ‘in situ’ disc stars (black contours) and
accreted stars (blue contours); the red contours show the initial con-
ditions for the in situ disc stars, set up to mimic the MW thin disc.
We select only those stars that lie within a ‘solar neighbourhood’
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Figure 3. The effect of the Ruchti et al. (2011) selection function on the
distribution of heated ‘in situ’ stars (black/grey) and ‘accreted’ stars (blue).
We show results in the [Jz/Jc, Ez/Ec] plane for the LMC-20◦ merger sim-
ulation, assuming a solar neighbourhood mass fraction in accreted stars of
η = 0.4. Although the relative number density of the two populations is
clearly different from that in Fig. 2(b), the separation between the two pop-
ulations is still clear. The vast majority of stars identified as ‘accreted stars’
by our chemodynamic template are indeed accreted stars, rising to 100 per
cent for our template cuts: Jz/Jc < 0.8 and Ez/Ec < 0.97.

what we expect for massive accretion events (see Section 3). As can
be seen, even if accreted stars make up just 2 per cent by mass of the
in situ population, and even after applying selection effects similar
to those in Ruchti et al. (2011), we can hope to see of the order of
2 accreted stars in our most metal rich bin using our chemodynamic
template. This suggests that an absence of such stars really would
imply a rather quiescent merger history for our Galaxy. It is, how-
ever, difficult to be much more quantitative than this; that requires a

survey that is either complete or has a well-defined stellar selection
function that can be modelled.

5 DATA A NA LY SIS

5.1 Mg abundances

The abundance of Mg for each star was derived from the equiva-
lent widths of Mg I lines with the MOOG abundance analysis pro-
gram (Sneden 1973), using one-dimensional, plane-parallel Kurucz
model atmospheres (Castelli & Kurucz 2004) and the stellar pa-
rameters derived in Ruchti et al. (2013). The abundance analysis
yielded an average precision in [Mg/Fe] of 0.04 ± 0.02 dex.

5.2 Space velocities

We derived new space velocities for the R13 sample using the
distances derived in Serenelli et al. (2013) in combination with the
proper motions given in the RAVE data base and the radial velocities
derived in Ruchti et al. (2011). The velocities were normalized to a
solar velocity with respect to the local standard of rest (LSR), given
by (U⊙, V⊙, W⊙) = (14.00, 12.24, 7.25) kms−1 from Schönrich,
Binney & Dehnen (2010) and Schönrich (2012). An additional
VLSR = 220 kms−1 was added to put the space motions in the
Galactic rest frame. The mean uncertainty on the space motions
was less than 15 per cent.

5.3 Orbits

The orbital information for each star was computed based on a three-
component Galactic potential. We assumed a Hernquist (1990)
potential for the bulge,

"bulge = −GMbulge

r + c
, (9)

Figure 4. The effect of the Ruchti et al. (2011) selection function combined with poor sampling. We draw 286 stars from the full distribution and then cut on
[Fe/H] > −0.8 consistent with that expected for massive mergers. In this plot, the ‘in situ’ stars (black data points) and ‘accreted stars’ (red data points) are
both defined using our chemodynamic [Mg/Fe] cut. We show results in the [Jz/Jc, Ez/Ec] plane for the LMC-20◦ merger simulation. From left to right, we
assume that the accreted stars comprise 40, 10 and 2 per cent by mass of the in situ population. Even with a normalization of just 2 per cent, we should detect
of the order of 2 accreted stars with our chemodynamic template.
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With biases there should be at least two at [Fe/H] > -0.8,  
and we see none…



THE GAIA-ESO SURVEY

• Five year survey using 
ESO VLT to obtain 
~100,000 spectra in the 
Milky Way                      
(see Gilmore et al. 2012). 

• kinematically unbiased! 

• DR2 just released, much 
larger sample to work 
with.
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CONCLUSIONS

• We built a chemo-dynamical template to identify an accreted 
disk component — detritus from late, massive mergers. 

• Current evidence suggests the Milky Way had a quiescent 
merger history and a correspondingly light dark matter disk. 

• BUT! Possible signs of an accreted disk in the Gaia-ESO 
Survey. 

• Stay tuned…


