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Abstract. In this first paper of this series, we present a new approach for studying the chemo-dynamical evolution in disk
galaxies, which consists of fusing disk chemical evolutionmodels with compatible numerical simulations of galactic disks.
This method avoids known star formation and chemical enrichment problems encountered in simulations. Here we focus on
the Milky Way, by using a detailed thin-disk chemical evolution model (matching local observables, which are weakly affected
by radial migration) and a simulation in the cosmological context, with dynamical properties close to those of our Galaxy. We
examine in detail the interplay between in situ chemical enrichment and radial migration and their impact on key observables
in the solar neighborhood, e.g., the age-metallicity-velocity relation, the metallicity distribution, and gradients in the radial
and vertical directions. We show that, due to radial migration from mergers at high redshift and the central bar at later times,
a sizable fraction of old metal-poor high-[α/Fe] stars can reach the solar vicinity. This naturally accounts for a number of
recent observations related to both the thin and thick disks, despite the fact that we use thin-disk chemistry only. Although
significant radial mixing is present, the slope in the age-metallicity relation is only weakly affected, with a scatter compatible
with recent observational work. While we find a smooth density distribution in the [O/Fe]-[Fe/H] plane, we can recover the
observed discontinuity by selecting particles according to kinematic criteria used in high-resolution samples to define the thin
and thick disks. We outline a new method for estimating the birth place of the Sun and predict that the most likely radius lies
in the range 4.4 < r < 7.7 kpc (for a current location atr = 8 kpc). A new, unifying model for the Milky Way thick disk
is offered, where both mergers and radial migration play a role at different stages of the disk evolution. We show that in the
absence of early-on massive mergers the vertical velocity dispersion of the oldest stars is underestimated by a factor of ∼ 2
compared with observations. We can, therefore, argue that the Milky Way thick disk is unlikely to have been formed through a
quiescent disk evolution. An observational test involvingboth chemical and kinematic information must be devised to ascertain
this possibility.

1. Introduction

Crucial information regarding the dominant mechanisms re-
sponsible for the formation of the Milky Way (MW) disk and
other Galactic components is encoded in the chemical and kine-
matic properties of its stars. This conviction has led to un-
precedented observational efforts in the past decades, aimed
at mapping the chemistry and kinematics of a large number
of stars in the MW. Until the end of 2003 most of the infor-
mation was confined to small local samples for which high-
resolution spectroscopic data were obtained (e.g., Fuhrmann
1998 within 25 pc and Bensby et al. 2003 within 100 pc). In
2004, the Geneva Copenhagen Survey (CGS Nordström et al.,
2004) obtained the first large spectro-photometric sample of
around 16 000 stars as part of a Hipparcos follow-up campaign
(hence, also confined to∼100 pc from the Sun). More recently,
optical spectroscopic low-resolution surveys, such as SEGUE
(Yanny and Rockosi, 2009) and RAVE (Steinmetz et al., 2006),

have extended the studied volume to distances of a few kpc
from the Sun (with the majority of stars in the distance range
0.5-3 kpc), and increased the numbers of stars with chemo-
kinematical information by more than an order of magnitude
(> 2×105 spectra for SEGUE and> 5×105 spectra for RAVE,
see Steinmetz 2012). This effort will be soon complemented
by high-resolution spectroscopic surveys both in the optical
– HERMES (Freeman et al., 2010) and in the near-infrared –
APOGEE (Allende Prieto et al., 2008; Majewski et al., 2010).
APOGEE aims at measuring chemo-kinematic properties of
around 105 stars close to the Galactic plane, thus comple-
menting SEGUE and RAVE (which exclude most stars below
∼ 200 pc), whereas HERMES aims at obtaining chemical in-
formation for around 106 stars. In the near future, 4MOST
(de Jong et al., 2012), probably the most ambitious project,
aims at sampling even larger volumes by obtaining chemo-
kinematic properties of many millions of stars, taking fullad-
vantage of the Gaia astrometric results. The common aim of
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the huge observational campaigns briefly summarized above is
to constrain the MW assembly history – one of the main goals
of the newly emerged field, Galactic Archaeology.

The underlying principle of Galactic Archaeology is that
the chemical elements synthesized inside stars, and later
ejected back into the interstellar medium (ISM), are incorpo-
rated into new generations of stars. As different elements are
released into the ISM by stars of different masses and, there-
fore, on different timescales, stellar abundance ratios provide a
cosmic clock, capable of eliciting the past history of star for-
mation and gas accretion of a galaxy1. One of the most widely
used “chemical-clocks” is the [α/Fe] ratio2.

1.1. Galactic Archeology and radial migration

The power of Galactic Archaeology has been threatened both
by observational and theoretical results, showing that stars
most probably move away from their birthplaces, i.e, migrate
radially. Observational signatures of this radial migration (or
mixing) have been reported in the literature since the 1970s,
with the pioneering works by Grenon (1972, 1989). Grenon
identified an old population ofsuper-metal-rich stars(here-
after SMR), that are currently located in the solar vicinity, but
have kinematics and abundance properties indicative of an ori-
gin in the inner Galactic disk (see also Castro et al. 1997 and
Trevisan et al. 2011). These results were extended by Haywood
(2008), who showed by re-analyzing the GCS data, that the
low- and high-metallicity tails of the thin disk are populated by
objects whose orbital properties suggest an origin in the outer
and inner Galactic disk, respectively. In particular, the so-called
SMR stars show metallicities that exceed the present-day ISM
and those of young stars in the solar vicinity. As discussed
by Chiappini et al. (2003) (see also Table 5 by Asplund et al.
2009), the metallicity in the solar vicinity is not expectedto
have increased much since the Sun’s formation, i.e., in the last
∼4 Gyr, because of the rather inefficient star formation rate
(SFR) at the solar radius during this period, combined with
continuous gas infall into the disk. Hence, as summarized in
Chiappini (2009), pure chemical evolution models for the MW
thin disk cannot explain stars more metal rich than∼0.2 dex,
and radial migration has to be invoked.

N-body simulations have also long shown that radial mi-
gration is unavoidable. Raboud et al. (1998) studied numer-
ical simulations aimed at explaining the results reported by
Grenon (1989) of a mean positive U-motion (where U is the
Galactocentric radial velocity component of stars), whichthe
authors interpreted as metal-rich stars from the inner Galaxy,
wandering in the solar neighborhood. However, Raboud et al.
(1998) interpreted their findings as stars on hot bar orbits,
not recognizing that permanent changes to the stellar an-
gular momenta are possible. It was not until the work by
Sellwood and Binney (2002) that radial migration was es-

1 In most cases, the stellar surface abundances reflect the compo-
sition of the interstellar medium at the time of their birth;this is the
reason why stars can be seen as fossil records of the Galaxy evolution.

2 Here we use the notation in brackets to indicate abundances rela-
tive to the Sun, i.e., [X/Y] = log(X/Y)− log(X/Y)⊙.

tablished as an important process affecting the entire disk,
where stars shift guiding radii due to interaction with tran-
sient spiral structure. Modern high-resolution simulations (e.g.,
Roškar et al. 2008, 2012) have confirmed this finding, but left
the role of the Galactic bar unexplored.

A different radial migration mechanism was pro-
posed by Minchev and Famaey (2010) and Minchev et al.
(2011a), resulting from the nonlinear coupling between the
bar and spiral waves, or spirals of different multiplicity
(Minchev and Quillen, 2006; Minchev et al., 2012a). These
works, along with studies of diffusion coefficients in barred
disks (Brunetti et al., 2011; Shevchenko, 2011), predict a
variation in migration efficiency with time and disk ra-
dius, establishing that the dynamical influence of the bar
plays an integral part in the MW disk modeling. Recently,
Comparetta and Quillen (2012) showed that radial migration
can result from short-lived density peaks arising from interfer-
ence of spiral density waves, even if patterns are long-lived.
In addition to internal axisymmetric structure, perturbations
caused by minor mergers have also been shown to be effective
at mixing the outer disks (Quillen et al., 2009; Bird et al.,
2012), but can also indirectly affect the entire disk by inducing
(reinforcing) spiral and bar instabilities. Considering the
established presence of a central bar, spiral structure and
evidence for merger activity in the MW, it is clear that all of
the above mentioned radial migration mechanisms would have
an effect on the Galactic disk.

In summary, a number of both observational and theo-
retical results challenge the power of Galactic Archaeology.
Therefore, the only possible way to advance in this field is the
development of chemodynamical models tailored to the MW in
the cosmological framework. Only then, a meaningful compar-
ison with the large amounts of current and forthcoming obser-
vational data (as summarized in the beginning of this section),
can be carried out. This is the main goal of the present work,
namely, to develop a chemodynamical model for the MW, to
be able to quantify the importance of radial mixing throughout
the evolution of our Galaxy.

1.2. Difficulties with fully self-consistent simulations

Producing disc-dominated galaxies has traditionally been
challenging for cosmological models. In early simulations,
extreme angular momentum loss during mergers gave birth to
galaxies with overly concentrated mass distributions and mas-
sive bulges (e.g., Navarro and Benz, 1991; Navarro and White,
1994; Abadi et al., 2003). Although an increase in resolution
and better modeling of star formation and feedback have
allowed recent simulations to produce MW-mass galaxies with
reduced bulge fractions (Agertz et al., 2011; Guedes et al.,
2011; Martig et al., 2012), none of these simulations include
chemical evolution. Galaxy formation simulations including
some treatment of chemical evolution have been performed
by a number groups (Raiteri et al., 1996; Mosconi et al.,
2001; Lia et al., 2002; Kawata and Gibson, 2003; Kobayashi,
2004; Scannapieco et al., 2005; Martı́nez-Serrano et al.,
2008; Oppenheimer and Davé, 2008; Wiersma et al., 2009;
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Few et al., 2012). However, although the results are encourag-
ing and globally observed trends seem to be reproduced, such
as the mass-metallicity relation (e.g., Kobayashi et al., 2007)
or the metallicity trends between the different Galactic compo-
nents (e.g., Tissera et al., 2012), it is still a challenge for these
simulations to match the properties of the MW (e.g., the typical
metallicities of the different components – Tissera et al. 2012).
Additionally, the fraction of low-metallicity stars are often
overestimated (Kobayashi and Nakasato, 2011; Calura et al.,
2012), and reproducing the position of thin- and thick-disk
stars in the [O/Fe]-[Fe/H] plane has proved challenging
(Brook et al., 2012). While these problems might be due to
unresolved metal mixing (Wiersma et al., 2009), it is also
worth noting that none of the above-mentioned simulations
reproduces simultaneously the mass, the morphology, and the
star formation history (SFH) of the MW.

This situation has led us to seek a novel approach to address
this complex problem. We will show that this approach works
encouragingly well, explaining not only current observations,
but also leading to a more clear picture regarding the natureof
the MW thick disk.

1.3. Thick-disk formation scenarios

The large uncertainties in important observational constraints
in the MW, such as the age-velocity-metallicity relation, the
abundance gradients and their evolution, together with thein-
herent complexity of the topic of Galaxy assembly, have led to
different scenarios to be proposed for the formation of the thick
disk.

One possibility is that thick disks were born thick at high
redshift from the internal gravitational instabilities ingas-rich,
turbulent, clumpy disks (Bournaud et al., 2009; Forbes et al.,
2012) or in the turbulent phase associated with numerous gas-
rich mergers (Brook et al., 2004, 2005). They could also have
been created through accretion of galaxy satellites (Meza et al.,
2005; Abadi et al., 2003), where thick-disk stars then have an
extragalactic origin.

Another possibility is that thick disks are created
through the heating of preexisting thin disks with the help
of mergers (Quinn et al., 1993; Villalobos and Helmi, 2008;
Di Matteo et al., 2011), whose rate decreases with decreas-
ing redshift. Evidence for satellite-disk encounters can be
found in structure in the phase-space of MW disk stars (e.g.,
Minchev et al. 2009; Gómez et al. 2013; Gómez et al. 2012c),
which can last for as long as∼4 Gyr (Gómez et al., 2012b).

Finally, a recently proposed mechanism for the formation
of thick disks is radial migration, which we discuss next.

1.4. Radial migration and thick disks

In the past several years there has been a growing convic-
tion that radial migration, driven by transient spirals, can be
responsible for the formation of thick disks by bringing out
high-velocity-dispersion stars from the inner disk and thebulge
(no need for mergers). This scenario was used, for example, in
the analytical model of Schönrich and Binney (2009a) (SB09a)

and Schönrich & Binney (2009b) (SB09b), where the authors
managed to explain the MW thin- and thick-disk characteristics
without the need of mergers or any discrete heating processes.
Similarly, the increase of disk thickness with time found inthe
simulation by Roškar et al. (2008) has been attributed to mi-
gration in the works by Sales et al. (2009) and Loebman et al.
(2011).

However, how exactly radial migration affects disk thicken-
ing in dynamical models had not been demonstrated (but only
assumed) until the recent work by Minchev et al. (2011b) and
Minchev et al. (2012b). The latter authors showed unambigu-
ously that radial migration driven by secular (or internal)evolu-
tion has only a minor effect on disk thickening, mostly beyond
three disk scale-lengths, which results in a flared disc3. This
is due to the conservation of vertical action of migrators, as
opposed to the incorrect assumption of vertical energy conser-
vation. While not building up akinematicallythick disk (since
the effect of outward and inward migrators mostly cancels out),
Minchev et al. (2012b) noted that radial migration in isolated
galaxies does contribute to achemicallythick disk in the sense
that outward migrators are preferentially deposited at higher
distances above the galactic plane, with the converse effect for
inward migrators. It can be expected that migrationcanthicken
the disk, provided that stars were “preheated”, e.g., either by
mergers or by being born hot4 (both of these are expected at
high redshift).

Once again, to advance our understanding of the MW disk
formation and evolution, we need to make quantitative esti-
mates of the importance of radial mixing, guided by observa-
tional constraints. This implies the need for chemodynamical
models making predictions specifically for the solar vicinity,
where most of the current observational constraints are found.
In Sec. 2 we describe the disk simulation we adopt in the
present work. Sec. 3 we describe our input chemistry. Sec. 4 is
devoted to our new approach. Our results are shown in Sec. 5,
while a new explanation for the origin of the thick disk can be
found in Sec. 7. Here we concentrate on results for the solar
vicinity, while results for the whole disk are shown in paperII
of this series. Conclusions are drawn in Sec. 9.

2. A late-type disk galaxy simulation in the
cosmological context

To properly model the MW, it is crucial to be consistent with
some observational constraints at redshiftz = 0, for example,
a flat rotation curve (e.g., Merrifield 1992), a small bulge (e.g.,
Binney et al. 1997), a central bar of an intermediate size (e.g.,
Babusiaux and Gilmore 2005), gas-to-total-disk-mass ratio of
∼ 0.14 at the solar vicinity (e.g., Chiappini et al. 2001, and ref-
erences therein), and local disk velocity dispersions close to the
observed ones (e.g., Lee et al. 2011).

3 Minchev et al. (2012b) showed that migratorscontract(vertically
cool) the disk inside the bar’s CR, further contributing to disk flaring.
This is related to the predominance of inward migrators at such small
radii with a mean action smaller than that of the local population.

4 Note that migration efficiency drops with velocity dispersion
(Solway et al., 2012).
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Fig. 1. First row: The left panel shows the rotational velocity (dashed blue curve) and circular velocity (solid black curve) at
the final simulation time. The middle panel presents them= 2 Fourier amplitudes,A2/A0, as a function of radius estimated from
the stellar density. Curves of different colors present the time evolution ofA2/A0. To better see the evolution of the bar strength
with time, in the right panel we show the amplitude averaged over the bar maximum.Second row:Face-on density maps of the
stellar component for different times, as indicated.Third row: The corresponding edge-on view. Contour spacing is logarithmic.
Fourth row: Changes in angular momentum,∆L, as a function of radius, estimated in a time window of 0.52 Gyr, centered on
the times of the snapshots shown above. Both axes are dividedby the circular velocity, thus units are kpc (galactic radius). Strong
variations are seen with cosmic time due to satellite perturbations and increase in bar strength.

It is clear that cosmological simulations would be the nat-
ural framework for a state-of-the-art chemodynamical study of
the MW. Unfortunately, as described in Sec. 1.2, a number of
star formation and chemical enrichment problems still exist in
fully self-consistent simulations. We therefore resort to(in our
view) the next best thing – a high-resolution simulation in the
cosmological context coupled with a pure chemical evolution
model (Sec. 3), as described in detail in Sec. 4 below.

The simulation used in this work is part of a suite of nu-
merical experiments first presented by Martig et al. (2012),
where the authors studied the evolution of 33 simulated galax-
ies fromz = 5 to z = 0 using the zoom-in technique described
in Martig et al. (2009). This technique consists of extracting
merger and accretion histories (and geometry) for a given halo
in aΛ-CDM cosmological simulation, and then re-simulating

these histories at much higher resolution (150 pc spatial, and
104−5 M⊙ mass resolution). We refer to Martig et al. (2012) for
more information on the simulation method.

The galaxy we have chosen has a number of properties con-
sistent with the MW, including a central bar, as we describe
below. We would like to explore the disk evolution for a time
period of about 11 Gyr, which is close to the age of the old-
est disk stars in the MW. However, none of the above galaxies
start forming disks earlier than∼ 9− 10 Gyr beforez = 0. To
remedy this, we extended our simulation by integrating for two
additional Gyr, allowing for 11.2 Gyr of self-consistent evolu-
tion.

Originally, our simulated galaxy has a rotational velocityat
the solar radius of 210 km/s and a scale-length of∼ 5 kpc. To
match the MW in terms of dynamics, at the end of the simula-
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tion we downscaled the disk radius by a factor of 1.67 and ad-
justed the rotational velocity at the solar radius to be 220 km/s,
which affects the mass of each particle according to the relation
GM ∼ v2r, whereG is the gravitational constant. This places
the bar’s corotation resonance (CR) and 2:1 outer Lindblad res-
onance (OLR) at∼ 4.7 and∼ 7.5 kpc, respectively, consistent
with a number of studies5 (e.g., Dehnen 2000, Minchev et al.
2007, 2010, see Gerhard 2011 for a review). At the same time
the disk scale-length, measured from particles of all ages in the
range 3< r < 15 kpc, becomes∼ 3 kpc, in close agreement
with observations (e.g., Gerhard 2001). After this change6, our
simulated disk satisfies the criteria outlined at the beginning of
this section, required for any dynamical study of the MW, as
follows:

(i) it has an approximately flat rotation curve with a circular
velocity Vc ∼ 220 km/s at 8 kpc, shown in the first row, left
panel of Fig. 1, where we have corrected for asymmetric drift
as described in, e.g., Binney and Tremaine (2008).

(ii) the bulge is relatively small, with a bulge-to-total ratio
of ∼1/5 (as measured with GALFIT – Peng et al. 2002 – on a
mock i-band image, see bottom panel of Fig. 27 by Martig et al.
2012).

(iii) it contains an intermediate-size bar at the final simula-
tion time, which develops early on and grows in strength dur-
ing the disk evolution (see middle and right panels of Fig. 1 and
discussion below).

(iv) the disk grows self-consistently as the result of cosmo-
logical gas accretion from filaments and (a small number of)
early-on gas-rich mergers, as well as merger debris, with a last
significant merger concluding∼ 9− 8 Gyr ago.

(v) the disk gas-to-total-mass ratio at the final time is∼0.12,
consistent with the estimate of∼ 0.14 for the solar vicinity
(Fig. 2, top right panel).

(vi) the radial and vertical velocity dispersions atr ≈ 8 kpc
are∼ 45 and∼ 20 km/s (averaged over all ages), in very good
agreement with observations (see Sec. 5.5 and Fig. 6).

We definedt = 0 as the time after the central bulge
(spheroidal component) has formed. Only about 3% of these
stars contribute to the stellar density at the final simulation time
in the region 7< r < 9 kpc,|z| < 3 kpc, which we investigate in
this paper. Therefore, for this work we ignored these old stars
and focused on the particles forming mostly from gas infall at
later times.

In the first row, middle panel of Fig. 1, we plot the Fourier
amplitude,Am/A0, of the density of stars as a function of ra-
dius, whereA0 is the axisymmetric component andm is the
multiplicity of the pattern; here we only show them = 2 com-
ponent,A2/A0. Different colors indicate the evolution of theA2

radial profile in the time period specified by the color bar. The
bar is seen to extend to∼ 3−4 kpc, where deviations from zero
beyond that radius are due to spiral structure. The brown curve
reachingA2/A0 ∼ 0.9 at r ≈ 4.5 kpc results from a merger-
induced two-armed spiral. To better see the evolution of thebar

5 Variations in our results with different rescaling are discussed in
appendix A.

6 Note that we rescaled the disk radius to reflect the position of the
bar’s resonances at the final time.

strength with time, in the right panel we show the amplitude
averaged over 1 kpc at the bar maximum.

The second and third rows of Fig. 1 show face-on and edge-
on stellar density contours at different times of the disk evolu-
tion, as indicated in each panel. The redistribution of stellar an-
gular momentum,L, in the disk as a function of time is shown
in the fourth row, where∆L is the change in the specific angular
momentum as a function of radius estimated in a time period
∆t = 520 Myr, centered on the time of each snapshot above.
Both axes are divided by the rotational velocity at each radius,
thereforeL is approximately equal to the initial radius (at the
beginning of each time interval) and∆L gives the distance by
which guiding radii change during the time interval∆t. The
dotted-red and solid-blue vertical lines indicate the positions of
the bar’s CR and OLR. Note that due to the bar’s slowing down,
these resonances are shifted outward in the disk with time.

After the initial bulge formation, the largest merger has a
1:5 stellar-mass ratio and an initially prograde orbit, plunging
through the center later and dissolving in∼ 1 Gyr (in the time
period 1.5 . t . 2.5 Gyr, first column of Fig. 1). Due to its
in-plane orbit (inclination. 45◦), this merger event results in
accelerated disk growth by triggering a strong spiral structure
in the gas-dominated early disk, in addition to its tidal pertur-
bation (Quillen et al., 2009). One can see the drastic effect on
the changes in angular momentum,∆L, in the fourth row, right
panel of Fig. 1. A number of less violent events are present
at that early epoch, with their frequency decreasing with time.
The effect of small satellites, occasionally penetrating the disk
at later times, can be seen in the third and fourth columns at
L ≈ r & 7 andL ≈ r ≈ 6 kpc, respectively.

We note a strong variation of∆L with cosmic time, where
mergers dominate at earlier times (highz) and internal evo-
lution takes over att = 5 − 6 Gyr (corresponding to a look-
back-time of∼6-7 Gyr, orz ∼ 1). The latter is related to an
increase with time in the bar’s length and major-to-minor-axes
ratio as seen in the face-on plots, indicating the strengthening
of this structure. Examining the top-right panel of Fig. 1, we
find a continuous increase in the bar’sm = 2 Fourier ampli-
tude with time, where the strongest growth occurs betweent=4
and 8 Gyr. The effect of the bar can be found in the changes in
angular momentum,∆L, as the feature of negative slope, cen-
tered on the CR (dotted-red vertical line), shifting fromL ≈ 3.4
to L ≈ 4.7 kpc. Due to the increase in the bar’s amplitude,
the changes in stellar guiding radii (vertical axis values)in-
duced by its presence in the CR-region double in the time pe-
riod 4.44 < t < 11.2 Gyr (bottom row of Fig. 1). Until re-
cently, bars were not considered effective at disk mixing once
they were formed, because of their long-lived nature. We em-
phasize the importance of the bar in its persistent mixing ofthe
inner diskthroughout the galactic evolution(see Minchev et al.
2012a and discussion therein).

3. Chemistry

Our new approach is based on a detailed chemical evolution
model for thethin disk only(see appendix B). The idea behind
this is to test, after radial mixing is taken into account, whether
we can explain the observations of both thin and thick disks
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without the need of invoking a discrete thick-disk component
(different from what was suggested in Chiappini et al., 1997;
Chiappini, 2009).

In the present model, the thin disk forms via the slow accre-
tion of extragalactic metal-poor gas (assumed to be of primor-
dial composition). We assumed that the gas accumulates faster
in the inner than in the outer regions, similar to what happens
in the simulation discussed in Sec. 2 (the exact functional form
used for gas infall as a function of both time and radius is shown
in appendix B). The present model does not account for gas
outflows or gas radial flows. Our code follows in detail a large
number of chemical elements by properly taking into account
the lifetime of stars of different masses (i.e., we did not use the
instantaneous recycling approximation). We here concentrate
only on iron and oxygen (see appendix B for a detailed descrip-
tion of the adopted stellar yields, as well as how we treated the
supernova (SN) Type Ia enrichment in our model)7, while other
chemical elements are discussed in the forthcoming papers of
this series. In all plots in this paper the results are normalized
using the solar abundances by Asplund et al. (2005).

The main observational constraints of MW chemical evo-
lution models (see Table B.1 in appendix B) are (i) the solar
and present-day abundances of more than 30 elements, (ii) the
present SFR (Fig. 2, upper left panel), (iii) the current stellar,
gas, and total mass densities in the solar vicinity (Fig. 2, up-
per right panel), (iv) the present-day supernovae (SNe) rates of
Type II and Ia, and (v) the metallicity distribution of G-dwarf
stars (to be discussed in Sec. 5). The SFH in the solar vicinity
(Fig. 2, upper left panel) is obtained by assuming a star for-
mation law dependency on the gas density (Kennicut’s law)
and an exponentially decreasing infall with time, with an in-
fall timescaleτ(Rg,⊙) = 7 Gyr, where Rg,⊙ = 8 kpc is the Sun’s
galactocentric distance (see appendix B for more details).From
the chemical evolution constraints listed above, the one most
affected by radial migration is the metallicity distribution8.

Outside the solar vicinity chemical evolution models are
mainly constrained by the present-day abundance gradientsin
the thin disk and are, thus, more uncertain than the model
for the solar vicinity (see discussion in Chiappini et al. 2001).
Chiappini et al. (2001) emphasized that the radial abundance
gradients predicted along the thin disk, as well as their time
evolution, are strongly dependent on pre-enrichment and star
formation threshold assumptions. Previous chemical evolution
models in the literature considering the thin disk as an indepen-
dent component could not anticipate such effects. Here we keep
it simple by assuming neither threshold nor pre-enrichment; as
a consequence, our models predict flattening of the gradients
with time, similar to other pure thin-disk chemical evolution
models in the literature (e.g., Hou et al. 2001). On the obser-
vational side, the question of whether the abundance gradients
steepen or flatten with time is still not settled.

7 We often refer to the [α/Fe] ratios in the text, where in our case
oxygen is the chosenα element.

8 Note that the age-metallicity relation, also affected by radial mi-
gration, was never used as a constraint in our chemical evolution mod-
els, because of the large scatter shown in the data.

Fig. 2. Properties of our detailed thin-disk chemical evolution
model:Top row, left: SFR in the solar neighborhood result-
ing from our model.Top row, right: The total (solid), stellar
(dashed), and gas (dotted) density time evolution in the solar
neighborhood. The error bars are observational constraints (see
Table B.1 for references to the data).Middle row, left: SFR
as a function of time for different galactic radii as color-coded.
Middle row, right: Total gas density (remaining after star for-
mation+ recycled) as a function of time for different galactic
radii as color-coded on the left.Bottom row, left: [Fe/H] gradi-
ents. Different curves and colors correspond to different look-
back times as indicated.Bottom row, right: [O/Fe] gradients
for different look-back times as on the left.

The chemical gradients we obtained are the result of the
interplay between the infall and star formation rates at dif-
ferent radii. Here we used the sameτ(r) expression as in
Chiappini et al. (2001) down tor = 2 kpc (details can be found
in appendix B). Chemical evolution models are often not com-
puted for the innermost 4 kpc to avoid dealing with the com-
plete lack of observational constraints and with a region where
different Galactic components co-exist (bulge, bar, and inner
disc). Because here our main focus is the disk, we would like
to assign chemistry down tor = 0 and made the conservative
hypothesis that the chemistry computed forr = 2 kpc applies
to all particles withr < 2 kpc, as well.

The resulting SFRs at different galactocentric radii are
shown in the middle-left panel of Fig. 2, while the gas den-
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sity (remaining after stars formation+ recycled) is plotted on
the right. The resulting gas metallicity and [O/Fe] gradients for
different look-back times can be found in the bottom row of the
same figure.

Currently, there are still large uncertainties also in the shape
of present-day abundance gradients. From a recent compila-
tion of the best data available in the literature, Stasińska et al.
(2012) concluded that most claims of steepening or flattening
of the current abundance gradients toward the center or the
outskirts of the MW are premature. A flattening of the disk
planetary nebulae abundance gradient towards the centre ofthe
Galaxy is, however, indicated by the comparison of the works
by Chiappini (2009) and Henry et al. (2010). Whether this ap-
plies to other abundance gradient tracers is, as of yet, not es-
tablished. Indeed, Pedicelli et al. (2009) found that Cepheids
located in the inner disk appear systematically more metal-rich
than the mean metallicity gradient. A flattening of the MW
abundance gradients in the outer regions of the MW is also
suggested by the Cepheid data (see discussion in Cescutti etal.
2007). It is worth noticing that in some external galaxies a
linear gradient was found in the inner regions, while a flat-
tening is observed toward large distances from the center (e.g
Bresolin et al. 2012 and references therein).

With our current SFH assumptions, the predicted present-
time iron gradient, shown by the black curve in the bottom-left
panel of Fig. 2, amounts to≈ −0.061 or≈ −0.057 dex/kpc,
depending on the radial range we used for fitting (5-12 or 6-
11 kpc, respectively - see Fig. B.2 for the predicted oxygen
abundance gradient compared with that of Cepheids). As we
show below, slightly flatter values are obtained (≈ −0.059 or
≈ −0.058 dex/kpc) after radial migration is taken into account
(Sec. 5). It is beyond the scope of the present work to check
for the impact of other assumptions on the abundance gradi-
ents, but this will certainly be the focus of a future paper ofthis
series. If the initial gradients turn out to be flatter than those
adopted here, the effects of radial migration in some observ-
ables (as the age-metallicity relation) will, of course, beweaker
than those described in Sec. 5.4.

4. New approach for combining chemistry and
dynamics

Despite the recent advances in the general field of galaxy for-
mation and evolution, there are currently no self-consistent
simulations that have the level of chemical implementationre-
quired for making detailed predictions for the number of ongo-
ing and planned MW observational campaigns. Even in high-
resolution N-body experiments, one particle represents∼ 104−5

solar masses. Hence, a number of approximations are necessary
to compute the chemical enrichment self-consistently inside a
simulation, leading to the several problems briefly discussed in
the introduction. Here, instead, we assumed that each particle
is one star9 and implemented the exact SFH and chemical en-
richment from our chemical model (Sec. 3) into our simulated
galactic disk (Sec. 2). This can be thought of as inserting the

9 Dynamically, this is a good assumption, since the stellar dynamics
is collisionless.

dynamics of our simulation into the chemical model, not the
chemistry into the simulation.

We started by dividing the disk into 300-pc radial bins in
the range 0< r < 16 kpc. At each time output we randomly se-
lected newly born stars by matching the SFH corresponding to
our chemical evolution model at each radial bin. Since our goal
is to satisfy the SFH expected for the chemical model (similar,
but not identical to that of the simulation), at some radial bins
and times we may not have enough newly born stars in the sim-
ulation. In that case we randomly selected stars currently on the
coldest orbits (i.e., with kinematics similar to those of newly
born stars). This fraction is about 10% at the final time. The
particles selected at each time output were assigned the cor-
responding chemistry for that particular radius and time. This
was repeated at each time-step of 37.5 Myr. For the current
work we extracted about 40% of the≈ 2.5x106 stellar particles
comprising our dynamical disk at the final time in the range
|z| < 4 kpc, r < 16 kpc. We verified that decreasing or in-
creasing this extracted sample by a factor of two had negligible
effects on the results we present in this work.

In the above described manner, we followed the self-
consistent disk evolution for 11.2 Gyr, selecting a tracer pop-
ulation with known SFH and chemistry enrichment. This by-
passes all the problems encountered by previous chemodynam-
ical models based on N-body simulations. It also offers a way
to easily test the impact of different chemical (or dynamical,
see appendix A) prescriptions on the chemodynamical results.

From a chemical point of view, there are two main simplifi-
cations in our approach. Firstly, we neglected radial gas flows,
Galactic fountains, and SN-driven winds, which may be result-
ing in flatter abundance gradients than we currently find (see
also Spitoni and Matteucci 2011). This issue will be addressed
in paper II. Second, we assumed that stars do not contribute to
the chemical evolution beyond the zone where they are born,
but either contribute only to the chemical enrichment within
2 kpc from their birth place, or never die. This assumption is
valid for most of the stars because (i) the massive stars die es-
sentially where they were born due to their short lifetimes and
(ii) low-mass stars live longer than the age of the Galaxy (never
die). We do not expect this simplification to affect our results
by more than 10% for chemical elements made in low- and
intermediate-mass stars and even less for those coming from
massive stars, as is the case for oxygen.

From a dynamical point of view, the main simplifications
are (i) the resampling of the simulation SFH according to
the chemical evolution model and (ii) the difference between
the gas-to-total-mass ratio expected from the chemical model
and attained by the simulation. Although the disks in both
the chemical and dynamical models grow inside-out, there are
some offsets at particular times. These differences in the SFHs
are unavoidable, since the chemical and dynamical models are
not tuned to reproduce the same star formation, although they
are quite similar for most of the evolution (see also appendix
A).

As already mentioned in Sec. 2, the disk gas-to-total-mass
ratio at the final time is∼0.12, consistent with the estimate of
∼ 0.14 for the solar vicinity (Fig. 2, top-right panel). However,
at earlier times the gas fraction at the solar location, for ex-
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ample, can be overestimated by a factor of about 1.5-2 with
respect to the chemical model. One effect of a larger gas
fraction can be a decreased susceptibility to merger pertur-
bations (e.g., Moster et al. 2010). It may also give rise to a
more unstable disk, while suppressing the bar instability (e.g.,
Bournaud and Combes 2002). Indeed, at earlier times we do
find a weaker bar that appears more like a lens, which strength-
ens later, showing an increase in both its length and major-
to-minor-axes ratio (Fig. 1). On the other hand, unreasonable
disk instabilities due to a large gas fraction in the outer disk
are not seen in our simulation. In fact, the spiral structureis
about 15% of the background density and does not vary con-
siderably, except when reinforced by mergers at earlier epochs.
This amplitude is similar to expectations for the MW (e.g.,
Drimmel and Spergel 2001; Siebert et al. 2012).

While the difference between the assumed (chemical
model) and actual (dynamical model) stellar and gas densities
can introduce some inconsistencies in the resulting dynamics,
this would generally have the tendency of bringing more stars
from the inner disk out, due to a larger bar expected at earlier
times. As we show below, a larger fraction of old stars com-
ing from the bar’s CR region to the solar vicinity would only
strengthen our results.

We note that the rescaling of the disk at the end of the simu-
lation would result in deviations from the original cosmological
prescription, because satellite orbits would appear more central
after downscaling by the factor of 1.67 (see Sec. 2). It is hard
to predict how much the overall disk dynamics would be af-
fected by this, but it should be kept in mind that mergers and
gas inflows become increasingly unimportant with decreasing
redshift.

Overall, we do not anticipate the simplifications of our ap-
proach to significantly affect any of our results (see appendix
A). On the other hand, what we gain with this technique is a
new tool to study the chemodynamics of our Galaxy, which
is complementary to fully self-consistent models, and where
the overall complex problem of Galaxy assembly and evolu-
tion can be understood by pieces (i.e., same chemistry applied
to different simulations and different chemistry applied to the
same simulation). We anticipate that this new approach will
also be useful to gain insights that can later be used in fully
self-consistent simulations.

5. The resulting chemodynamics

After fusing the chemical and dynamical models as outlined
above, we are now in a position to (i) look for deviations from
the predictions of the purely chemical evolution model and (ii)
investigate the causes for these differences.

To first illustrate the migration efficiency in our simulation,
in the left panel of Fig. 3 we show the birth radii of stars end-
ing up in a solar neighborhood-like location (7< r < 9 kpc,
green shaded strip, and|z| < 3 kpc) after 11.2 Gyr of evo-
lution. The bar’s CR and OLR (estimated at the final time)
are shown by the dotted-red and solid-blue vertical lines. The
solid black line plots the total population, which peaks close
to r0 = 6 kpc due to radial migration. An overdensity is seen
just inward of the bar’s CR. The entire sample is also divided

into six age-groups, shown by the curves of different colors
and line-styles. The strongest effect from radial migration is
found for the oldest stars (red curve), whose distribution has
a maximum atr ≈ 3 kpc, or inside the bar’s CR. Note that
locally born stars of all ages can be found in the solar neigh-
borhood. A relatively smooth transition of the peak from older
to younger groups of stars is observed; this is expected, since
even for a constant migration efficiency older stars would be
exposed longer to perturbations. While a wide range of birth
radii is seen for all age groups, the majority of youngest stars
were born at, or close to, the solar neighborhood bin.

5.1. The metallicity distribution

The middle panel of Fig. 3 presents the metallicity distribu-
tion of stars in our simulated solar neighborhood (green-shaded
strip in left panel). In addition to the total distribution (solid
black line), six subsets of stars grouped by birth radii are shown
by the different colors and line-styles. The locally born sample
(green line) peaks slightly beyond [Fe/H]=0, ends abruptly at
[Fe/H]∼ 0.15 and has an extended tail toward lower metallic-
ities. This distribution is the same as the one predicted by our
pure-thin-disk chemical evolution model with the SFH shown
in the top-left panel of Fig. 2. Our chemodynamical model, on
the other hand, predicts that the majority of migrators comes
from the inner region (3< r0 < 5 and 5< r0 < 7 kpc bins),
as expected. A smaller, but sizable, fraction of stars originating
outside the solar neighborhoodis also observed (orange and
red curves).

While the low-metallicity end in the total distribution
comes from contribution by all initial radii, the tail at higher
metallicities extending to [Fe/H]∼ 0.6 results exclusively from
stars with 3< r0 < 5 kpc (note that the 5< r0 < 7 kpc bin
contributes up to [Fe/H]∼ 0.25 only). This is the region just
inside the bar’s CR, which is where the strongest outward ra-
dial migration occurs, as we discussed in Sec. 2 and showed
in the bottom row of Fig. 1. At smaller radii stars are trapped
in the x1 bar orbits (e.g., Contopoulos and Papayannopoulos
1980), making outward angular momentum transfer difficult.
Nevertheless, stars originating from 1< r0 < 3 kpc still appear
in the local bin, with a fraction similar to that of objects coming
from r0 > 11 kpc. We discuss how the metallicity distribution
relates to observations in Sec. 6.1 (Figs. 10 and 11).

5.2. The birth place of the Sun

With the care taken in defining a proper solar radius in a simula-
tion with MW characteristics, combined with MW chemistry, it
is tempting to make an estimate for the solar birth radius, which
emerges naturally from our chemodynamical model.

Already from the left panel of Fig. 3 we can see that the
age distribution to which the Sun belongs (dotted-cyan curve)
suggests a most likely solar birth location atr ≈ 6 kpc and
similar probability of it being born in situ or atr ≈ 5 kpc. By
including the chemical information we can further improve this
estimate.
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Fig. 3. Left: Birth radii of stars ending up in the “solar” radius (green shaded strip) at the final simulation time. The solid black
curve plots the totalr0-distribution, while the color-coded curves show the distributions of stars in six different age groups, as
indicated. The dotted-red and solid-blue vertical lines indicate the positions of the bar’s CR and OLR at the final simulation time.
A large fraction of old stars comes from the inner disk, including from inside the CR.Middle: [Fe/H] distributions for stars
ending up in the green-shaded strip (left) binned by birth radii in six groups, as indicated. The total distribution is shown by the
solid black curve. The importance of the bar’s CR is seen in the large fraction of stars with 3< r0 < 5 kpc (blue line).Right:
Density contours of ther0-[Fe/H] plane for local stars. The cyan curve shows our model solar-age metallicity gradient. Taking
an error of±1 dex in [Fe/H], we find a possible Sun birth radius of 4.6 < r0 < 7.6 kpc (where the horizontal green, transparent
strip meets the cyan line). The imbedded histogram shows thedensity of stars in the likelyr0-range, indicating a decline in the
probability forr0 . 5.5 kpc.

The right panel of Fig. 3 displays density contours of the
r0-[Fe/H] plane for all local stars. The cyan curve shows our
input solar-age (4.6 Gyr look-back time) metallicity gradient.
Assuming an error of±1 dex in [Fe/H], we find a possible Sun
birth radius in the range 4.4 < r0 < 7.7 kpc (where the hori-
zontal green transparent strip meets the cyan curve).

The imbeddedr0-histogram in the right panel of Fig. 3
shows the density of stars in the likelyr0-range, estimated
from stars in a narrow age-bin around the solar value
(4.6 ± 0.1 Gyr, consistent with, e.g., Bonanno et al. 2002;
Christensen-Dalsgaard 2009; Houdek and Gough 2011). We
find the highest probability to be around 5.6 kpc, followed by
7 kpc. Note that this estimate is dependent on the migration ef-
ficiency in our simulation and the adopted chemical evolution
model. Our result agrees well with the estimate of 6.6±0.9 kpc
by Wielen et al. (1996).

5.3. The age-[Fe/H] and [Fe/H]-[O/Fe] relations

We showed in Figs. 1 (bottom) and 3 (left) that radial mixing
is significant in the simulation we use here. It is therefore very
interesting to find out how much the age-metallicity (AMR)
and [Fe/H]-[O/Fe] relations are affected.

To understand our results better, we show in the first row,
left panel of Fig. 4 the metallicity time variation of our input
chemical model for different initial radii, as indicated in the
lower panel. The middle top panel shows stellar density con-
tours of the resulting relation after fusing with dynamics for the
“solar” cylinder (7< r < 9 kpc,|z| < 3 kpc). Every other curve

from the left panel is overlaid on top of the contours, givingan
insight into the origin of stars found in this localized region.
The excess of stars obove the local curve (cyan) is due to mi-
grators coming from the inner disk, as seen in Fig. 3. Similarly,
contours below the local curve result from stars originating in
the outer disc10.

The pink dashed curve plots the mean metallicity, which
is found to follow closely the in-situ born population (cyan
curve). Some flattening is observed, mostly for ages&9 Gyr,
but the final distribution is by no means flat. The reason for
this minor effect on the local metallicity gradient, despite the
strong migration, is the fact that at the Sun’s intermediatedis-
tance from the Galactic center the change in metallicity arising
from stars migrating from the inner regions is mostly compen-
sated for by stars arriving from the outer disk.

The bump seen in the contours and the mean (pink line)
at ages∼ 10 Gyr and [Fe/H] ≈ −0.2 results from the strong
merger-related migration at that time (see Sec. 6.5). Identifying
such a structure in the observed AMR would be indicative of a
strong change in the migration efficiency with time.

The right top panel of Fig. 4 shows the metallicity dis-
tributions for different age bins. This is consistent with re-
cent observational results (e.g., Haywood 2012 and references
therein) in showing that the scatter in metallicity increases to-
ward older ages. We find the following dispersions in [Fe/H] for

10 The deficiency of stars seen at ages& 9 Gyr ([Fe/H]≈ −0.8) in the
lowest-density contours is an artifact due to the slightly lower SFR in
our simulation atr > 10 kpc; note that this only affects a negligibly
small number of the oldest stars at this large radius.
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Fig. 4. Top: The left panel plots age versus [Fe/H] for different radii, resulting from our input chemical model. The middle panel
shows stellar density contours of the resulting relation after fusing with dynamics, for the “solar” radius (7< r < 9 kpc). The
overlaid curves indicate the input chemistry for some of theradii shown in the left panel. The pink dashed curve plots themean,
seen to closely follow the inputr0 = 8 kpc line (cyan). The right panel plots the metallicity distributions for different age bins.
Bottom: Same as above, but for the [Fe/H]-[O/Fe] relation.

age groups from young to old: 0.11, 0.14, 0.16, 0.17, 0.15, and
0.7. In all but the oldest bin the distributions appear Gaussian.
The shape of the red histogram (oldest stars) can be approxi-
mated better by a log-normal distribution because of its strong
negative skewness. The metallicity peak of this oldest popula-
tion is around−0.5, with a range of values that agree well with
the results by Soubiran et al. (2003) for their thick-disk selec-
tion of clump giants. As gathered from Fig. 3, more than 50%
of these old stars were born atr < 5 kpc. The causes for their
outward migration are discussed in Sec. 6.5.

The bottom row of Fig. 4 is the same as the top one, but for
the [Fe/H]–[O/Fe] relation. The relationship between [O/Fe]
and age, displayed in the rightmost panel, shows the good cor-
relation between the two, assuring thatα-elements can be a
good age-indicator. However, this figure also shows that the
correlation is best seen for older ages. For age.6 Gyr, the dif-
ferent distributions overlap significantly (see also Fig. 6, bot-
tom). This should be kept in mind when drawing conclusions
from large spectroscopic surveys, where often the [α/Fe] ratio
is used as a proxy for age.

By correcting for the spectroscopic sampling of stellar sub-
populations in the SEGUE survey, Bovy et al. (2012a) showed
recently that the bimodality seen in the [O/Fe]-[Fe/H] distri-
bution for the uncorrected sample disappears. As the middle
bottom panel in Fig. 4 shows, our results agree in that our sim-
ulated, unbiased [O/Fe]-[Fe/H] stellar density distribution is
smooth. In Sec. 6.2 we show that biases introduced by the pref-
erential selection of thin- and thick-disk stars, as commonly
employed in observations, can result in a gap in the [O/Fe]-
[Fe/H] plane.

5.4. Migration effects on the chemical gradients

In Fig. 5 we show how the initial chemical gradients are af-
fected by the disk dynamics. We divided the galactic disk into
six age-bins and plotted the [Fe/H] and [O/Fe] gradients by
lines of different colors, as indicated in the bottom panel. Solid
and dotted line-styles represent the initial (chemical) and fi-
nal (chemodynamical) states, respectively. The bar’s CR and
OLR (estimated at the end of the simulation) are given by the
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dotted-red and solid-blue vertical lines, respectively. Astrong
flattening in [Fe/H] is seen for the older populations, but the
younger stars are much less affected. For stars younger than
2 Gyr the final gradient is very similar to the initial one out to
∼ 12 kpc. This is related to the fact that the majority of stars in
this age-bin are born near their final radii, as we found out was
the case for the “solar” radius (see dotted black line in Fig.3,
left). Note that the bar’s CR acts as a pivot point around which
the initial metallicity profiles turns counterclockwise, raising
values in the disk and lowering them in the bulge/bar region.
This is easy to understand by recalling that the bar CR radius
is where the strongest exchange of angular momentum occurs
(see Fig. 1, bottom row) and is one example of the importance
of considering the effect of the bar in modeling the Galactic
disk.

To give a quantitative idea for the change in the metallic-
ity gradient of young stars, we fitted lines to the solid (initial)
and dotted (final) black lines in Fig. 5, top panel. We estimated
that the original gradient of≈ −0.061 or≈ −0.057 dex/kpc,
depending on the radial range we used for fitting (5-12 or 6-
11 kpc, respectively) changes to≈ −0.059 or≈ −0.058 dex/kpc
at the end of the simulation. This small effect on the gradient
of the youngest stellar population is reassuring, since this was
used as a constraint for our input chemical evolution model.

Incidentally, the CR (which is consistent with what is ex-
pected for the MW) is almost exactly at the radius where the
input metallicity gradient begins to steepen (Fig. 5, top).While
the chemical model we used was not motivated by the effect of
the bar and is, in fact, a somewhat extreme case regarding the
strong increase in [Fe/H] at r < 5 kpc, this choice may well be
the correct one, considering the stronger chemical enrichment
expected inside bars (e.g., Ellison et al. 2011).

Much weaker flattening is seen for the [O/Fe] profiles, re-
lated to the progressively weaker radial variation of oldersam-
ples. Owing to the reversed gradients compared to [Fe/H], a
clockwiseturn is now seen around the CR pivot point. In both
panels of Fig. 5 the values in the innermost disk region are un-
affected. This is because most of these stars are trapped inside
the bar, as mentioned above, preventing their escape once the
bar is formed.

The prediction that the [O/Fe] radial profiles are essentially
preserved is an important result and can provide a powerful
constraint on different input chemical evolution models. The
shapes of the [O/Fe]-profiles for different age bins are a direct
consequence of our adopted variation of the infall-law withra-
dius (and hence the SFHs at the different positions). In the near
future, these will become possible to measure by combining
the good distances and ages expected from the CoRoT mis-
sion (Baglin et al., 2006), with abundance ratios obtained by
spectroscopic follow-up surveys (see Chiappini 2012; Freeman
2012). For the young populations, this should be already pos-
sible to obtaine from the observations of open clusters, e.g.,
with the ongoing Gaia-ESO (Gilmore et al., 2012) or APOGEE
(Majewski et al., 2010) surveys.

initial

final

Fig. 5. Effect on the initial [Fe/H] (top) and [O/Fe] (bottom)
gradients for different stellar age groups. The solid and dotted
color curves show the initial and final states, respectively. Note
that while strong flattening is observed for the older popula-
tions, the metallicity gradient for the youngest stars (age< 2)
is hardly affected atr . 12 kpc, thus justifying the use of our
chemical model, which uses this as a constraint.

5.5. Age-Velocity relation

An important constraint in MW disk modeling is the observed
velocity dispersion in the solar neighborhood. Due to the lack
of good age estimates, the shape of the age-velocity relation
(AVR) has been a matter of debate. While a power-law of
the formσ = t0.2−0.5 has been proposed (e.g., Wielen 1977;
Dehnen and Binney 1998; Binney et al. 2000), some works
have predicted an increase for stars younger than 2 Gyr, fol-
lowed by a saturation up to∼10 Gyr, followed by a strong in-
crease associated with the thick disk, possibly related to strong
merger activity (or a single major merger) at high redshift (e.g.,
Freeman 1991; Edvardsson et al. 1993; Quillen and Garnett
2000).

In Fig. 6 we present the radial (top) and vertical (bottom)
velocity dispersions,σr andσz, as functions of age for stars in
the simulated solar cylinder (7< r < 9 kpc, |z| < 3 kpc). The
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All radii

7<r<9 kpc
|z|<3 kpc

(Locally born)

Fig. 6. Age-velocity relations resulting from our model in the
radial (top) and vertical (bottom) directions for stars in the solar
cylinder 7< r < 9 kpc, |z| < 3 kpc. The pink solid lines show
the AVRs estimated from all stars, while color-coded square
symbols indicate the contribution from samples born at differ-
ent distances from the galactic center. The brown line in thetop
panel shows the stellar rotational velocity,Vφ.

solid pink curves plot the total sample, while the color-coded
square symbols show stellar samples born in six different radial
bins, as indicated in the bottom panel.

Examining the total population, we note that for ages older
than∼ 3 Gyr,σr flattens significantly, rises only by∼5 km/s
in the time interval 3-8 Gyr, after which the slope increases
again, finally reaching∼ 65 km/s for the oldest stars. A similar
behavior is seen forσz, although the knee at 2-3 Gyr is less
pronounced. A sharp increase, even more drastic than the one
seen forσr , is observed forσz beyond∼ 8 Gyr, reaching∼
55 km/s for the oldest stars. These trends are consistent with
the second scenario mentioned above, favoring a violent origin
for the hottest stellar population in the solar neighborhood.

5.5.1. Contribution from stars born at different galactic
radii

We now compare the contribution to the AVRs from stars
born at different galactic radii, as indicated by the color-coded
square symbols in the left column of Fig. 6. We first note that

Binned by Age

(Locally born)

Binned by [O/Fe]

All radii

Fig. 7. Relation between age and [O/Fe] ratios for our simu-
lated disk.Top: Mean [O/Fe] as a function of age for the total
sample (pink curve) and for samples born at different galactic
radii, as color coded.Bottom: Mean age as a function of [O/Fe]
ratios.

the locally born sample (green filled squares) mostly follows
the total population (pink curve) and is even hotter for the old-
est ages. This is clear evidence that in our simulation migration
does not contribute to the heating in the “solar” vicinity and, in
fact, suppresses it for the oldest stars (which comprise thethick
disc).

For ages< 3 − 4 Gyr there exists a general trend in both
σr andσz, that stars born at progressively larger radial bins are
dynamically cooler – subsamples born outside/inside our solar
bin have slightly lower/higher velocity dispersions. Note that
the contribution from hotter outward migrators is suppressed
by cooler inward ones, with the result that the total population’s
velocity dispersions remain the same as the locally born sam-
ple. This is consistent with the recent findings by Minchev etal.
(2011b) and Minchev et al. (2012b), who demonstrated that
migrators are generally not expected to heat the disk because
of the approximate conservation of the average radial and ver-
tical actions in the absence of external perturbers. It is remark-
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able that we do not see any significant contribution here either,
although the disk we study is exposed to satellite perturbation
until the final time, which probably breaks the action invari-
ance. We note that no massive mergers have occurred in our
simulation for the last∼ 8 − 9 Gyr, which could explain this
behavior.

The picture changes for ages> 3−4 Gyr. A reversal is seen
in the general trend, where now samples born at progressively
smaller radii are dynamically cooler, not hotter. For example,
stars born in the range 1< r0 < 3 kpc (black squares) have
between∼ 5 and∼ 15 km/s radial velocity dispersion lower
than the total (and local) population. In contrast, stars born in
the solar vicinity and outward exhibit trends similar to thetotal
population in the range 4. age. 9 Gyr; the velocity disper-
sions for these stars are much higher for ages& 9 Gyr. The dif-
ference among the velocity dispersion trends for samples born
at different radii are more obvious forσr , but theσz behavior
is similar.

5.6. Relation between age and [O/Fe] ratios

We now briefly examine the relation between age and [O/Fe]
ratios for stars ending up in our simulated solar vicinity. In the
top panel of Fig. 7 we plot the mean [O/Fe] as a function of age
for six birth-radius bins at the final simulations time. The pink
curve shows the total sample, which for ages& 4 Gyr is seen
to follow the subsample originating at 5< r0 < 7 kpc (cyan),
rather than the locally born population (green). This agrees well
with Fig. 3, left panel, which showed that ther0-distribution
peaks at around 6 kpc. For ages. 8 Gyr, approximately linear
relations are found for stars born in a given radial bin. However,
due to contamination from radial migration, for the total sample
the scatter in [O/Fe] increases strongly with decreasing age, in
agreement with the bottom-right panel of Fig. 4.

The bottom panel of Fig. 7 shows the mean age as a func-
tion of [O/Fe] ratios. We see that stars with [O/Fe]. −0.1 have
a mixture of ages< 4 Gyr. While the total sample (pink curve)
follows the stars born at mean radiir0 ∼ 6− 8 kpc (green and
cyan bins) from high to low [O/Fe] ratios, at [O/Fe] . −0.05
dex it shows an abrupt shift toward the 3< r0 < 5 kpc bin. This
introduces a strong nonlinearity in the age-[O/Fe] relation for
the youngest ages.

In summary, the approximately linear relation between age
and [O/Fe] for stars born at the same radiusis destroyed when
radial migration is taken into account. When grouped by com-
mon birth radii, each sample is a quite good age-indicator in
the covered [O/Fe] region, e.g., in the range−0.1 .[O/Fe]. 0.4
for the locally born stars. However, due to the inevitable radial
mixing, the overlap of these subpopulations combined with the
offset in the [O/Fe]-range covered contaminates this relation.

5.7. Vertical structure of the local disc

In this section we study the density and vertical velocity as
functions of height above the disk plane in the annulus 7<

r < 9 kpc.

The first row of Fig. 8 displays the vertical mass density as
a function of height (absolute value,|z|) above the disk plane.
The total density is indicated by the filled black circles in each
top panel. Two exponentials are fit to it in the left panel, shown
by the dashed black lines, with the solid black line plottingthe
sum. We obtain very similar values to the expected MW thin
and thick disk scale-heights:h1 = 330 pc andh2 = 1200 pc,
respectively.

To assess the stellar age and chemical composition that
comprise the thin and thick disks, we split the total mass into
six different groups by age (triangles, left), [O/Fe] (squares,
middle), and [Fe/H] (squares, right). The corresponding bin
values are shown to the right of Fig. 8. We find that single ex-
ponentials can fit each subsample reasonably well by omitting
the 200 pc closest to the disk plane. The color-coded values,
h, indicate the fits, overplotted by the dotted lines. There isa
general trend of increase in the scale-heights with increasing
age, increasing [O/Fe], and decreasing [Fe/H], running approx-
imately between∼ 0.2 kpc and∼ 1.3 kpc (1.53 kpc for the most
metal-poor bin). However, we note an abrupt increase in scale-
height (by a factor of∼ 2) for the oldest two and the highest
[O/Fe]/most metal-poor three subsamples.

It is easy to see that this thick-disc-like component is
mostly composed of stars with ages> 8 Gyr, [O/Fe] > 0.15,
and [Fe/H] < −0.5. This is the age beyond which the AVRs
show a strong increase, which we discussed in Sec. 5.5 (see
Fig. 6) and related to the merger-dominated early epoch of our
simulation, as well as high stellar birth velocity dispersions. It
also became clear in Sec. 5.5.1 that the disk does not thicken
because of radial migration, but instead migration was found to
suppress disk heating. It is clear, therefore, that the thick-disc-
like part of the vertical density in our simulated solar vicinity
results from merger activity.

In the second row of Fig. 8 we show the vertical veloc-
ity dispersion as a function of height above the disk plane,
σz(z), for stars in the “solar” vicinity (7 < r < 9 kpc)
binned in the same groups as in the first row. Similar increasing
trends are seen for young stars, low-[O/Fe] and metal-rich bins.
Interestingly, as populations get older, relations flattenaround
50 − 60 km/s for the oldest/high-[O/Fe]/metal-poor samples.
Both these trends and values are similar to the recent obser-
vational results by Bovy et al. (2012c). We note that in our
work subpopulations are in narrow bins of [O/Fe] or [Fe/H],
but not both at the same time, as done by Bovy et al. (2012c).
Nevertheless, the similarity with their Fig. 2, bottom, is obvi-
ous. The solid line in each panel shows the variation ofσz with
|z| for the total density. The approximately linear relation flat-
tens at|z| & 2 kpc, where the thick disk starts to dominate the
stellar mass.

It is also interesting to consider the variation of [Fe/H] with
height above the disk plane,z, as well as with mean vertical ve-
locity, vz. In Fig. 9 we show these relations for the same bins of
age (left) and [O/Fe] (right) used for Fig. 8. We considered stars
above and below the plane and took the mean absolute values
|z| and|vz|. The solid black lines in each panel display the total
number of stars in the annulus 7< r < 9 kpc. A negative trend
is seen for both|z| and|vz| as expected from observations (e.g.,
Katz et al. 2011; Schlesinger et al. 2012; Rix & Bovy 2013).
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Fig. 8. First row: Vertical mass density as a function of height (absolute value) above the disk plane,ρ(|z|), for stars in the “solar”
vicinity binned in six different groups by age (left), [O/Fe] (middle), and [Fe/H] (right). The corresponding bin values are shown
to the right of the figure. The color-coded values,h, indicate single exponential fits shown by the dotted lines.Two exponentials
(dashed black lines) are fit to the total density in the left panel with filled circles indicating simulated data and solid line the fit.
An abrupt increase in scale-height for the oldest/highest [O/Fe]/most metal-poor two samples can be seen, indicating the end
of the merger-dominated early epoch.Second row:Same as above, but for the vertical velocity dispersion,σz(|z|). Very similar
increasing trends are seen for young stars, high [O/Fe], and metal-rich bins. As populations age, relations flatten. The black solid
line is the total sample.

As in the |z|-σz relation, we find a flattening at|z| & 2 kpc for
|z|-[Fe/H], as well as in the|vz|-[Fe/H] relation at|vz| & 90 km/s.

When divided into age or [O/Fe] subsamples, the variation
of [Fe/H] is mostly lost for each individual group. This is true
for both|z| and|vz|. It is then clear that the downtrend in the total
sample comes from the fact that younger (orα-young) stars are,
on the average, both metal-rich and more numerous at small
distances from the plane. With increasing height the density
of older (high [O/Fe]-ratios) and thus more metal-poor popu-
lations continuously increases, resulting in the overall negative
gradient with|z|.

Similarly, younger stars are confined close to the disk and,
thus, have relatively low vertical velocities. With increasing
age (and thus velocity dispersion) the amplitude of vertical os-
cillations increases, while the stellar density decreases. This,
again, results in the negative trend of [Fe/H] with |vz|. The
flattening at|vz| & 90 km/s (and|z| & 2 kpc) arises because
the number of stars with such high velocities (and maximum
|z|-values achieved) is almost exclusively dominated by the
oldest/[O/Fe]-rich stars.

The approximately flat mean|z|−[Fe/H] and|vz|−[Fe/H] re-
lations for stars of narrow age- or [O/Fe]-bins is an extension

to the similar behavior seen in the|z| − σz,r plots above and
provides additional predictions for Galactic surveys.

6. Relation to recent observational results

We have already shown that a number of the basic observed
chemistry and kinematics of solar neighborhood stars can be
explained by our model. In this section we compare our model
predictions directly with recent observational data. To beable
to compare our results with different MW surveys we need
to spatially constrain our model sample. For example, the
GCS and high-resolution stellar samples are confined to within
100 pc from the Sun, while the SEGUE and RAVE samples
explore much larger regions, but miss the local stars.

6.1. Changes in the MDF for samples at different
distances from the disk plane

In Fig. 4 we presented the metallicity distribution function
(MDF) in the solar vicinity as it results from our unbiased
model. To see the biases introduced to the MDF when distance
cuts are applied, we explore three possibilities below and com-
pare with observations.



I. Minchev et al.: Chemodynamical evolution of the Milky Waydisk I 15

7<r<9 kpc

7<r<9 kpc

Fig. 9. First row: [Fe/H] as a function of height above the
disk plane (absolute value),|z|, for stars in the “solar” vicin-
ity. Different colors indicate age (left) or [O/Fe] (right) for the
same bins as in Fig. 4.Second row:Same as above, but the
vertical axes show the absolute mean vertical velocity,|vz|. The
solid black curve in each panel shows the relation for the total
sample.

Fig. 10 shows our predicted MDF at the solar vicinity for
different distances from the disk plane. From top to bottom,
we applied the selection criteria 7.9 < r < 8.1, |z| < 0.1 kpc
(similar to what is seen by GCS); 6< r < 10, 0.5 < |z| < 3 kpc
(close to SEGUE coverage); and 6< r < 10, 1.5 < |z| < 3 kpc.

The left column of Fig. 10 shows the distribution of birth
radii (as the left panel of Fig. 3) for stars ending up in the cor-
responding radial bin (green-shaded vertical strip) at thefinal
time. The majority of stars are younger than 8 Gyr and only
a small fraction comes from inside the bar’s CR (red dotted
vertical). As the distance above the plane increases, starswith
ages> 8 Gyr start to dominate the samples, most of them born
inside the bar’s CR.

In the right column of Fig. 10 we show the MDF for the
same particle subsets as on the left. The black lines show
the total population for each selection, while the red and blue
colors indicate [O/Fe] > 0.3 and [O/Fe] < 0.3, respectively.
It can be seen that the MDF peak shifts from solar at low
heights from the plane (consistent with the GCS sample, e.g.,
Casagrande et al. 2011), to a value below solar, because we
selected only particles with heights above 500 pc (consistent
with RAVE – Boeche et al. 2013 and SEGUE – Bovy et al.
2012a; Schlesinger et al. 2012). Note that even at large dis-
tance from the plane, the MDF is dominated mostly by stars
with [O/Fe] < 0.3, whereas the higher [O/Fe] values are al-
ways contributing to its metal-poor tail. This suggests a bias in

Fig. 10. Changes in the metallicity distribution function
(MDF) for samples at different distances from the disk plane.
First column: Distribution of birth radii for stars ending up in
the bin 7< r < 9 kpc (green rectangle) at the final time. The
bar CR and OLR (estimated at the final time) are indicated by
the dotted red and solid blue vertical lines. From top to bot-
tom, we have applied the selection criteria|z| < 0.5, |z| > 0.5,
and|z| > 1.5 kpc.Second column:MDF for the same particle
subsets as on the left. The black line shows the total popula-
tion for each selection, while the red and blue colors indicate
[O/Fe]> 0.3 and [O/Fe]< 0.3, respectively. A shift in the peak
from [Fe/H]=0 to negative values is seen with increasing dis-
tance from the disk plane.

the distributions obtained by Lee et al. (2011), as discussed by
Bovy et al. (2012a).

In Fig. 11 we finally compare our model MDF with re-
cent observations. We consider the high-resolution sampleby
Adibekyan et al. (2012) (histogram extracted from Fig. 16 by
Rix & Bovy 2013), the mass-corrected SEGUE G-dwarf sam-
ple by Bovy et al. (2012a) (MDF extracted from their Fig. 1,
right panel). The third data set we considered comes from the
latest data release (DR) 9, SEGUE G-dwarf sample, which
is also mass-corrected in the same way as the sample of
Bovy et al. (2012a). The main differences to the data used by
Bovy et al. (2012a) are a different distance estimation (spectro-
scopic instead of photometric), a selection of G-dwarfs based
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0.1<|z| kpc
7.9<r<8.1 kpc

Adibekyan et al. (2012)

Model, no err
 = 0.2 dex

0.5<|z|<3 kpc
6<r<10 kpc

Bovy et al. (2012)

0.5<|z|<3 kpc
6<r<10 kpc

Brauer et al. (2013)

Fig. 11. Comparison of our model metallicity distribution function(MDF) with recent observations. The red histograms shows
data from Adibekyan et al. (2012) (left), Bovy et al. (2012a)(middle), and Brauer et al. (2013) (right). In each panel theblack
and blue curves plot the model data with no error in [Fe/H] and convolved error ofδ[Fe/H]=0.2 dex, respectively. We have
selected a very local sample to compare with the high-resolution nearby sample by Adibekyan et al. (2012) (as indicated)and a
range inz andr to approximately match the SEGUE data studied by the other two works. A shift in the peak from [Fe/H]∼0 to
[Fe/H]∼ −0.3 dex for both observed and simulated data is seen when considering a higher sample depth.

on DR9, instead of on DR7 photometry, and a signal-to-noise
ratioS/N > 20 instead ofS/N > 15. More details can be found
in Brauer et al. (2013, in preparation). The exact same cuts in
r andz as in the simulation were applied to the latter sample
only, since the other two data sets were not available to us.

The red histogram in each panel of Fig. 11 shows different
observational data as indicated; the additional curves plot the
model data with no error in [Fe/H] (black) and convolved errors
of δ[Fe/H]=±0.2 dex (blue), drawn from a uniform distribu-
tion. We selected a very local sample to compare our simulated
data with the high-resolution nearby data by Adibekyan et al.
(2012) (as in Fig. 10, top) and a range inz and r to approxi-
mately match the SEGUE data studied by the other two works
(as in Fig. 10, middle). A remarkable match is found between
our model predictions and the data. The expected broadening
in the model distributions is seen, with the inclusion of error in
[Fe/H].

6.2. Is the bimodality in the [Fe/H]-[O/Fe] plane due to
selection effects?

Starting with the assumption of two distinct entities – the
thin and thick disks –, many surveys have selected stars ac-
cording to certain kinematic criteria (e.g., Bensby et al. 2003;
Reddy et al. 2006). For example, Bensby et al. (2003) defined
a (now widely used) method for preferentially selecting thin-
and thick-disk stars with a probability function purely based on
kinematics.

We employed the same technique as Bensby et al. (2003)
and extract a thin- and thick-disk selections from our initially
unbiased sample (Fig. 4, bottom-middle panel). To obtain a
similar number of thin- and thick-disk stars, as done in most
surveys, we randomly down-sampled the thin-disk selection.
To match the spacial distribution of high-resolution samples,
which are usually confined to small distances from the Sun,
we imposed the constraints 7.8 < r < 8.2 kpc, |z| < 0.2 kpc.

Our results did not change to any significant degree when this
sample depth was decreased or increased by a factor of two.

The resulting thin- and thick-disk distributions of stars in
the [Fe/H]-[O/Fe] plane are presented, respectively, in the top
and bottom-left panels of Fig. 12. To assess where stars orig-
inate, we overlaid the input chemistry curves for stars bornat
r0 6 2 kpc (black), atr0 = 8 kpc (or in situ, cyan), and at
r0 = 14 kpc (red). The thick-disk selection appears to origi-
nate almost exclusively inside the solar circle (sample is con-
fined between the cyan and black curves). On the other hand,
the thin-disk sample follows the local curve for [Fe/H] > 0.1
and covers the region between the inner and outer disk (black
and red curves) for−0.4 < [Fe/H] < 0.1. Thin-disk stars
with [Fe/H] < −0.4, referred to as the metal-poor thin disc
(e.g., Haywood et al. 2013), appear to originate mostly from
beyond the solar radius, in agreement with the conclusions by
Haywood et al. (2013).

The top-middle panel of Fig. 12 displays the overlaid thin-
and thick-disk selections, which were shown separately in the
left column. A relatively clear bimodality is found at [O/Fe]≈
0.2 dex, similarly to what is seen in observational studies. The
thick-disk selection follows the upper boundary of the distribu-
tion throughout most of the [Fe/H] extent because it originates
mostly in the (today’s) inner disk. In the bottom-middle panel
we convolved errors within our model data ofδ[Fe/H]=±0.1
andδ[O/Fe]=±0.05 dex, drawing from a uniform distribution.

In the top-right panel of Fig. 12 we plot the high-resolution
data from Ramı́rez et al. (2013) (same as their Fig. 11, b). The
gap separating the thin- and thick-disk selections occurs at a
very similar location to what is found for the model on the left,
as indicated by the black dashed horizontal line. In the bottom-
right panel we overlaid the observed and simulated data sam-
ples, which match very well. An overall offset within the error
(0.05− 0.1 dex) toward negative [O/Fe]-values is found for the
model.
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Fig. 12. Selection effects can result in a bimodality in the [Fe/H]-[O/Fe] plane.Left column: We have applied the selection
criteria used by Bensby et al. (2003) to extract thin- and thick-disk samples from our model, indicated by orange triangles and
blue squares, respectively.Middle column: Overlaid thin- and thick-disk model samples, which are shown separately in the left
column. The bottom panel shows the same model data but with convolved errors ofδ[Fe/H]=±0.1 andδ[O/Fe]=±0.05 dex.Right
column: Top panel plots the high-resolution data from Ramı́rez et al. (2013) (their Fig. 11, b). In the bottom panel we overlaid
the observed and simulated data samples, which match remarkably well. The black-dashed horizontal line shows the location of
the gap, which coincides for the model and data.

While it is unclear whether the separation between the thin
and thick disk in chemistry is real or due to selection effects,
the fact that the unbiased volume-completed (although verylo-
cal) sample of Fuhrmann (2011) does show a gap argues that
it may indeed be the legacy of two discrete stellar populations.
We note that after the convolution with errors, the gap between
the thin- and thick-disk model selections shown in Fig. 12 be-
comes blurred. This may indicate the need of invoking a dis-
crete thick-disk component, as in the work by Chiappini et al.
(1997), which will be investigated in a future work of this se-
ries.

6.3. Disk scale-heights of mono-abundance
subpopulations

In Fig. 8 we showed that although the total vertical mass-
density profile in our simulated solar vicinity requires thesum
of two exponentials for proper fitting, when grouped in nar-
row bins by [O/Fe] or in bins by [Fe/H], stellar densities could
be fit well by single exponentials. However, using SEGUE G-
dwarf data, Bovy et al. (2012b) showed that the vertical density
of stars grouped in narrow bins constrained in both [O/Fe] and
[Fe/H] (mono-abundance subpopulations) can also be well ap-
proximated by single exponential disk models.

To see whether we can reproduce these results, in Fig. 13
we present the vertical scale-heights of different mono-
abundance subpopulations, resulting from our model, as a func-
tion of their position in the [Fe/H]-[O/Fe] plane. We convolved
errors in our model data of 0.1 and 0.05 dex for [Fe/H] and
[O/Fe], respectively. A range in galactic radius of 6< r <

10 kpc, similar to the SEGUE data, was used. Very good
fits were obtained by using single exponentials, excluding the
200 pc closest to the disk plane.

This figure can be directly compared with Fig. 4 of
Bovy et al. (2012b), bottom-left panel. The general trends
found in the SEGUE G-dwarf data are readily reproduced by
our model: (i) for a given metallicity bin, scale-heights decrease
when moving from low- to high-[O/Fe] populations and (ii)
for a given [O/Fe] bin, scale-heights increase with increasing
metallicity. Our model predicts scale-heights of up to∼ 1.9 kpc
for the oldest most metal-poor samples; this should be com-
pared with the maximum of∼ 1 kpc resulting from the mass-
corrected SEGUE G-dwarf data of Bovy et al. It is somewhat
surprising that for similar local mass-densities and vertical ve-
locity dispersions, the MW disk (as inferred from SEGUE data)
appears to be more contracted than our model disk.

6.4. Mean metallicity as a function of distance from
the disc plane

We showed in the bottom row of Fig. 9 that our model recov-
ers the expected negative metallicity gradient as a function of
vertical distance from the disk plane, with the prediction that
narrow bins in [O/Fe] or age display approximately flat trends.

We now like compare our model with the recent works
by Schlesinger et al. (2012) and Rix & Bovy (2013), who have
used SEGUE G-dwarf data. We extracted the data points
from Fig. 15 by Rix & Bovy (2013), where a comparison was
made between the vertical metallicity gradient estimated by
Schlesinger et al. (2012) and that implied in the Bovy et al.
model (Bovy et al., 2012a,b).

Fig. 14 presents these data along with our model prediction,
as indicated by different colors. We find about 0.05 − 1 dex
higher metallicity than the Bovy et al. model systematically as
a function of |z|, which results in a better match to the data
at |z| . 1 kpc. We note that both models (Bovy’s and ours)
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and the data were normalized using the solar abundance values
by Asplund et al. (2005). It should be kept in mind that while
the errors in [Fe/H] are plotted for each data point, distance
uncertainties are not shown, but is expected that they should
increase with distance from the disk plane.

A very good agreement between the two models was found
for the metallicity variation with|z|, including the flattening at
|z| & 1.5 kpc. In Sec. 5.7 this was associated with the predomi-
nance of old/high-[O/Fe] stars at large distances from the plane
(see Fig. 9).

6.5. Origin of stars with low-metallicity and high-[O/Fe]
ratios

Analyzing the SEGUE G-dwarf data, Liu & van de Ven (2012)
argued that (internally driven) radial migration cannot bere-
sponsible for the origin of the hot metal-poor high-[O/Fe] stars
and proposed that they have formed through early-on gas-rich
mergers.

We now search for the origin of the metal-poor high-
[O/Fe] stars in our simulation. To approximate the spatial cov-
erage of the SEGUE G-dwarf sample, we considered stars in
the annulus 6< r < 10 kpc and distance from the plane
0.5 < |z| < 3 kpc. As in Liu & van de Ven (2012) (their group
III), we considered stars with−1.2 < [Fe/H] < −0.6 and
0.25 < [O/Fe] < 0.47. Finally, we applied a cut in eccen-
tricities ate = 0.2, thus separating our sample into a cold11

and hot subgroup with corresponding radial velocity disper-
sionsσr ∼ 28 and 76 km/s. The ratio of cold to hot orbits is
∼ 0.33.

In the top row of Fig. 15 we plot stellar density contours in
the [Fe/H]-[O/Fe] plane for the hot (left) and cold (right) orbits.
As in Fig. 4, we overlay the input chemistry for different initial
radii, where the thick cyan curve corresponds tor = 8 kpc
and the rest are separated by two kpc (black forr = 2 kpc, as
in Fig. 4). We can already see that the majority of these stars
originates in the inner disk and only a small number comes
from the outer disk.

The black histograms in the second row show that the initial
radii approximately span the range 1< r0 < 10 kpc for both
samples, but the distribution for the cold orbits is much heavier
near the solar vicinity. Ther0-distribution of these old stars is
an example of extremely efficient migration, usually not seen
as the effect of internal perturbations. Indeed, as we discussed
in Sec. 2, the first couple of Gyr of the disk evolution in our
simulation are marked by strong merger activity (see bottom-
leftmost panel of Fig. 1).

To see when our hot and cold stellar groups arrive at the
solar neighborhood, in the middle row of Fig. 15 we plot also
the distribution of initial radii obtained 3 Gyr after the begin-
ning of disk formation (red histograms), or about one Gyr after
the last massive merger concludes. At this early stage we al-
ready see distributions similar to those we find at the final time,
e.g., there are three peaks at≈ 3.5, 5.5, and 7 kpc for both hot

11 Here we are somewhat stretching the meaning of cold orbits.
Usually, for stars at the solar radius, this would be a samplewith
σr ∼ 5− 10 km/s.

|z|<3 kpc
6<r<10 kpc

Model
Scale-heights

kpc

Fig. 13. Model vertical scale-heights for different mono-
abundance subpopulations as a function of position in the
[Fe/H]-[O/Fe] plane. Very good fits are obtained by using sin-
gle exponentials, excluding the 200 pc closest to the disk plane.
A radial range of 6< r < 10 kpc similar to the SEGUE data
is used. This figure can be directly compared with Fig. 4 by
Bovy et al. (2012b). Our model predicts scale-heights of up to
∼ 1.9 kpc for the oldest, most metal-poor samples; this should
be compared to a maximum of∼ 1 kpc inferred from the Bovy
et al. mass-corrected SEGUE G-dwarf data.

Schlesinger et al. (2012)

This work
Rix and Bovy (2013)

6<r<10 kpc

Fig. 14. Mean metallicity as a function of distance from the
disk plane,|z|, in the range 6< r < 10 kpc. Red filled cir-
cles and error bars show SEGUE data from Schlesinger et al.
(2012), while the blue-dashed line represents the Bovy et al.
model. The solid black curve is our model. A very good agree-
ment between the two models in found for the metallicity varia-
tion with |z|, including the flattening at|z| & 1.5 kpc. In Sec. 5.7
this was associated with the predominance of old/high-[O/Fe]
stars at large distances from the plane (see Fig. 9).

samples and the cold selection. Note that not all stars foundin
the solar vicinity att = 3 Gyr would remain there for the next
∼ 8 Gyr due to the continuous migration, although the hot or-
bits in particular are not expected to migrate very efficiently.
Additionally, part of the cold sample att = 3 Gyr would heat
up, ending up in the hot one we see today. Support for this ex-
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pectation is that at the final time the peak atr0 = 7 kpc for the
cold population decreases, while more stars are transferred to
the solar vicinity fromr0 = 3.5 kpc as the effect of the bar’s
CR.

What causes the extreme migration att < 3 Gyr? As men-
tioned in Sec. 2, the last massive merger (1:5 mass ratio) is dis-
rupted byt ≈ 2.5 Gyr, or just before the earlier time considered
in the middle row of Fig. 15 (red histograms). The strong effect
on the changes of stellar angular momenta around this time
were presented in Fig. 1, bottom-left panel, leaving no doubt
that the early-on merger phase is responsible for the vehement
migration we find.

An additional contribution from the bar in migrating old
stars out is expected att > 3 Gyr, as inferred from the in-
crease in ther0-distributions at∼ 3.5 kpc at the final time (bot-
tom row of Fig. 15). It should be kept in mind that migration
efficiency decreases with increasing velocity dispersion (e.g.,
Comparetta and Quillen 2012), presenting an extreme case in
the current kinematic selection.

Liu & van de Ven (2012) argued that the old hot metal-poor
high-[O/Fe] stars were born hot in gas-rich mergers. Our anal-
ysis above suggests a very similar interpretation, where athigh
redshift stellar samples are both born hot and are additionally
heated by mergers. Importantly, this also gives rise to large-
scale very efficient migration.

To see when the oldest stars migrate to the solar neighbor-
hoodin the lack of early-on massive mergers, we performed a
different model realization for which the dynamics is quiescent
and migration is driven mostly by internal perturbers (appendix
A, model B). The equivalent of the plots in the second row of
Fig. 15 for this model B is shown at the bottom row. We find
that migration is not as effective at early times (red line), al-
though orbits are less eccentric and the bar is stronger. A siz-
able fraction of metal-poor high-[O/Fe] stars can still migrate
to the solar neighborhood as the effect of the bar. However, this
occurs over the entire evolution of the disk and the ratio of cold
to hot number of objects is now∼ 0.96 (to be compared to 0.33
in our standard model), related to the overall low final velocity
dispersions. In properly mass-corrected observational data this
ratio can be used as a discriminant for the two types of sce-
narios. A serious deficiency in the merger-free case is that the
vertical velocity dispersion of the oldest stars is underestimated
by a factor of∼ 2 (see Fig. A.1, bottom row).

An interesting result seen in Fig. 15, middle row, is that a
significant fraction of stars with thick-disk chemical character-
istics are born near the simulated solar vicinity (more than1/3
in this extended SEGUE-like radial range), i.e., the local thick
disc does not come exclusively from the inner disk. This outer
disk region is more efficiently heated by mergers than the inner
disk, therefore, the hottest disk stars in the solar neighborhood
today may have been born in situ and in the outer disc12 (see
also Fig. 6).

12 Some vertical contraction is expected as the thin disk builds up
from gas accretion.

Fig. 15. Top row: [Fe/H]-[O/Fe] stellar density distributions
for metal-poor high-[O/Fe] stars ending up in the cylinder
6 < r < 10 kpc, 0.5 < |z| < 3 kpc (similar to SEGUE cov-
erage). Stars are separated into a cold and a hot sample (by
a cut in eccentricity at 0.2) with corresponding radial velocity
dispersionsσr ≈ 28 andσr ≈ 76 km/s. Overlaid curves show
the input chemistry for different radii as in Fig. 4.Middle row:
Birth-radius distributions at the final time (black) and at 3Gyr
after the disk starts forming (red) for the selections in thefirst
row. The green strip indicates the radial range at the final time,
the dotted-red and solid-blue vertical lines show the bar’sCR
and OLR positions at the final time. Most stars are in place at
the end of the early-on merger phase, with a large fraction born
near and outside the solar radius.Bottom row: Same as the
middle row, but for a model avoiding mergers at high redshift
(appendix A). Migration is not as effective at early times (red
line), although orbits are less eccentric and the bar is stronger.
The fraction of cold to hot orbits is 0.96 instead of 0.33.

7. Unifying model for the Milky Way thick disc

We now focus our attention on the properties of the oldest stars
(ages& 10 Gyr) in our model. This subsample is marked by
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– a metallicity distribution that peaks at [Fe/H]∼ −0.5 and
has a metal-poor tail down to [Fe/H]∼ −1.3 (Fig. 4, upper
right panel).

– [O/Fe]-values spanning the range 0.2 − 0.4, with a peak
around 0.3 (Fig 4, lower right panel).

– a lag in the rotational velocity by∼50 km/s compared to the
young stars (Fig. 6, top row).

– high velocity dispersions (Fig. 6).
– a large scale-height (Fig. 8, bottom row).

All these properties are strikingly reminiscent of what is
referred to as the thick disc in the solar neighborhood, al-
though we used a pure thin-disk chemistry. Within the frame-
work of the model we present here, the MW thick disk has
emerged from (i) stars born hot and heated by mergers at early
times and (ii) radial migration (from mergers at early timesand
bar/spirals later on), transporting these old stars from the inner
disk to the solar vicinity. A significant fraction of old hot stars
today could have been born near to and beyond the solar radius
(Fig. 15, middle row).

This conclusion agrees with most (seemingly contradict-
ing) models of thick-disk formation, which expect contribution
from only/mostly one of the following: (i) mergers, (ii) early
formation in gas-rich turbulent clumpy disks or gas rich merg-
ers, and (iii) radial migration driven by internal instabilities. A
combination of these mechanisms working together is required,
where strong heating and migration occurs early on from exter-
nal perturbations (our case) and/or turbulent gas clumps, fol-
lowed by radial migration taking over the disk dynamics at
later times. Yes, mergers are important, but radial migration is
also necessary (and unavoidable if a bar, spiral structure and/or
mergers are present) to transport out old hot stars with thick-
disk chemical characteristics. We note that the thick disk is
mostly in place at the time of the last massive merger (Fig. 15,
middle row) due to merger-associated larger-scale migration.
Yes, migration is important, but the old stars need to be born
hot and/or be heated by mergers at high redshift (also unavoid-
able from our current understanding of cosmology).

The high stellar birth velocity dispersions at high redshift
we find in our simulation (∼50 km/s) is consistent with re-
cent works (Forbes et al., 2012; Brook et al., 2012; Bird et al.,
2013). An important dynamical consequence of this is that the
disk becomes less susceptible to satellite perturbations (com-
mon at high redshift), making it easier for it to survive until
today.

Radial gradients for different distances from the disk plane,
as well as the scale-length of this thick disc population will be
discussed in detail in paper II.

8. Comparison to the Sch önrich & Binney
(2009a,b) model

SB09a,b have constructed a model for chemical evolution of
the MW that was the first to include radial mixing. The authors
have assumed a certain migration efficiency and chemical en-
richment scheme in order to fit the current ISM gradient in the
MW, the MDF and stellar velocity dispersions.

Before we compare to our results, we outline two important
simplifications in the disk dynamics considered in the SB09a,b
model: (i) the presence of a central bar (as found in the MW)
was not considered and (ii) the vertical energy (or equivalently,
the vertical velocity dispersion) of migrating samples wasas-
sumed to be conserved.

(i) Although SB09a,b have stated that they did not include
the effect of the MW bar, their parametrized migration effi-
ciency extends well inside the inner disk, thus requiring the
presence of spiral structure in that region. However, it is dif-
ficult for spiral instabilities to be supported inside the bulge
region due to the high velocity dispersions there. For example,
Fig. 15 by Roškar et al. (2012) contrasts the Fourier amplitudes
for barred and unbarred disks: much stronger perturbationsare
found in the inner disk (r=2 and 4 kpc, black and blue curves,
respectively) for their barred simulation, S4, compared with
the simulations without bars. The lack of strong effects on the
changes of angular momentum at 1-1.5 scale-lengths (near the
bar’s CR) for non-barred numerical disks is also apparent in
Figs. 5 and 15 by Solway et al. (2012), and Figures 4, 11, and
12 by Sellwood and Binney (2002), for example. Despite the
lack of explicit inclusion of a bar in the SB09a,b model, the
migration efficiency these authors have considered extends to
r < 2 kpc (see Fig. 3 by SB09a and Fig. 1 by SB09b), thus
bringing out stars to the outer disk, just as we find in our barred
simulation (see Fig. 3). Therefore, the model by SB09a,b effec-
tively emulates the effect of a bar.

(ii) By assuming constancy of the vertical velocity disper-
sion of migrating populations, SB09a,b were able to success-
fully reproduce observed chemical trends in the vertical direc-
tion (e.g., Fig. 15 by SB09a and Fig. 7 by SB09b). However, as
discussed in Sec. 1.4, in the absence of massive mergers disk
thickening due to migration is insignificant: owing to the con-
servation of vertical action, only extreme migrators contribute
by contracting the inner disk and thickening the outskirts.This
deficiency in the SB09a,b model affects their main conclusion
that a thick disk can be formed in a merger-free MW disk evo-
lution.

We now outline the similarities between our results and
those found by SB09a,b:

(1) Migration creates locally a metal-rich tail to the MDF.
Note that the metal-rich tail in SB09a,b results from their
strong gradient and strong migration efficiency in the inner
disk. While the latter is not expected for a disk lacking a bar, as
discussed in (i) above, its inclusion into the SB09a,b analytical
model works as the effect of the bar.

(2) Migration introduces a ridge in the [Fe/H]-[O-Fe]
plane that becomes a bimodality when combined with
theBensby et al. (2003) kinematic selection. We note that in
Fig. 8 by SB09b, where their model is compared to observa-
tions, it is seen that the model’s highest [O/Fe] values are higher
by about 3 dex than the data shown in the bottom panel. In
contrast, our Fig. 12 shows a much closer match to the obser-
vations.

The main differences between our model and that by
SB09a,b are as follows:

(1) SB09a,b assumed a disk scale-length of 2.5 kpc, which
remains constant in time as the disk grows. As a consequence,
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the oldest disk, which should be consistent with the thick disk,
has a final scale-length of 3.1 kpc (their Fig. 7). This is in con-
trast to our model, where the disk grows inside-out and older
disks have increasingly shorter scale-lengths (paper II),con-
sistent with the Segue G-dwarf data analysis by Bovy et al.
(2012a).

(2) We neglected radial gas flows and the SN-driven wind,
possibly resulting in flatter abundance gradients than we cur-
rently find. We note that there was no clear justification for the
parametrization of these processes by SB09a,b.

(3) Whereas SB09a,b adopted the level of heating re-
quired to keep the scale-height of the current thin disk radius-
independent and locally corrected, and fitted the parameters
that controlled gas flow and the intensity of migration to the
GCS MDF, in this work the heating and migration efficiency
were drawn from a state-of-the-art cosmological re-simulation,
where an important contribution is made by massive mergers at
the early stages of disk formation.

(4) The response of stellar vertical motions to migration are
more accurately given in the present work, as discussed in (ii)
above.

9. Conclusions

In this work we have presented a new approach for studying
the chemodynamical evolution of galactic disks, with special
emphasis on the Milky Way (MW). Unlike other similar stud-
ies, where either the dynamics was too simplistic or the star
formation history (SFH) and chemical enrichment was uncon-
strained, our chemodynamical model is a fusion between a pure
chemical evolution model and a high-resolution simulationin
the cosmological context. As we argued in Sec. 4, this new ap-
proach allows us to bypass most known problems encountered
in fully self-consistent simulations, where chemical enrichment
still proves to be a challenge (see Sec. 1.2). Moreover, thisis the
first time that a chemodynamical model has the extra constraint
of defining a realistic solar vicinity also in terms of dynamics
(see Sec. 2).

The main results of our chemodynamical model can be
summarized as follows:
• The distribution of birth radii,r0, of stars ending up

in a properly defined solar neighborhood-like location after
11.2 Gyr of evolution peaks close tor0 = 6 kpc due to ra-
dial migration (left panel of Fig. 3). The strongest changesin
stellar guiding radii were found for the oldest stars, related to
the strong merger activity at high redshift in our simulation and
the effect of the bar at later times. Locally born stars of all ages
can be found in the solar neighborhood. While a wide range of
birth radii is seen for different age groups, the majority of the
youngest stars are born at, or close to, the solar neighborhood
bin.
• While the low-end in our simulated solar neighborhood

metallicity distribution function (MDF) is composed of stars
with a wide range of birth radii, the tail at higher metallicities
(0.25<[Fe/H]< 0.6) results almost exclusively from stars with
3 < r0 < 5 kpc (see Fig. 3, middle panel). This is the region
just inside the bar’s CR, which is where the strongest outward
radial migration occurs, as we discussed in Sec. 2 and showed

in the bottom row of Fig. 1 (see also Fig. A.1 and associated
discussion). The fraction of stars in this tail can, therefore, be
related to the bar’s dynamical properties, such as its strength,
pattern speed, and time evolution/formation.
•Constraining our simulated sample spatially, we provided

excellent matches to the metallicity distribution of starscon-
fined close to the Sun (data from Adibekyan et al. 2012) and the
SEGUE G-dwarfs (Bovy et al. 2012b and Brauer et al. 2013),
which covers approximately 0.5 < |z| < 3 kpc, predicting the
expected shift in the distribution peak from solar (nearby sam-
ple) to [Fe/H] ∼ −0.3 for the SEGUE coverage.
• Our results suggest that the most likely birth location for

the Sun is in the range 4.4 < r0 < 7.7 kpc, with the highest
probability∼5.6 kpc, followed by∼7 kpc (Fig. 3, right). This
estimate comes from both dynamical and chemical constraints
and is dependent on the migration efficiency in our simulation
and the adopted chemical evolution model.
• Examining the effect on the age-metallicity relation

(AMR), we found that some flattening is observed, mostly for
ages& 9 Gyr (Fig. 4). Although significant radial mixing is
present, the slope in the AMR is only weakly affected. This is
related to the intermediate distance of the Sun from the Galactic
center, where the effect of stars arriving from the inner and
outer disks is well balanced, while the migration efficiency is
exposed by the scatter around the mean. Therefore, large scat-
ter does not necessarily imply flattening.
•We found no bimodality in the [Fe/H]-[O/Fe] stellar den-

sity distribution. However, when selecting particles according
to kinematic criteria used in high-resolution samples to de-
fine thin and thick disks, we recover the observed discontinuity
(Fig. 12). This agrees with the recent observational results by
Bovy et al. (2012a), where a smooth [Fe/H]-[O/Fe] distribution
was obtained after correcting for the spectroscopic sampling
of stellar subpopulations in the SEGUE survey. A very good
match was achieved between our model and the recent high-
resolution data by Ramı́rez et al. (2013).
• The vertical mass density in our simulated solar vicin-

ity is well fit by the sum of two exponentials giving thin- and
thick-disk scale-heightsh1 = 330 pc andh2 = 1200 pc, respec-
tively (Fig. 8, top). By separating this sample into narrow bins
of age, [O/Fe], and [Fe/H], we found that the vertical scale-
height of each component can be fitted well by a single ex-
ponential, with values growing with increasing age, increasing
[O/Fe], and decreasing metallicity. An abrupt increase in scale-
height was found for samples with age& 8 Gyr, [O/Fe]& 0.15,
and [Fe/H] . 0.5, related to stars born with high velocity dis-
persions and strong merger activity at high redshift. The ver-
tical velocity dispersions for each of these subpopulationwas
found to exhibit smooth variations with height above the disk
plane, strongly flattening for old high-[O/Fe] metal-poor stars
(Fig. 8, bottom).
• A good match was achieved between the mean metallic-

ity variation with height above the disk plane resulting from
our model and the data by Schlesinger et al. (2012) (Fig. 14).
A good agreement between our model prediction and the model
by Bovy et al. (2012a,b) was found for the metallicity variation
with |z|, including a flattening at|z| & 1.5 kpc. This was asso-
ciated with the predominance of old/high-[O/Fe] stars at large
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distances from the plane (see Fig. 9). The metallicity gradients
in the |z|−[Fe/H] and|vz|−[Fe/H] relations mostly disappear for
stars grouped in narrow age- or [O/Fe]-bins (Fig. 9). This pro-
vides additional predictions for Galactic surveys.
• For stars in the range 3< age< 8 Gyr, our model pre-

dicts a mostly flat age-velocity relation (AVR) for the radial
component,σr , and a weak increase for the vertical compo-
nent,σz (Fig. 6). For ages older than 8 Gyr a continuous strong
increase is observed for both components, which is related to
the massive mergers and stars born with high velocity disper-
sions at this early epoch. These hot stars can be associated with
the MW thick disk. The vertical velocity dispersion of the old-
est stars in the absence of mergers (and/or stars born with high
velocity dispersions) is underestimated by a factor of∼ 2, sug-
gesting a violent origin for the MW thick disk (see appendix A,
Fig. A.1 bottom row).
•We found a strong flattening in the [Fe/H] radial profiles

for the older populations with the effect diminishing strongly
for the younger ones (see Fig. 5). Stars younger than 2 Gyr have
a final gradient very similar to the initial one out to∼ 12 kpc,
justifying its use as a constraint for our chemical model.
• We predict that the [O/Fe] radial profiles are essentially

preserved for the chemical model we used. The [O/Fe] pro-
files for different age groups result straightforwardly from the
adopted variation of the infall-law with radius (and hence the
SFHs at different positions) and, thus, provide a way to con-
strain different chemical evolution models. In the near fu-
ture, these will be able to be measured by combining the
good distances and ages expected from the CoRoT mission
(Baglin et al., 2006), with abundance ratios obtained by spec-
troscopic follow-up surveys. For the young populations, this
should be already possible to obtain from the observations of
open clusters, e.g., with the ongoing Gaia-ESO or APOGEE
surveys.
• Finally, probably one of the most important outcomes of

our chemodynamical model is that although we used only a
thin-disk chemical evolution model, the oldest stars that are
now in the solar vicinity show several of the properties usu-
ally attributed to the Galactic thick disk. According to there-
sults of the present work, the MW thick disc has emerged natu-
rally from stars migrating from the inner disk very early on due
to strong merger activity, followed by additional radial migra-
tion driven by the bar and spirals at later times (see Sec. 6.5).
Importantly, a significant fraction of old stars with thick-disk
characteristics could have been born near to and beyond the
solar radius (Fig. 15, middle row).

We showed that hot old metal-poor high-[α/Fe] stars
can be delivered to the solar neighborhood at high red-
shift as the effect of massive perturbers, such as the one
with 1:5 mass ratio described in this work (see Fig. 15).
For a MW-size galaxy, the occurrence of mergers of this
size aroundz ∼ 1 is consistent with the numerical re-
sults by a number of groups (e.g., Benson et al. 2004; Stoehr
2006; Kazantzidis et al. 2008; De Lucia and Helmi 2008;
Stewart et al. 2008; Villalobos and Helmi 2008; Purcell et al.
2009).

Alternatively, a bar can also bring some fraction of these
stars to the solar neighborhood, but over a long period of time,

as we showed in Fig. 15, bottom row. However, a difference
in the metallicity and velocity distributions of these old stars
would result. Most notably, avoiding a merger not only avoids
the extreme migration at high redshift, but also does not re-
sult in high enough velocity dispersions today. For example, we
found AVRs with maxima atσr ≈ 50 km/s andσz ≈ 28 km/s
in the lack of strong mergers, to be compared toσr ≈ 65 and
σz ≈ 55 km/s for our standard model. Additionally, the ratio of
cold to hot orbits (samples separated by an eccentricity cutat
0.2) changes from∼0.33 to∼ 0.96 when the merger is avoided.
This large difference can be used as a constraint in properly
mass-corrected observational data to assess the possibility of
an early-on merger in the MW.

It is therefore tempting to conclude that the highest velocity
dispersion stars observed in the solar neighborhood are a clear
indication of an early-on merger-dominated epoch, or equiva-
lently, scenarios involving stars born with high velocity disper-
sions. Our results suggest that the MW thick disk cannot be ex-
plained by a merger-free disk evolution as proposed previously.
This is related to the inability of internally driven radialmigra-
tion to thicken galactic disks (Minchev et al., 2012b). However,
an observational test involving both chemical and kinematic in-
formation must be devised to ascertain the effect of early merg-
ers.

While here we concentrated on the solar vicinity, results
for the entire disk will be presented in paper II of this series.
Chemodynamical predictions for different disk radii may help
further constrain thick-disk formation scenarios and the MW
assembly in general.

The results of this work present an improvement over pre-
vious models as we used a state-of-the-art simulation of a
disk formation to extract self-consistent dynamics and fuse
them with a chemical model tailored for the MW. Future work
should consider implementing gas flows, Galactic winds, and
Galactic fountains in the model to asses the importance of these
processes. A suite of different chemical evolution models as-
signed to different disk dynamics (from different simulations)
should be investigated to make progress in the field of Galactic
Archeology. Another next step is providing model predictions
for the MW disk properties at different Galactocentric regions
and for a large number of chemical elements (especially in view
of the ongoing high-resolution surveys, such as HERMES and
APOGEE).

The method presented here is not only applicable to the
MW, but is also potentially very useful for extragalactic sur-
veys. The same approach can be used for any other galaxy for
which both kinematic and chemical information is available. A
large such sample is currently becoming available from the on-
going CALIFA survey (Sánchez et al., 2012). Given the SFH
and morphology of each galaxy, a chemodynamical evolution
model tailored to each individual object can be developed, thus
providing a state-of-the-art database for exploring the forma-
tion and evolution of galactic disks.
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MNRAS423, 3727
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Pedicelli, S., Bono, G., Lemasle, B., François, P., Groenewegen, M.,

Lub, J., Pel, J. W., Laney, D., Piersimoni, A., Romaniello, M.,
Buonanno, R., Caputo, F., Cassisi, S., Castelli, F., Leurini, S.,
Pietrinferni, A., Primas, F., and Pritchard, J.: 2009,A&A 504, 81

Peng, C. Y., Ho, L. C., Impey, C. D., and Rix, H.-W.: 2002,AJ 124,
266

Portinari, L., Chiosi, C., & Bressan, A. 1998, A&A, 334, 505
Purcell, C. W., Kazantzidis, S., and Bullock, J. S.: 2009,ApJ694, L98
Quillen, A. C. and Garnett, D. R.: 2000
Quillen, A. C., Minchev, I., Bland-Hawthorn, J., and Haywood, M.:

2009,MNRAS397, 1599
Quinn, P. J., Hernquist, L., and Fullagar, D. P.: 1993,ApJ403, 74
Raboud, D., Grenon, M., Martinet, L., Fux, R., and Udry, S.: 1998,

A&A 335, L61
Raiteri, C. M., Villata, M., and Navarro, J. F.: 1996,A&A 315, 105
Ramı́rez, I., Allende Prieto, C., & Lambert, D. L. 2013, ApJ,764, 78
Reddy, B. E., Lambert, D. L., and Allende Prieto, C.: 2006,MNRAS

367, 1329
Rix, H.-W., & Bovy, J. 2013, A&A Rev., 21, 61
Romano, D., Chiappini, C., Matteucci, F., & Tosi, M. 2005, A&A,

430, 491
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Soubiran, C., Bienaymé, O., and Siebert, A.: 2003,A&A 398, 141
Spitoni, E. and Matteucci, F.: 2011,A&A 531, A72
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Appendix A: Effect of different model realizations

As described in Sec. 2, we downscaled our simulated disk by a factor
of f=1.67, to place the bar’s OLR just inside the solar circle, at∼
7.5 kpc (assuming the Sun is at 8 kpc), in agreement with its expected
effect on the local disk dynamics (e.g., Dehnen 2000; Minchev etal.
2010).

We now would like to see how our results change when we rescale
the disk by a different factor. We used f=1.4, which places the solar
radius∼ 1.25 kpc inward of the standard location used in the paper.
This is equivalent to having a stronger (longer) bar. We refer to this
realization as model A.

As a second test, we started the implementation with chemistry
2.7 Gyr later, thus avoiding the early-on massive mergers. We inte-
grated the simulation for additional 2.7 Gyr so that we, again, have
11.2 Gyr of evolution. To keep the correct location with respect to the
bar’s resonances, we downscaled the disk radius by f=2.1 to account
for the bar’s slowing down. This realization is referred to as model B.

Note that in the two cases above we only changed the dynamics
but not the input chemistry, i.e., we resampled the SFH according to
our chemical model, with the 8 kpc chemistry assigned to the rescaled
8 kpc radius in the simulation, etc.

The results are shown in Fig. A.1, where in the first two rows we
compare the birth-radius and metallicity distributions resulting from
our new realizations model A (left) and model B (right), withour
standard model (middle). As expected, when the solar radiusis shifted
closer to the bar (model A), for all age-bins larger fractions of stars ar-
rive from inside the bar’s CR (dotted-red vertical line in the top row);
to see this more easily, we overlaid the original total histogram (in
pink) in the left and right panels.

Inspecting the metallicity distributions in the second rowof
Fig. A.1, we see a shift in the peak of less than 0.1 dex to negative
values when the Sun is closer to the bar. However, the changesare not
drastic and the rest of the results in the paper are not affected much by
this change. Whether this is true for the entire disk will be investigated
in paper II.

As became evident in the discussion of the age-metallicity relation
(Sec. 5.3), in our simulation we have a deficiency of stars with ages>∼
9.5 Gyr atr > 10 kpc for our standard model. However, this is a very
small fraction of particles, as can be inferred from the bottom-right
panel of Fig. 2 (the SFRs at these times and radii attain a maximum
at ∼ 2 M⊙ pc−2 Gyr−1 for r = 10 kpc, sharply decreasing for older
stars and larger radii). By shifting the solar radius inward, this artifact
is now lost. That this is indeed a very small fraction can be seen by
comparing the right tails of the oldestr0-distributions (red histograms)
in the first row, left and middle panels.

The right column of Fig. A.1 shows model B, where we avoided
the early-on massive mergers phase, but kept the bar resonances at
the same distances from the Sun. A smaller number of stars arrives
from inside the bar’s CR in this case, than in our standard model (see
overlaid pink line). This results mostly from the lack of thestrong
peak in ther0-distribution of the oldest stars (red line). We showed in
Sec. 6.5 that the enhancement in the peak atr0 ∼ 3 kpc is due to the
massive mergers, which we avoided here.

In the bottom-left and right panels of Fig. A.1 we compare the
vertical velocity dispersion,σz(r) (black solid), and the mean rota-
tional velocity,Vφ(r) (blue dashed), radial profiles resulting from the
new realizations with our standard model (corresponding pink curves).
model A results in a slightly largerσz throughout (left). The differ-
ence between the standard model and model B is much more strik-
ing (right). Most importantly, the oldest stars in model B B haveσz

about a factor of two smaller than when massive mergers are present.
The highest radial velocity dispersion for the oldest stars(not shown)
also drops form∼ 65 to∼ 45 km/s, which is reflected in the higher
Vφ-values. The lower velocity dispersions and rotational velocity dif-
ference between young and old stars is unlike the observations in the
solar neighborhood. We can therefore argue that the MW thickdisk is
unlikely to have been formed through a quiescent disk evolution. An
observational test must be devised to ascertain this possibility.

Appendix B: The chemical evolution model
adopted in this work

We adopted a pure thin-disk chemical model (i.e., not the two-infall
model of Chiappini et al. 1997), forming by continuous gas accretion
(an exponential function of time – see eq. B.1). The galacticdisk was
divided into two-kpc-wide concentric rings that evolve independently
without exchange of gas. We did not take into account radial gas flows
or SN-driven winds (see Sec. 4). Most of the observational constraints
are confined to the solar vicinity (as summarized in Table B.1).

An inside-out formation of the disk (in the sense of a more intense
SFR in the inner regions - see Fig. 2, middle panel) was simulated via
a radial dependency of the gas accretion timescale (assumedlinear for
simplification), as follows

A(r, t) = a(r)e
− t
τD(r) , (B.1)

where A(r, t) is the gas infall rate andτD(r) is the timescale for the
infalling gas onto the disk, given by (as in Chiappini et al. 2001)

τD(r) = 1.033r − 1.27 Gyr, (B.2)

for galactocentric distancesr ≥ 2 kpc.
The coefficient a(r) in Eq. B.1 was chosen such as to reproduce

the observed currenttotal surface mass density in the thin disk as a
function of the galactocentric distance given by

Σ(r) = ΣDe−r/rD , (B.3)

whereΣD is such that a total mass density of∼50 M⊙ pc−2 is reached
at the solar galactocentric distance (taken as 8 kpc), for a disk with a
scale lengthrD = 3 kpc (as shown in Fig. 2, upper-left panel).

The SFR adopted here has the same formulation as in
Chiappini et al. (1997):

ψ(R, t) ∝ Σk
gas(R, t). (B.4)

The two free parameters are the gas surface density exponent(here
taken as equal to 1.5) and the star formation efficiency, which we as-
sumed is dependent on the total surface density as in Chiappini et al.
(1997).
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Fig. A.1. Comparison between different model realizations. See text.

Table B.1.Main observational constraints for the solar neighborhood.

Observable Observed value Reference
Surface densities of:

gas 10–15M⊙ pc−2 Kalberla & Kerp (2009)
7 M⊙ pc−2 Dickey (1993)

stars 35± 5 M⊙ pc−2 Gilmore et al. (1995)
35± 5 M⊙ pc−2 Flynn et al. (2006)

stars (WDs+ NSs) 2–4M⊙ pc−2 Mera et al. (1998)
total 56± 6 M⊙ pc−2 Holmberg & Flynn (2004)

Star formation rate 2–10M⊙ pc−2 Gyr−1 Guesten & Mezger (1982)
2.4 M⊙ pc−2 Gyr−1 Fuchs et al. (2009)

SN Ia rate 0.43 – 0.65 century−1 Li et al. (2011)
SN II rate 1.27 – 1.84 century−1 Li et al. (2011)
Infall rate 0.3–1.5M⊙ pc−2 Gyr−1 Portinari et al. (1998)

We adopted the Scalo (1986) IMF, constant in time and space. The
stellar lifetimes,τm, were taken from Maeder & Meynet (1989) as in
our previous works. The impact of different assumptions on both IMF
and stellar lifetimes on our chemical evolution results wasdiscussed
in detail in Romano et al. (2005).

Type Ia SNe are the main contributors to the iron in the disk of
our MW. The timescale on which their contribution becomes impor-
tant is strongly dependent on the assumed SN progenitor model. In

the so-called single degenerate scenario, a C-O white dwarf(WD)
in a close binary system explodes due to gas accretion from a com-
panion in a binary system. Another proposed scenario for Type Ia
SNe is the so-called double degenerate case, where two WDs merge,
thus triggering the explosion (see Matteucci et al. 2009 andreferences
therein). Matteucci et al. (2009) has recently shown that these two dif-
ferent SN Ia scenarios result in only negligible differences in the pre-
dicted [O/Fe] vs [Fe/H] relation in the MW. In the present work we
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Fig. B.1. oxygen stellar yields for massive stars from
Woosley & Weaver (1995). Here we adopt the solar yields (ma-
genta circles). A stronger metallicity dependency of the oxy-
gen yields is expected in models taking mass-loss into account
(e.g., Meynet & Maeder 2002. The impact of different stellar
yields is beyond the scope of the present paper and will be stud-
ied in future work.

adopted the single degenerate scenario. The Type Ia SN rate was com-
puted following Greggio & Renzini (1983) and Matteucci & Greggio
(1986) and is expressed as (see more details in Matteucci 2001)

RS NeIa= AIa

MBM
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dMB, (B.5)

where M2 is the mass of the secondary,MB is the to-
tal mass of the binary system,µ = M2/MB, µm =

max[M2(t)/MB, (MB − 0.5MBM)/MB], MBm = 3M⊙, MBM = 16M⊙.
The IMF is represented byφ(MB) and refers to the total mass of the
binary system for the computation of the Type Ia SN rate,f (µ) is the
distribution function for the mass fraction of the secondary,

f (µ) = 21+γ(1+ γ)µγ, (B.6)

with γ = 2; AIa is the fraction of systems in the appropriate mass
range, which can give rise to Type Ia SN events. This quantitywas
fixed to 0.05 by reproducing the observed Type Ia SN rate at the
present time (see Table B.1). Note that in the case of the TypeIa
SNe the so-called production matrix is indicated withQS NIa

mi because
of its different nucleosynthesis contribution (for details see Matteucci
2001).

The equation below describes the time evolution of the gas mass
fraction in the form of an elementi, Gi (see Matteucci 2001):

Ġi(r, t) = −ψ(r, t)Xi(r, t)

+

MBm
∫

ML

ψ(r, t − τm)Qmi(t − τm)φ(m)dm

Fig. B.2. Abundances of O as a function of galactocentric
distance. The blue dots are the data by Andrievsky et al.
(2002a,b,c, 2004). The black squares represent the mean val-
ues inside each bin and the error bars are the associated stan-
dard deviations. The red dashed line shows the prediction of
our model, normalized to the mean value of the Cepheids at the
galactocentric distance of the Sun. Fitting a line in the range
4 < r < 15 kpc, we estimated a gradient of∼ −0.04 dex/kpc
for the model, which matches the mean data points well.
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+(1− AIa)

MBM
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MBm

ψ(r, t − τm)Qmi(t − τm)φ(m)dm

+

MU
∫

MBM

ψ(r, t − τm)Qmi(t − τm)φ(m)dm

+ XAi A(r, t), (B.7)

whereGi(r, t) = [Σg(r, t)Xi(r, t)]/ΣT (r), Σg(r, t) is the surface gas den-
sity, andΣT (r) is the present-time total surface mass density.XAi are
the abundances in the infalling material, which here was taken as pri-
mordial. Xi(r, t) is the abundance by mass of the elementi and Qmi

indicates the fraction of mass restored by a star of massm in form of
the elementi, the production matrix (see Matteucci 2001 for more de-
tails). We indicated withML the lightest mass that contributes to the
chemical enrichment and set it to 0.8M⊙; the upper mass limit,MU ,
was set to 100M⊙.

We adopted the stellar yields of Woosley & Weaver (1995) for the
solar case, assuming no dependency on metallicity, for the contribu-
tion of massive stars. The adopted yields for oxygen are shown in
Fig. B.1. As it can be seen in the figure, for the models computed
by Woosley & Weaver (1995), an important difference is seen only at
zero metallicities, which did not play a role in the present work (where
we focused on the disk, and not the halo). In the case of iron, an im-
portant contribution comes also from Type Ia SNe. Here we adopted
the stellar yields of Iwamoto et al. (1999).

Finally, in Fig. B.2 we show the resulting oxygen abundance vari-
ation with radius at the present time in our model, compared to a sam-
ple of Cepheids whose distances are well known (see Cescuttiet al.
2007 and references therein). Fitting a line in the range 4< r <

15 kpc, we estimated a gradient of∼ −0.04 dex/kpc for the model.
Given the young ages of the data (∼ 200 Myr), these are expected to
trace the gas gradient in the disk today, justifying the comparison in
the figure.
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