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Abstract. In this first paper of this series, we present a new approachtfmlying the chemo-dynamical evolution in disk
galaxies, which consists of fusing disk chemical evolutinadels with compatible numerical simulations of galacigkd.
This method avoids known star formation and chemical emaft problems encountered in simulations. Here we focus on
the Milky Way, by using a detailed thin-disk chemical evauatmodel (matching local observables, which are weaRigcted

by radial migration) and a simulation in the cosmologicatteat, with dynamical properties close to those of our Galsle
examine in detail the interplay between in situ chemicalolimnent and radial migration and their impact on key obddes

in the solar neighborhood, e.g., the age-metallicity-ei#jorelation, the metallicity distribution, and gradienh the radial
and vertical directions. We show that, due to radial migrafrom mergers at high redshift and the central bar at |atezg,

a sizable fraction of old metal-poor high/Fe] stars can reach the solar vicinity. This naturally actedor a number of
recent observations related to both the thin and thick did&spite the fact that we use thin-disk chemistry only. élth
significant radial mixing is present, the slope in the agéaltieity relation is only weakly &ected, with a scatter compatible
with recent observational work. While we find a smooth dgndistribution in the [@Fe]-[FgH] plane, we can recover the
observed discontinuity by selecting particles accordmginematic criteria used in high-resolution samples torgefhe thin
and thick disks. We outline a new method for estimating thithlplace of the Sun and predict that the most likely radies li
in the range 44 < r < 7.7 kpc (for a current location at = 8 kpc). A new, unifying model for the Milky Way thick disk
is offered, where both mergers and radial migration play a roléfegrdnt stages of the disk evolution. We show that in the
absence of early-on massive mergers the vertical velo@tyedsion of the oldest stars is underestimated by a faéter ®
compared with observations. We can, therefore, arguehkatltlky Way thick disk is unlikely to have been formed throua
quiescent disk evolution. An observational test involviagh chemical and kinematic information must be devisedstedain
this possibility.

1. Introduction have extended the studied volume to distances of a few kpc
from the Sun (with the majority of stars in the distance range
Q.5-3 kpc), and increased the numbers of stars with chemo-

Crucial information regarding the dominant mechanisms r ) € ) .
ematical information by more than an order of magnitude

sponsible for the formation of the Milky Way (MW) disk andkin

other Galactic components s encoded in the chemical ared kif™ Ze%fr SEGUE and 5x 10° spectra for RAVE,
matic properties of its stars. This conviction has led to uR®&-=>leINME 2). Thistert will be soon complemented

precedented observationafats in the past decades, aime®Y Nigh-resolution spectroscopic surveys both in the aptic
ERMES (Freeman et al., 2010) and in the near-infrared —

at mapping the chemistry and kinematics of a large numbef - —— :

of stars in the MW. Until the end of 2003 most of the inforAPOGEE KAMQ—EWLJQ%—MMK@ b-LJ‘?lo)-
mation was confined to small local samples for which higitPOCEE aims at measuring chemo-kinematic properties of
resolution spectroscopic data were obtained (E.g.. Fumm&round 16 stars close to the Galactic plane, thus comple-

11998 within 25 pc and Benshy et/ Al. 2003 within 100 EC)_ jmenting SEGUE and RAVE (which exclude most stars below

2004, the Geneva Copenhagen Survey ( et51200 pc), whereas HERMES aims at obtaining chemical in-

[2004) obtained the first large spectro-photometric sample fgfMation for around 10stars. In the near future, 4MOST
around 16 000 stars as part of a Hipparcos follow-up campaitji¥-~°" 11_2012), probably the most ambitious project,
(hence, also confined toL00 pc from the Sun). More recently,2iMS at sampling even larger volumes by obtaining chemo-
optical spectroscopic low-resolution surveys, such as$EG Kinematic properties of many millions of stars, taking fadl-

(Yanny and Rockodi, 2009) and RAVE (Steinmetz é{ al tooé/)f’intage of the Gaia astrometric results. The common aim of
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the huge observational campaigns briefly summarized alsovéablished as an important proces$eating the entire disk,

to constrain the MW assembly history — one of the main goaldere stars shift guiding radii due to interaction with tran

of the newly emerged field, Galactic Archaeology. sient spiral structure. Modern high-resolution simulaside.g.,
The underlying principle of Galactic Archaeology is thaRoskar et dl. 2008, 20112) have confirmed this finding, but lef

the chemical elements synthesized inside stars, and ldte role of the Galactic bar unexplored.

ejected back into the interstellar medium (ISM), are ineerp A different radial migration mechanism was pro-

rated into new generations of stars. Adfelient elements areposed by| Minchev and Famaey (2010) and_Minchev et al.

released into the ISM by stars offidirent masses and, there{20114), resulting from the nonlinear coupling between the

fore, on diferent timescales, stellar abundance ratios providgar and spiral waves, or spirals of fidgrent multiplicity

cosmic clock, capable of eliciting the past history of star f (Minchev and Quillen, 2006;_Minchev etlal., 2012a). These
mation and gas accretion of a galx@ne of the most widely works, along with studies of fiusion codficients in barred
used “chemical-clocks” is they[Fe] rati@. disks th! netti et al.] 2011k Shevchehw()l]_), predict a
variation in migration iciency with time and disk ra-
dius, establishing that the dynamical influence of the bar
plays an integral part in the MW disk modeling. Recently,
The power of Galactic Archaeology has been threatened b@bdmparetta and Quillen (2012) showed that radial migration
by observational and theoretical results, showing thatssta@an result from short-lived density peaks arising fromriete
most probably move away from their birthplaces, i.e, migraence of spiral density waves, even if patterns are longilive
radially. Observational signatures of this radial migrat{or In addition to internal axisymmetric structure, pertuibas
mixing) have been reported in the literature since the 19706aused by minor mergers have also been shown tdtbetiwe

with the pioneering works by Grerloh (1972, 1989). Grenat mixing the outer disks._(Quillen etlal., 2009; Bird et al.,
identified an old population o$uper-metal-rich starghere- [2012), but can also indirectlyffact the entire disk by inducing
after SMR), that are currently located in the solar vicipiityt (reinforcing) spiral and bar instabilities. Consideringet
have kinematics and abundance properties indicative ofian @stablished presence of a central bar, spiral structure and
gin in the inner Galactic disk (see al 997 aeddence for merger activity in the MW, it is clear that all of
Trevisan et dl. 2011). These results were extendéd by Haywdbe above mentioned radial migration mechanisms would have
(2008), who showed by re-analyzing the GCS data, that the efect on the Galactic disk.

low- and high-metallicity tails of the thin disk are popdetby In summary, a number of both observational and theo-
objects whose orbital properties suggest an origin in thterouretical results challenge the power of Galactic Archaeplog
and inner Galactic disk, respectively. In particular, taeealled  Therefore, the only possible way to advance in this field és th
SMR stars show metallicities that exceed the present-dly |gjevelopment of chemodynamical models tailored to the MW in
and those of young stars in the solar vicinity. As diSCUSSﬁ% Cosm0|ogica| framework. On|y then, ameaningfu| compar
by [Chiappini et all. 3) (see also Table 5ht @on with the large amounts of current and forthcoming obser

), the metallicity in the solar vicinity is not expect®d yational data (as summarized in the beginning of this sejtio
have increased much since the Sun’s formation, i.e., inabte Ican be carried out. This is the main goal of the present work,
~4 Gyr, because of the rather fifieient star formation rate name|y’ to deve|0p a Chemodynamica| model for the MW’ to
(SFR) at the solar radius during this period, combined Wil able to quantify the importance of radial mixing througho
continuous gas infall into the disk. Hence, as summarizedtife evolution of our Galaxy.

i ), pure chemical evolution models for the MW

thin disk cannot explain stars more metal rich thah?2 dex,
and radial migration has to be invoked. 1.2. Difficulties with fully self-consistent simulations

N-body simulations have also long shown that radial mj-

gration is unavoidablé. Raboud et 4l. (1998) studied numgrr_oducin_g disc-dominate(_j galaxies has traditionally been
ical simulations aimed at explaining the results reportgd Bhallengmg for cosmological model§. In early smulaﬂpns
Grenoh [(1989) of a mean positive U-motion (where U is tHextreme angular momentum loss during mergers gave birth to
Galactocentric radial velocity component of stars), whicé galaxies with overly concentrated mass distributions aad-m
authors interpreted as metal-rich stars from the innerXyal sive bulges (e-qmw&mwwme
wandering in the solar neighborhood. HOWGJ@L%_GD_QU_&EW’LAMLLZDQQ. Although an increase in resotutio

) interpreted their findings as stars on hot bar orbifdd better modellng ,Of star formation and feedbaqk haye
not recognizing that permanent changes to the stellar E%Jll_owed recelnt s:{mula_ltlons o produceIMW—ma§s :galax! iels wit
gular momenta are possible. It was not until the work duced bulge fractions_(Agertz ef al.. 2011 etal,

yL(2002) that radial migration was e :[Martig et al., 2012), none of these simulations inelud
‘ chemical evolution. Galaxy formation simulations inclugli

chemical evolution have been performed

ups|_(Raiteri eflal., 1996; Mosconi ét al.,

1.1. Galactic Archeology and radial migration

1 In most cases, the stellar surface abundances reflect thpoeomsome treatment of
sition of the interstellar medium at the time of their birthis is the Bﬁi

number gro
reason why stars can be seen as fossil records of the Galakifien. [Liaetal. ! 2; Kawata and Gibson, 2003; Kobayashi,
2 Here we use the notation in brackets to indicate abundaetas r ;| Scannapieco etlal., 2005; - etal.,

tive to the Sun, i.e., [RY] = log(X/Y)—log(X/Y)e. 12008; | Oppenheimer and Dave, 2008; Wiersma ketal., |2009;
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[Few et al.[ 2012). However, although the results are engeurand Schonrich & Binnéyl (2009b) (SB09b), where the authors
ing and globally observed trends seem to be reproduced, so@maged to explain the MW thin- and thick-disk charactesst
as the mass-metallicity relation (e.g., Kobayashi bt 21073 without the need of mergers or any discrete heating prosesse
or the metallicity trends between theffédrent Galactic compo- Similarly, the increase of disk thickness with time foundtie
nents (e.g.|_Tissera etlal., 2012), it is still a challenggtiese simulation by RoSkar et al. (2008) has been attributed to mi
simulations to match the properties of the MW (e.g., thedgtpi gration in the works by Sales et/dl. (2009) and Loebmanlet al.
metallicities of the dierent components— Tissera ef al. 2012J2011).
Additionally, the fraction of low-metallicity stars are teh However, how exactly radial migratiorfifacts disk thicken-
overestimated| (Kobayashi and Nakasato, 2011; Calura etilg in dynamical models had not been demonstrated (but only
2012), and reproducing the position of thin- and thick-diskssumed) until the recent work by Minchev et al. (2011b) and
stars in the [@Fe]-[FgH] plane has proved challengingMinchev et al.|(2012b). The latter authors showed unambigu-
(Brook et al.,l 2012). While these problems might be due tasly that radial migration driven by secular (or interreilu-
unresolved metal mixing (Wiersma ef al., 2009), it is alson has only a minorfect on disk thickening, mostly beyond
worth noting that none of the above-mentioned simulatiotisree disk scale-lengths, which results in a flaredHi$his
reproduces simultaneously the mass, the morphology, andithdue to the conservation of vertical action of migratoss, a
star formation history (SFH) of the MW. opposed to the incorrect assumption of vertical energyemns
This situation has led us to seek a novel approach to addreaton. While not building up &inematicallythick disk (since
this complex problem. We will show that this approach workée efect of outward and inward migrators mostly cancels out),
encouragingly well, explaining not only current obseroas, IMinchev et al. [(2012b) noted that radial migration in isetht
but also leading to a more clear picture regarding the nattiregalaxies does contribute tochemicallythick disk in the sense
the MW thick disk. that outward migrators are preferentially deposited ahéig
distances above the galactic plane, with the convefseteor
i ) i ) inward migrators. It can be expected that migratanthicken
1.3. Thick-disk formation scenarios the disk, provided that stars were “preheated”, e.g., eitye
mergers or by being born Hﬂ)(both of these are expected at

The large uncertainties in important observational caists )
in the MW, such as the age-velocity-metallicity relationg t Nigh redshift). . .
abundance gradients and their evolution, together wittirthe ~ Once again, to advance our understanding of the MW disk
herent complexity of the topic of Galaxy assembly, have ¢ed formation and evolution, we need to make quantitative esti-
different scenarios to be proposed for the formation of the thigl@tes of the importance of radial mixing, guided by observa-
disk. tional constraints. This implies the need for chemodynainic

One possibility is that thick disks were born thick at hig}r1n°deIS making predictions specifigally for the splar vigini
redshift from the internal gravitational instabilitiesgas-rich, where most of the current observational constraints aredou

turbulent, clumpy disks (Bournaud ef dl., 2009: Forbeslet 6”1 Sec.[2 we describe the disk simulation we adopt in the

[2012) or in the turbulent phase associated with numerous ga&sent work. Se€l3 we describe our input chemistry.[Sec. 4

rich mergers|(Brook et AL, 2004. 2005). They could also hag§?oted to our new approach. Our results are shown inf$ec. 5,

been created through accretion of galaxy sateliites (Meab,e while a new explanation for the origin of the thick disk can be

12005; Abadi et al., 2003), where thick-disk stars then hay found in Secl]7. Here we concentrate on results for the solar

extra,galactic origin. ' vicinity, while results for the whole disk are shown in paper
Another possibility is that thick disks are creategf this series. Conclusions are drawn in $gc. 9.

through the heating of preexisting thin disks with the help

of mergers |(Quinn et all, 1993; Villal nd H !MOOSZ. A late-type disk galaxy simulation in the

Di Matteo et al., 2011), whose rate decreases with decreas'cosmological context

ing redshift. Evidence for satellite-disk encounters can b

found in structure in the phase-space of MW disk stars (e.@q properly model the MW, it is crucial to be consistent with

IMinchev et all 2009; Gomez etlal. 2013; Gomez ét al. 2012epme observational constraints at redshiét 0, for example,

which can last for as long ast Gyr (Gomez et all, 201Pb).  a flat rotation curve (e.d.. Merrifiéld 1892), a small bulgey(e
Finally, a recently proposed mechanism for the formatigéinney etall 1997), a central bar of an intermediate siz (e.

of thick disks is radial migration, which we discuss next. ~ Babusiaux and Gilmore 2005), gas-to-total-disk-mass rati

~ 0.14 at the solar vicinity (e.d., Chiappini et al. 2001, and ref

) - ) ) erences therein), and local disk velocity dispersionsscloshe
1.4. Radial migration and thick disks observed ones (e.{.. Lee ellal. 2011).

In the past several years there has been a growing convig- | (2012

. . . ) . . ) Minchev b) showed that migratemntract(vertically
tion that radial migration, driven by transient spiralsn dze cool) the disk inside the bar’s CR, further contributing iskdflaring.

rgsponsibI.e for. the fprmation of thiCk.diSkS by bringing oUthis is related to the predominance of inward migrators ahsmall
high-velocity-dispersion stars from the inner disk anddtige  radii with a mean action smaller than that of the local pofoita
(no need for mergers). This scenario was used, for exanmple, ¥ Note that migration ficiency drops with velocity dispersion

the analytical model of Schénrich and Binhey (2009a) (SB0(Solway et al | 2012).
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Fig.1. First row: The left panel shows the rotational velocity (dashed blugeuand circular velocity (solid black curve) at
the final simulation time. The middle panel presentsithe 2 Fourier amplitudesi; /Ao, as a function of radius estimated from
the stellar density. Curves offtirent colors present the time evolutionef/Ay. To better see the evolution of the bar strength
with time, in the right panel we show the amplitude averagezt the bar maximuntecond row:Face-on density maps of the
stellar component for élierent times, as indicatedhird row: The corresponding edge-on view. Contour spacing is Idgaid.
Fourth row: Changes in angular momentuil,, as a function of radius, estimated in a time window of 0.52, Ggntered on
the times of the snapshots shown above. Both axes are dividibe circular velocity, thus units are kpc (galactic rajistrong
variations are seen with cosmic time due to satellite pkétions and increase in bar strength.

It is clear that cosmological simulations would be the nathese histories at much higher resolution (150 pc spatial, a
ural framework for a state-of-the-art chemodynamicalyid 10> M, mass resolution). We referito Martig et al. (2012) for
the MW. Unfortunately, as described in SEC]1.2, a numbermbre information on the simulation method.
star formation and chemical enrichment problems still teiris The galaxy we have chosen has a number of properties con-
fully self-consistent simulations. We therefore resortitoour  sistent with the MW, including a central bar, as we describe
view) the next best thing — a high-resolution simulationtia t below. We would like to explore the disk evolution for a time
cosmological context coupled with a pure chemical evotutigeriod of about 11 Gyr, which is close to the age of the old-
model (Sed.B), as described in detail in $éc. 4 below. est disk stars in the MW. However, none of the above galaxies

The simulation used in this work is part of a suite of nustart forming disks earlier than 9 — 10 Gyr beforez = 0. To
merical experiments first presented by Martig et al. (2012Zgmedy this, we extended our simulation by integratingwiar t
where the authors studied the evolution of 33 simulatedxgal@dditional Gyr, allowing for 11.2 Gyr of self-consistenbéy
|es fromz = 5 to z = 0 using the zoom-in technique describetion.

in IMartig et al. (2009). This technique consists of extregti Originally, our simulated galaxy has a rotational veloeity
merger and accretion histories (and geometry) for a givém h#he solar radius of 210 kfs and a scale-length ef 5 kpc. To
in a A-CDM cosmological simulation, and then re-simulatingnatch 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 agtrength with time, in the right panel we show the amplitude
justed the rotational velocity at the solar radius to be 22¢sk averaged over 1 kpc at the bar maximum.
which dfects the mass of each particle according to the relation The second and third rows of FId. 1 show face-on and edge-
GM ~ V?r, whereG is the gravitational constant. This placesn stellar density contours atfiirent times of the disk evolu-
the bar’s corotation resonance (CR) and 2:1 outer Lindldad rtion, as indicated in each panel. The redistribution ofateln-
onance (OLR) at 4.7 and~ 7.5 kpc, respectively, consistentgular momentuml., in the disk as a function of time is shown
with a number of studiEs(e.g., Dehneh 2000, Minchev et alin the fourth row, wher@L is the change in the specific angular
12007/2010, see Gerhard 2011 for a review). At the same timementum as a function of radius estimated in a time period
the disk scale-length, measured from particles of all agésd At = 520 Myr, centered on the time of each snapshot above.
range 3< r < 15 kpc, becomes 3 kpc, in close agreementBoth axes are divided by the rotational velocity at eachusdi
with observations (e.dﬁ@bon. After this chngar thereforel is approximately equal to the initial radius (at the
simulated disk satisfies the criteria outlined at the beigimof beginning of each time interval) amxl gives the distance by
this section, required for any dynamical study of the MW, ashich guiding radii change during the time intervs. The
follows: dotted-red and solid-blue vertical lines indicate the poiss of

(i) it has an approximately flat rotation curve with a ciraulathe bar's CR and OLR. Note that due to the bar’s slowing down,
velocity V. ~ 220 knys at 8 kpc, shown in the first row, leftthese resonances are shifted outward in the disk with time.
panel of Fig[lL, where we have corrected for asymmetric drift After the initial bulge formation, the largest merger has a
as described in, e.g., Binney and Tremaine (2008). 1:5 stellar-mass ratio and an initially prograde orbit,nging

(i) the bulge is relatively small, with a bulge-to-totatia through the center later and dissolving~inl Gyr (in the time
of ~1/5 (as measured with GALFIT@OOZ — onperiod 15 < t < 2.5 Gyr, first column of Fig[l). Due to its
mock i-band image, see bottom panel of Fig. 27 by Martig ket #-plane orbit (inclinations 45°), this merger event results in
Im)_ accelerated disk growth by triggering a strong spiral stnec

(iii) it contains an intermediate-size bar at the final siaaul in the gas-dominated early disk, in addition to its tidaltper
tion time, which develops early on and grows in strength dusation (Quillen et all, 2009). One can see the dragfieceon
ing the disk evolution (see middle and right panels of Bigad athe changes in angular momentust,, in the fourth row, right
discussion below). panel of Fig[dl. A number of less violent events are present

(iv) the disk grows self-consistently as the result of cosm@t that early epoch, with their frequency decreasing witfeti

logical gas accretion from filaments and (a small number offie éfect of small satellites, occasionally penetrating the disk
early-on gas-rich mergers, as well as merger debris, witista [at later times, can be seen in the third and fourth columns at

significant merger concluding 9 — 8 Gyr ago. L~rx7andL ~r ~6kpc, respectively.

(v) the disk gas-to-total-mass ratio at the final time@s12, We note a strong variation @fl. with cosmic time, where
consistent with the estimate of 0.14 for the solar vicinity Mergers dominate at earlier times (highand internal evo-
(Fig.[2, top right panel). lution takes over at = 5 — 6 Gyr (corresponding to a look-

(vi) the radial and vertical velocity dispersiongrat 8 kpc Pack-time of~6-7 Gyr, orz ~ 1). The latter is related to an
are~ 45 and~ 20 knys (averaged over all ages), in very gooff1créase with time in the bar’s Ieng_th a_md major-to-minvesa
agreement with observations (see $&d. 5.5 andFig. 6). ratio as seen in the face-on plots, indicating the stremtige

We definedt = O as the time after the central bulgé)f this structure. Examining the top-right panel of Hiyj. 8 w

(spheroidal component) has formed. Only about 3% of thefgéd a continuous increase in the bars= 2 Fourier ampli-

stars contribute to the stellar density at the final simatatime tude with time, where the strongest growth oceurs betwedn )
in the region 7< r < 9 kpc,|2 < 3 kpc, which we investigate in and 8 Gyr. The fect of the bar can be found in the changes in

this paper. Therefore, for this work we ignored these oldsst2"9ular momentumiL, as the feature of negative slope, cen-
and focused on the particles forming mostly from gas infall éered on the CR (dotted-red v_ertlcal Ilne_), shlftmg’frhm; 3'_4
later times. to L ~ 4.7 kpc. Due to the increase in the bar's amplitude,

In the first row, middle panel of Fil 1, we plot the Fourie}'he changes in stellar guiding radii (vertical axis valuies)

amplitude,An/Ao, of the density of stars as a function of rag_uced by its presence in the CR-region double in the time pe-

dius, whereAy is the axisymmetric component amdis the riod 444 < t < 112 Gyr (_bottom row of F_lgl:ll)_. .Unt" re-
multiplicity of the pattern; here we only show the= 2 com- cently, bars were not conS|dereﬂfa_Et|ve at _d|sk mixing once
ponentA,/Aq. Different colors indicate the evolution of thg thhey yvere;] fqrmed, becaufse;]ofbthe_lr I_ong-hvgd natur_e: We fem-
radial profile in the time period specified by the color bare TH asm_at € importance of the arin |ts.perS|ste.nt MIXINGe

bar is seen to extend to3—4 kpc, where deviations from zer Inner dlskthrqughogtthe galgctlc evoluticfsee Minchev et al.
beyond that radius are due to spiral structure. The brovwecijlz—o—ﬁ1al and discussion therein).
reachingA;/Ag ~ 0.9 atr =~ 4.5 kpc results from a merger-

induced two-armed spiral. To better see the evolution obdre 3. Chemistry

5 Variations in our results with dierent rescaling are discussed ifPur new apprqach is based on a det??\”ed chemical eV0|.Uti0n
appendix A. model for thethin disk only(see appendix B). The idea behind

® Note that we rescaled the disk radius to reflect the positidgheo this is to test, after radial mixing is taken into accountgetvter
bar's resonances at the final time. we can explain the observations of both thin and thick disks



6 I. Minchev et al.: Chemodynamical evolution of the Milky Waisk |

without the need of invoking a discrete thick-disk compdnen Total
different from what was suggested.in Chiappini étlal., 1997;7_ ¢! 1 %0 ——.Stars
iJE_QIQ). ? a0 Cos ’/I
In the present model, the thin disk forms via the slow accre- g af 1 % 30: //
tion of extragalactic metal-poor gas (assumed to be of primo = % 20t ,/
dial composition). We assumed that the gas accumulates fast « 2 1 i
in the inner than in the outer regions, similar to what hagpen ‘g ,/I

in the simulation discussed in SEt. 2 (the exact functicorahf 2 N é é 1‘0 1‘2
used for gas infall as a function of both time and radius is\wsho t [Gyr]
in appendix B). The present model does not account for gas o
outflows or gas radial flows. Our code follows in detail a Iargle~1 000
number of chemical elements by properly taking into accougt ., ,
the lifetime of stars of dierent masses (i.e., we did not use the,

instantaneous recycling approximation). We here conasantr %, 1.0 ’
only on iron and oxygen (see appendix B for a detailed descrig. [
tion of the adopted stellar yields, as well as how we tredted t§) /
supernova (SN) Type la enrichmentin our mdale@hile other 0.01 L T
chemical elements are discussed in the forthcoming paffjerso o 2 4 6 8 10
this series. In all plots in this paper the results are nozedl oyl tlerl

. 1.0 T
using the solar abundancesby Asplund et al. (2005). Look-=bock time [Cyr

)
1.00
The main observational constraints of MW chemical evo- %-°f

lution models (see Table B.1 in appendix B) are (i) the solar |
and present-day abundances of more than 30 elementsgii) th
present SFR (Fid.2, upper left panel), (iii) the currenliate — -o.5F
gas, and total mass densities in the solar vicinity (Eig./2, u
per right panel), (iv) the present-day supernovae (SNeyraft -
Type Il and la, and (v) the metallicity distribution of G-drfia 5 s 0 s 0 s o 1s
stars (to be discussed in SEE. 5). The SFH in the solar wcinit r [kpe] r [kpe]
(Flg..IZ, upper left panel) is obtained by assming a st'ar f(ff"g. 2. Properties of our detailed thin-disk chemical evolution
mation law dependency on the gas density (Kennicut's lay odel: Top row, left: SFR in the solar neighborhood result-
and an exponentially decreasing infall with time, with an inIng fro'm our m(’)del'.l'op row, right: The total (solid), stellar
fall timescaler(Ryo) = 7 Gyr, where B, = 8 kpc is the Sun’s : ' y '

SN : h n nsity time evolution in tharsol
galactocentric distance (see appendix B for more det&ite)n (da}s ed), and gas (dotted) density time evo utio t arso
: . . . neighborhood. The error bars are observational consérégae
the chemical evolution constraints listed above, the onstm

. S S Fable B.1 for references to the datdjiddle row, left: SFR
affected by radial migration is the metallicity distribufion as a function of time for dierent galactic radii as color-coded.

Outside the solar vicinity chemical evolution models argiiddie row, right: Total gas density (remaining after star for-
mainly constrained by the present-day abundance gradientgation + recycled) as a function of time for ffiérent galactic
the thin disk and are, thus, more uncertain than the moggi as color-coded on the leBottom row, left: [Fe/H] gradi-
for the solar vicinity (see discussionlin Chiappini€1al02})  ents. Diterent curves and colors correspond tietent look-

Chiappini et al. [(2001) emphasized that the radial aburelarack times as indicate@ottom row, right: [O/Fe] gradients
gradients predicted along the thin disk, as well as theietinfgr different look-back times as on the left.

evolution, are strongly dependent on pre-enrichment aaud st
formation threshold assumptions. Previous chemical ¢éaolu

models in the literature considering the thin disk as anpede The chemical gradients we obtained are the result of the
dent componentcould not anticipate sudiieets. Here we keep interplay between the infall and star formation rates at dif
it simple by assuming neither threshold nor pre-enrichirent ferent radii. Here we used the samf) expression as in
a consequence, our models predict flattening of the graslieghijappini et al.[(2001) down to= 2 kpc (details can be found
with time, similar to other pure thin-disk chemical evobrti n appendix B). Chemical evolution models are often not com-
models in the literature (e.d.. Hou ef’al. 2001). On the obs@lted for the innermost 4 kpc to avoid dealing with the com-
vational side, the question of whether the abundance gredigyjete lack of observational constraints and with a regioeneh
steepen or flatten with time is still not settled. 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 to= 0 and made the conservative

7 We often refer to thed/Fe] ratios in the text, where in our case . . .
oxygen is the chosem element. hypothesis that the chemistry computed fot 2 kpc applies

8 Note that the age-metallicity relation, alsBexted by radial mi- 0 all particles_with < 2kpc, as well. _ )
gration, was never used as a constraint in our chemical #wplmod- The resulting SFRs at filerent galactocentric radii are
els, because of the large scatter shown in the data. shown in the middle-left panel of Figl 2, while the gas den-

t [Cyr]

T
0, 2 kpc
4 kpc
6 kpc
8 kpc

10 kpc |
12 kpc
14 kpc
16 kpe

|

[0/Fe]
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sity (remaining after stars formatienrecycled) is plotted on dynamics of our simulation into the chemical model, not the
the right. The resulting gas metallicity and/f2] gradients for chemistry into the simulation.
different look-back times can be found in the bottom row of the We started by dividing the disk into 300-pc radial bins in
same figure. the range &< r < 16 kpc. At each time output we randomly se-
Currently, there are still large uncertainties also in thee lected newly born stars by matching the SFH corresponding to
of present-day abundance gradients. From a recent compilar chemical evolution model at each radial bin. Since oat go
tion of the best data available in the literatdre, Stasifesial. is to satisfy the SFH expected for the chemical model (simila
(2012) concluded that most claims of steepening or flattenihut not identical to that of the simulation), at some radiakb
of the current abundance gradients toward the center or tlnd times we may not have enough newly born stars in the sim-
outskirts of the MW are premature. A flattening of the disklation. In that case we randomly selected stars currenttji®
planetary nebulae abundance gradient towards the certtre ofcoldest orbits (i.e., with kinematics similar to those ofvhe
Galaxy is, however, indicated by the comparison of the workern stars). This fraction is about 10% at the final time. The
by/Chiappidi (2009) and Henry etlal. (2010). Whether this aparticles selected at each time output were assigned the cor
plies to other abundance gradient tracers is, as of yet,siot esponding chemistry for that particular radius and tim@sT
tablished. Indeed, Pedicelli et'al. (2009) found that Céshe was repeated at each time-step of 37.5 Myr. For the current
located in the inner disk appear systematically more nméthl- work we extracted about 40% of the2.5x10° stellar particles
than the mean metallicity gradient. A flattening of the MVWomprising our dynamical disk at the final time in the range
abundance gradients in the outer regions of the MW is algb < 4 kpc,r < 16 kpc. We verified that decreasing or in-
suggested by the Cepheid data (see discusslon in Cesaaiti etreasing this extracted sample by a factor of two had nésigigi
). It is worth noticing that in some external galaxies effects on the results we present in this work.
linear gradient was found in the inner regions, while a flat- In the above described manner, we followed the self-
tening is observed toward large distances from the centgr (eonsistent disk evolution for 11.2 Gyr, selecting a tracap-p
BBresolin et all. 2012 and references therein). ulation with known SFH and chemistry enrichment. This by-
With our current SFH assumptions, the predicted presepgasses all the problems encountered by previous chemodynam
time iron gradient, shown by the black curve in the bottofb-leical models based on N-body simulations. It al¢stes a way
panel of Fig[2, amounts ts —0.061 or~ —0.057 dexkpc, to easily test the impact of fierent chemical (or dynamical,
depending on the radial range we used for fitting (5-12 or 6ee appendix A) prescriptions on the chemodynamical gesult
11 kpc, respectively - see Fig. B.2 for the predicted oxygen From achemical point of view, there are two main simplifi-
abundance gradient compared with that of Cepheids). As weations in our approach. Firstly, we neglected radial gasgsflo
show below, slightly flatter values are obtained £0.059 or Galactic fountains, and SN-driven winds, which may be rtesul
~ —0.058 dexkpc) after radial migration is taken into accouning in flatter abundance gradients than we currently find (see
(Sec[®). It is beyond the scope of the present work to chealgo Spitoni and Matteucci 2011). This issue will be addzdss
for the impact of other assumptions on the abundance gradipaper Il. Second, we assumed that stars do not contribute t
ents, but this will certainly be the focus of a future papetheg the chemical evolution beyond the zone where they are born,
series. If the initial gradients turn out to be flatter thaosa but either contribute only to the chemical enrichment withi
adopted here, thefects of radial migration in some observ2 kpc from their birth place, or never die. This assumption is
ables (as the age-metallicity relation) will, of coursewmaker valid for most of the stars because (i) the massive starssdie e
than those described in SEc.15.4. sentially where they were born due to their short lifetimed a
(ii) low-mass stars live longer than the age of the Galaxyéne
o ) die). We do not expect this simplification téfect our results
4. New approach for combining chemistry and by more than 10% for chemical elements made in low- and
dynamics intermediate-mass stars and even less for those coming from

Despite the recent advances in the general field of galaxy fgyassive stars, as IS the case for.oxygen. i
mation and evolution, there are currently no self-consiste Fr_om a dynamlcgl point of View, th? main S|mpl|f|c§t|ons
simulations that have the level of chemical implementation &€ (i) the resampling of the simulation SFH according to
quired for making detailed predictions for the number ofng "€ chemical evolution model and (ii) thefigirence between
ing and planned MW observational campaigns. Even in highie 9as-to-total-mass ratio expected from the chemicalaiod
resolution N-body experiments, one particle represeritg*5 and attained by the simulation. Although the disks in both

solar masses. Hence, a number of approximations are ne)cesw chemical and dynampal models grow '”S'd‘?"’“t’ theee ar
to compute the chemical enrichment self-consistentiydisi some dfsets at particular times. Thesdfdrences in the SFHs

simulation, leading to the several problems briefly disedga &€ unavoidable, since the chemical and dynamical models ar

the introduction. Here, instead, we assumed that eactcjsart[1°t tUned to reproduce the same star formation, although the
is one stdt and implemented the exact SFH and chemical efire quite similar for most of the evolution (see also appendi
richment from our chemical model (S&¢. 3) into our simulaté%})'

galactic disk (Sed.]2). This can be thought of as insertimg th ,AS aIrea(_dy mgntiqned in Sdd. 2 the di,Sk gas-to-?otal-mass
ratio at the final time is-0.12, consistent with the estimate of

° Dynamically, this is a good assumption, since the stellaadyics ~ 0.14 for the solar vicinity (Fig.12, top-right panel). Howeyer
is collisionless. at earlier times the gas fraction at the solar location, for e
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ample, can be overestimated by a factor of about 1.5-2 witito six age-groups, shown by the curves offetient colors
respect to the chemical model. Onéeet of a larger gas and line-styles. The strongesffect from radial migration is
fraction can be a decreased susceptibility to merger perttound for the oldest stars (red curve), whose distributias h
bations (e.g.,_Moster etldl. 2010). It may also give rise toamaximum ar ~ 3 kpc, or inside the bar's CR. Note that
more unstable disk, while suppressing the bar instabitity.( locally born stars of all ages can be found in the solar neigh-
Bournaud and Combes 2002). Indeed, at earlier times we ltwrhood. A relatively smooth transition of the peak fromesld
find a weaker bar that appears more like a lens, which strength younger groups of stars is observed; this is expectedesin
ens later, showing an increase in both its length and majexen for a constant migratiorffeeiency older stars would be
to-minor-axes ratio (Fig.J1). On the other hand, unreaskenabxposed longer to perturbations. While a wide range of birth
disk instabilities due to a large gas fraction in the outekdiradii is seen for all age groups, the majority of youngestssta
are not seen in our simulation. In fact, the spiral struciarewere born at, or close to, the solar neighborhood bin.
about 15% of the background density and does not vary con-
siderably, except when reinforced by mergers at earlieclepo
This amplitude is similar to expectations for the MW (e.g2-1. The metallicity distribution
IDrimmel and Spergel 20011; Siebert elial. 2012). _ _ o
While the diference between the assumed (chemic-éhe mlddle_panel (_)f Fid.3 present_s the metallicity distribu
model) and actual (dynamical model) stellar and gas dessition Of stars in our simulated solar neighborhood (greeadsd
can introduce some inconsistencies in the resulting dycgmStTiP in left panel). In addition to the total distributiosd(id
this would generally have the tendency of bringing moresstd?!2ck line), six subsets of stars grouped by birth radii ams
from the inner disk out, due to a larger bar expected at earlpy the diferent colors and line-styles. The locally born sample
times. As we show below, a larger fraction of old stars corfd"€en line) peaks slightly beyond =0, ends abruptly at

ing from the bar's CR region to the solar vicinity would onlyfF&H]~ 0.15 and has an extended tail toward lower metallic-
strengthen our results. ities. This distribution is the same as the one predictedury o

We note that the rescaling of the disk at the end of the sinfire-thin-disk chemical evolution model with the SFH shown
lation would result in deviations from the original cosmgikal N the top-left panel of Fid.]2. Our chemodynamical model, on

prescription, because satellite orbits would appear mengral the other hand, predicts that the majority of migrators come

after downscaling by the factor of 1.67 (see $&c. 2). It islhaf©m the inner region (< ro < 5and 5< ro < 7 kpc bins),

to predict how much the overall disk dynamics would be afS €xpected. A smaller, but sizable, fraction of stars oaging

fected by this, but it should be kept in mind that mergers aRytside the solar neighborhoas also observed (orange and

gas inflows become increasingly unimportant with decregsifd Curves).

redshift. While the low-metallicity end in the total distribution
Overall, we do not anticipate the simplifications of our agzomes from contribution by all initial radii, the tail at Higr

proach to significantly fiect any of our results (see appendixnetallicities extending to [Fel]~ 0.6 results exclusively from

A). On the other hand, what we gain with this technique isstars with 3< ro < 5 kpc (note that the 5 ro < 7 kpc bin

new tool to study the chemodynamics of our Galaxy, whiatontributes up to [F#&i]~ 0.25 only). This is the region just

is complementary to fully self-consistent models, and wheinside the bar's CR, which is where the strongest outward ra-

the overall complex problem of Galaxy assembly and evoldial migration occurs, as we discussed in $éc. 2 and showed

tion can be understood by pieces (i.e., same chemistryeapplin the bottom row of FiglJl. At smaller radii stars are trapped

to different simulations and filerent chemistry applied to thein the x; bar orbits (e.g.._Contopoulos and Papayannopbulos

same simulation). We anticipate that this new approach VM), making outward angular momentum transféfiailt.

also be useful to gain insights that can later be used in fulevertheless, stars originating fromxIry < 3 kpc still appear

self-consistent simulations. in the local bin, with a fraction similar to that of objectsaimg

fromrg > 11 kpc. We discuss how the metallicity distribution

relates to observations in SEc.16.1 (Figs. 10[and 11).

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 frork-2. The birth place of the Sun

the predictions of the purely chemical evolution model d@nd ( . . . .
investigate the causes for theséetiences. With the care taken in defining a proper solar radius in a simul

To first illustrate the migrationféciency in our simulation, ion with MW characteristics, combined with MW chemistty, i
in the left panel of FigJ3 we show the birth radii of stars endS €Mpting to make an estimate for the SO'_"’“ birth radiuscivh
ing up in a solar neighborhood-like location &r < 9 kpc, €Merges naturally from our chemodynamical model.
green shaded strip, ang < 3 kpc) after 11.2 Gyr of evo- Already from the left panel of Fig.]3 we can see that the
lution. The bar's CR and OLR (estimated at the final timejge distribution to which the Sun belongs (dotted-cyane&urv
are shown by the dotted-red and solid-blue vertical lind® Tsuggests a most likely solar birth locationrat: 6 kpc and
solid black line plots the total population, which peaksselo similar probability of it being born in situ or at~ 5 kpc. By
to ro = 6 kpc due to radial migration. An overdensity is seeimcluding the chemical information we can further improlist
just inward of the bar’s CR. The entire sample is also dividexstimate.



I. Minchev et al.: Chemodynamical evolution of the Milky Waligk | 9
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Fig. 3. Left: Birth radii of stars ending up in the “solar” radius (greelad&d strip) at the final simulation time. The solid black
curve plots the totato-distribution, while the color-coded curves show the disttions of stars in six dierent age groups, as
indicated. The dotted-red and solid-blue vertical lineidate the positions of the bar's CR and OLR at the final sitiadime.

A large fraction of old stars comes from the inner disk, ididhg from inside the CRMiddle: [Fe/H] distributions for stars
ending up in the green-shaded strip (left) binned by birthiia six groups, as indicated. The total distribution igaim by the
solid black curve. The importance of the bar's CR is seenénldinge fraction of stars with & ro < 5 kpc (blue line) Right:
Density contours of they-[Fe/H] plane for local stars. The cyan curve shows our model sad@r metallicity gradient. Taking
an error of+1 dex in [F¢H], we find a possible Sun birth radius 084 ry < 7.6 kpc (where the horizontal green, transparent
strip meets the cyan line). The imbedded histogram showdehsity of stars in the likelyo-range, indicating a decline in the
probability forrg < 5.5 kpc.

The right panel of FiglJ3 displays density contours of thieom the left panel is overlaid on top of the contours, givarg
ro-[Fe/H] plane for all local stars. The cyan curve shows ounsight into the origin of stars found in this localized reqgi
input solar-age (4.6 Gyr look-back time) metallicity graii. The excess of stars obove the local curve (cyan) is due to mi-
Assuming an error of1 dex in [FéH], we find a possible Sun grators coming from the inner disk, as seen in Eig. 3. Sittyilar
birth radius in the range.4 < ro < 7.7 kpc (where the hori- contours below the local curve result from stars origirgatin
zontal green transparent strip meets the cyan curve). the outer digtd

The imbedded o-histogram in the right panel of Fig] 3  The pink dashed curve plots the mean metallicity, which
shows the density of stars in the likety-range, estimated is found to follow closely the in-situ born population (cyan
from stars in a narrow age-bin around the solar val@irve). Some flattening is observed, mostly for ag8sGyr,
(46 + 0.1 Gyr consistent with, e.gl, Bonanno etal. 200dut the final distribution is by no means flat. The reason for
i dQ._I:Lo_u_d_e_k_a.n_d_G_Hugh_l2011) s minor éfect on the local metallicity gradient, despite the
find the hlghest probability to be around 5.6 kpc, followed bstrong migration, is the fact that at the Sun’s intermedikiige
7 kpc. Note that this estimate is dependent on the migrafion tance from the Galactic center the change in metallicityiragi
ficiency in our simulation and the adopted chemical evotutidrom stars migrating from the inner regions is mostly compen
model Our result agrees well with the estimate 6:60.9 kpc  sated for by stars arriving from the outer disk.
bylWielen et al.[(1996). The bump seen in the contours and the mean (pink line)

at ages~ 10 Gyr and [F¢gH] ~ —0.2 results from the strong
i merger-related migration at that time (see §ed. 6.5). ityémg
5.3. The age-[Fe/H] and [Fe/H]-[O/Fe] relations such a structure in the observed AMR would be indicative of a

We showed in Figgl1 (bottom) afill 3 (left) that radial mixingtrond change in the migratiofieiency with time.
is significant in the simulation we use here. Itis therefagy 1€ right top panel of Fid.14 shows the metallicity dis-

interesting to find out how much the age-metallicity (AMR}ributions for diferent age bins. This is consistent with re-

and [F¢H]g [O/Fe] relations areféected. J y ¢ ?:ent observational results (elg.. Haywood 2012 and refeten
To understand our results better, we show in the first rothereln) in showing that the scatter in metallicity increao-

left panel of Fig[# the metallicity time variation of our inp ward older ages. We find the following dispersions iry ifdor

chemical model for derent initial radii, as indicated in the 10 The geficiency of stars seen at ages Gyr ([FeH]~ —0.8) in the
lower panel. The middle top panel shows stellar density coBwest-density contours is an artifact due to the slighalyér SFR in
tours of the resulting relation after fusing with dynamiesthe our simulation ar > 10 kpc; note that this onlyfEects a negligibly
“solar” cylinder (7< r < 9 kpc,|Z < 3 kpc). Every other curve small number of the oldest stars at this large radius.
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Fig. 4. Top: The left panel plots age versus [Fé for different radii, resulting from our input chemical model. Theldie panel

shows stellar density contours of the resulting relatidargfising with dynamics, for the “solar” radius & r < 9 kpc). The

overlaid curves indicate the input chemistry for some ofrtigii shown in the left panel. The pink dashed curve plotsilean,

seen to closely follow the inpup = 8 kpc line (cyan). The right panel plots the metallicity distitions for diterent age bins.
Bottom: Same as above, but for the [F§-[O/Fe] relation.

age groups from young to old: 0.11, 0.14, 0.16, 0.17, 0.18, an By correcting for the spectroscopic sampling of stellar-sub
0.7. In all but the oldest bin the distributions appear Giauss populations in the SEGUE survey, Bovy et al. (2012a) showed
The shape of the red histogram (oldest stars) can be approssently that the bimodality seen in the/f@]-[FeH] distri-
mated better by a log-normal distribution because of i@ngjr bution for the uncorrected sample disappears. As the middle
negative skewness. The metallicity peak of this oldest f@mpubottom panel in Fid.J4 shows, our results agree in that our sim
tion is around-0.5, with a range of values that agree well withulated, unbiased [Be]-[FgH] stellar density distribution is
the results by Soubiran etlal. (2003) for their thick-diskese smooth. In Se€_6]2 we show that biases introduced by the pref
tion of clump giants. As gathered from Fid. 3, more than 50%ential selection of thin- and thick-disk stars, as comiyion
of these old stars were bornrak 5 kpc. The causes for theiremployed in observations, can result in a gap in thg=gp
outward migration are discussed in Jec] 6.5. [Fe/H] plane.

The bottom row of Fig. 4 is the same as the top one, but for
the [FgH]-[O/Fe] relation. The relationship between/f@] 5.4. Migration effects on the chemical gradients
and age, displayed in the rightmost panel, shows the goad cor
relation between the two, assuring thatlements can be aln Fig.[3 we show how the initial chemical gradients are af-
good age-indicator. However, this figure also shows that tfexted by the disk dynamics. We divided the galactic disk int
correlation is best seen for older ages. Fors®)&yr, the dif- six age-bins and plotted the [fF§ and [O/Fe] gradients by
ferent distributions overlap significantly (see also Eigh6ét- lines of diferent colors, as indicated in the bottom panel. Solid
tom). This should be kept in mind when drawing conclusiorsd dotted line-styles represent the initial (chemical] &én
from large spectroscopic surveys, where often t)&¢] ratio nal (chemodynamical) states, respectively. The bar's GiR an
is used as a proxy for age. OLR (estimated at the end of the simulation) are given by the
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dotted-red and solid-blue vertical lines, respectivelystfong 1.00° ‘

flattening in [F¢H] is seen for the older populations, but the
younger stars are much lesfexted. For stars younger than ,
2 Gyr the final gradient is very similar to the initial one oat t 0.9]
~ 12 kpc. This is related to the fact that the majority of stars i
this age-bin are born near their final radii, as we found ot wa—, i
the case for the “solar” radius (see dotted black line inBig. T 0.0 |
left). Note that the bar's CR acts as a pivot point around thicg
the initial metallicity profiles turns counterclockwisaising -, I
values in the disk and lowering them in the bylggr region. -0.5
This is easy to understand by recalling that the bar CR radius i
is where the strongest exchange of angular momentum occurs I
(see Fig[L, bottom row) and is one example of the importance — 1 _Q
of considering the fect of the bar in modeling the Galactic I
disk.

initial

To give a quantitative idea for the change in the metallic- i
ity gradient of young stars, we fitted lines to the solid (ai)t 0.2
and dotted (final) black lines in Figl 5, top panel. We estadat I
that the original gradient of —0.061 or~ —0.057 dexkpc, |
depending on the radial range we used for fitting (5-12 or &y 0.0
11 kpc, respectively) changeso-0.059 or~ —0.058 dexkpc % T
at the end of the simulation. This smatfect on the gradient ©

O<Age<2

of the youngest stellar population is reassuring, sincewlsis “— | 2<Age<4
used as a constraint for our input chemical evolution model. -0.2 I 4<Age<6
6<Age<8
Incidentally, the CR (which is consistent with what is ex- 8<Age<10 1
pected for the MW) is almost exactly at the radius where the -0.4 == : 10<Age ]
input metallicity gradient begins to steepen ([Eig. 5, tojghile — e
the chemical model we used was not motivated by ffeceof 5 10 15
the bar and is, in fact, a somewhat extreme case regarding the
strong increase in [FE] atr < 5 kpc, this choice may well be r [kPC]

the correct one, considering the stronger chemical engctim

expected inside bars (e.., Ellison & 011). Fig.5. Effect on the initial [FgH] (top) and [QFe] (bottom)

gradients for dierent stellar age groups. The solid and dotted
color curves show the initial and final states, respectiébte
that while strong flattening is observed for the older popula
tions, the metallicity gradient for the youngest stagg < 2)

Much weaker flattening is seen for the/f&] profiles, re-
lated to the progressively weaker radial variation of okshan-
Ellg;(va;\g:ugrnt?st:gv\:esvee;eadrogﬁgIfhn(:sc(;)mpared _t¢|—|]?ea hs hardly dfected atr < 12 kpc, thus justifying the use of our

pivot point. In bot : . : :
. ) . . . chemical model, which uses this as a constraint.
panels of Figl b 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 oacegty Age-Velocity relation
bar is formed.
An important constraint in MW disk modeling is the observed

The prediction that the [Be] radial profiles are essentiallyvelocity dispersion in the solar neighborhood. Due to tlok la
preserved is an important result and can provide a power@iilgood age estimates, the shape of the age-velocity relatio
constraint on dferent input chemical evolution models. Th¢dAVR) has been a matter of debate. While a power-law of
shapes of the [Fe]-profiles for diferent age bins are a directhe formo = t°2-95 has been proposed (e.977;
consequence of our adopted variation of the infall-law wéith i . Bi 00), some works
dius (and hence the SFHs at th&elient positions). In the nearhave predicted an increase for stars younger than 2 Gyr, fol-
future, these will become possible to measure by combinilayved by a saturation up te10 Gyr, followed by a strong in-
the good distances and ages expected from the CoRoT naigase associated with the thick disk, possibly relatetrtmg
sion (Baglin et al.|_2006), with abundance ratios obtaingd nerger activity (or a single major merger) at high redskift(,
spectroscopic follow-up surveys (see Chiappini 2012; e [Ereeman 1991 Edvardsson etal. 1993; Qui

). For the young populations, this should be already p).
sible to obtaine from the observations of open clusters, e.g In Fig.[d we present the radial (top) and vertical (bottom)
with the ongoing Gaia-ESQ (Gilmore et al., 2012) or APOGE#locity dispersionsy, ando-, as functions of age for stars in

j i .1.2010) surveys. the simulated solar cylinder (¢ r < 9 kpc,|Z < 3 kpc). The

rnett
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Fig. 6. Age-velocity relations resulting from our model in the I Binned by [O/Fe] ]
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cylinder 7< r < 9 kpc,|Z < 3 kpc. The pink solid lines show -0.2 0.0 0.2 0.4
the AVRs estimated from all stars, while color-coded square [O/Fe]

symbols indicate the contribution from samples born fedi

ent distances from the galactic center. The brown line igpe Fig.7. Relation between age and f&2] ratios for our simu-

panel shows the stellar rotational velochy, lated disk.Top: Mean [QFe] as a function of age for the total
sample (pink curve) and for samples born dfatent galactic
radii, as color codedottom: Mean age as a function of [Be]

solid pink curves plot the total sample, while the color-edd ratios.
square symbols show stellar samples born in diedént radial

bins, as indicated in the bottom panel. the locally born sample (green filled squares) mostly foflow
Examining the total population, we note that for ages oldg{e total population (pink curve) and is even hotter for thtk o
than~ 3 Gyr, oy flattens significantly, rises only by5 knys  est ages. This is clear evidence that in our simulation rtimra
in the time interval 3-8 Gyr, after which the slope increaseges not contribute to the heating in the “solar” vicinitylaim
again, finally reaching 65 knys for the oldest stars. A similar fact, suppresses it for the oldest stars (which compristhible
behavior is seen for, although the knee at 2-3 Gyr is lesgjjsc).
pronounced. A sharp increase, even more drastic than the onerq, ages< 3 — 4 Gyr there exists a general trend in both
seen foro, is observed forr, beyond~ 8 Gyr, reaching~ ;- andc,, that stars born at progressively larger radial bins are
55 knys for the oldest stars. These trends are consistent V‘@\yhamically cooler — subsamples born outgitside our solar
the second scenario mentioned above, favoring a violegirori pin have slightly lowethigher velocity dispersions. Note that
for the hottest stellar population in the solar neighbothoo  the contribution from hotter outward migrators is suppeelss
by cooler inward ones, with the result that the total popoies
5.5.1. Contribution from stars born at different galactic ~ Velocity dispersions remain the same as the locally born sam
radii ple. This is consistent with the recent flndlng*t
(2011b) and_Minchev et all_(2012b), who demonstrated that
We now compare the contribution to the AVRs from stanmigrators are generally not expected to heat the disk becaus
born at diferent galactic radii, as indicated by the color-codeaf the approximate conservation of the average radial and ve
square symbols in the left column of Fid. 6. We first note théital actions in the absence of external perturbers. Itrisard-
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able that we do not see any significant contribution hereegith ~ The first row of Fig[8 displays the vertical mass density as
although the disk we study is exposed to satellite pertiobata function of height (absolute valug}) above the disk plane.
until the final time, which probably breaks the action invariThe total density is indicated by the filled black circles acke
ance. We note that no massive mergers have occurred in o panel. Two exponentials are fit to it in the left panel,vgho
simulation for the last- 8 — 9 Gyr, which could explain this by the dashed black lines, with the solid black line plotting
behavior. sum. We obtain very similar values to the expected MW thin

The picture changes for ages3— 4 Gyr. A reversal is seen @nd thick disk scale-heights; = 330 pc andh, = 1200 pc,
in the general trend, where now samples born at progregsii&iSPectively. _ N
smaller radii are dynamically cooler, not hotter. For extamp 10 assess the stellar age and chemical composition that
stars born in the range & ro < 3 kpc (black squares) haveCOmMprise the thin and thick d|s_ks, we split the total mass int
between~ 5 and~ 15 knys radial velocity dispersion lower Six different groups by age (triangles, left),/f@] (squares,
than the total (and local) population. In contrast, stassitie  Middle), and [FEH] (squares, right). The corresponding bin
the solar vicinity and outward exhibit trends similar to el values are shown to the right of FIg. 8. We find that single ex-
population in the range 4 age< 9 Gyr; the velocity disper- ponentials can fit each subs_ample reasonably well by ompittin
sions for these stars are much higher for ag&sGyr. The dif- th(ﬂT ZQO pc clos_est to the disk plane. The colpr-coded val_ues,
ference among the velocity dispersion trends for samples bé- indicate the fits, overplotted by the dotted lines. Thera is
at different radii are more obvious for,, but theo-, behavior general trend of increase in the scale-heights with inangas
is similar. age, increasing [Be], and decreasing [A¢], 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 irescal

5.6. Relation between age and [O/Fe] ratios height (by a factor of 2) for the oldest two and the highest
_ . _ [O/FeJmost metal-poor three subsamples.
We now briefly examine the relation between age andr¢p It is easy to see that this thick-disc-like component is

ratios for stars ending up in our simulated solar vicinitythie  mostly composed of stars with ages8 Gyr, [O/Fe] > 0.15,
top panel of Fig.I7 we plot the mean fleg] as a function of age and [F¢H] < —0.5. This is the age beyond which the AVRs
for six birth-radius bins at the final simulations time. Thelkp show a strong increase, which we discussed in Get. 5.5 (see
curve shows the total sample, which for aged Gyr is seen Fig.[§) and related to the merger-dominated early epoch of ou
to follow the subsample originating at& ro < 7 kpc (cyan), simulation, as well as high stellar birth velocity disperss. It
rather than the locally born population (green). This agveell  also became clear in Sdc._5]5.1 that the disk does not thicken
with Fig.[3, left panel, which showed that the-distribution because of radial migration, but instead migration was dton
peaks at around 6 kpc. For age$ Gyr, approximately linear suppress disk heating. It is clear, therefore, that thétHisc-
relations are found for stars born in a given radial bin. Have |ike part of the vertical density in our simulated solar wity
due to contamination from radial migration, for the totahgde results from merger activity.
the scatter in [(Fe] increases strongly with decreasing age, in In the second row of Fig.]8 we show the vertical veloc-
agreement with the bottom-right panel of Hig. 4. ity dispersion as a function of height above the disk plane,
The bottom panel of Figl 7 shows the mean age as a fuae{2), for stars in the “solar” vicinity (7< r < 9 kpc)
tion of [O/Fe] ratios. We see that stars with/f@]< —0.1 have binned in the same groups as in the first row. Similar increpsi
a mixture of ages: 4 Gyr. While the total sample (pink curve)trends are seen for young stars, low4f®] and metal-rich bins.
follows the stars born at mean radii~ 6 — 8 kpc (green and Interestingly, as populations get older, relations flattesund
cyan bins) from high to low [@Fe] ratios, at [@Fe] < —0.05 50— 60 knys for the oldeghigh-[O/FeJmetal-poor samples.
dex it shows an abrupt shift toward the<3 < 5 kpc bin. This Both these trends and values are similar to the recent obser-
introduces a strong nonlinearity in the age#f@) relation for Vvational results by Bovy et all (2012c). We note that in our
the youngest ages. work subpopulations are in narrow bins of/f2] or [Fe/H],
In summary, the approximately linear relation between a Lt not both at the same time, as done by Bovy et al. (2012¢).

and [QFe]for stars born at the same radiisdestroyed when eve_lr_tr?eleslsc,l It_he _S'm"arr']ty W'tr: t?\elr F'%‘ 2, b_ott_om, Lwﬁ
radial migration is taken into account. When grouped by cofji!S: 1he Soldin€ in each panel s .OWSt € yarlanoafrzo_iwt

mon birth radii, each sample is a quite good age-indicator'ﬁl\for the total density. The approximately linear relatiori-fla
the covered [(ZF,e] region, e.g., in the range.1 <[O/Fel< 0.4 tens atz > 2 kpc, where the thick disk starts to dominate the
for the locally born stars. However, due to the inevitabliah stella.r mass. . . . .
mixing, the overlap of these subpopulations combined vriéh t Itis also interesting to consider the variation of [Hewith

offset in the [@Fe]-range covered contaminates this relation.he'_ght above_the disk plang,as well as_wnh mean vertical ve-
locity, v,. In Fig.[9 we show these relations for the same bins of

age (left) and [@Fe] (right) used for Fid.]8. We considered stars
5.7. Vertical structure of the local disc above and below the plane and took the mean absolute values

|7 and|v,|. The solid black lines in each panel display the total
In this section we study the density and vertical velocity asimber of stars in the annulus<’r < 9 kpc. A negative trend
functions of height above the disk plane in the annulus 7 is seen for bothz and|v,| as expected from observations (e.g.,

r < 9 kpc. KKatz 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 (absolutee)edibove the disk plang(|z)), for stars in the “solar”
vicinity binned in six diferent groups by age (left), [Be] (middle), and [F&H] (right). The corresponding bin values are shown
to the right of the figure. The color-coded valuksindicate single exponential fits shown by the dotted liff@g exponentials
(dashed black lines) are fit to the total density in the leftgdavith filled circles indicating simulated data and solitel the fit.

An abrupt increase in scale-height for the oldeighest [JFeJmost metal-poor two samples can be seen, indicating the end
of the merger-dominated early epo&econd row:Same as above, but for the vertical velocity dispersiofiz). Very similar
increasing trends are seen for young stars, higk¢{) and metal-rich bins. As populations age, relationteftafThe black solid

line is the total sample.

As in the|z-0- relation, we find a flattening & > 2 kpc for to the similar behavior seen in tha — o, plots above and
|2-[Fe/H], as well as in thév,|-[Fe/H] relation atv,| > 90 knys. provides additional predictions for Galactic surveys.

When divided into age or [Be] subsamples, the variation
of [Fe/H] is mostly lost for each individual group. This is true5. Relation to recent observational results

for both|z and|v,/. Itis then clear that the downtrend in thetota\INe have already shown that a number of the basic observed

sample comes from the fact that younger¢eroung) stars are, : . . :

P aryoung (oroung) chﬁamlstry and kinematics of solar neighborhood stars can be
on the average, both metal-rich and more numerous at small’, . . .

Xplained by our model. In this section we compare our model

distances from the plarje. With increasing height the dxenstlatredictions directly with recent observational data. Taabée
of older (high [QFe]-ratios) and thus more metal-poor popu-

. ; . o . 0 compare our results with fiierent MW surveys we need
lations continuously increases, resulting in the overadjative ' :
gradient withiz. to spatially constrain our model sample. For example, the

GCS and high-resolution stellar samples are confined tdrwith
Similarly, younger stars are confined close to the disk antho pc from the Sun, while the SEGUE and RAVE samples

'[hUS, have relatively low vertical velocities. With incwm exp|ore much |arger regionS, but miss the local stars.
age (and thus velocity dispersion) the amplitude of velrtisa

cillations increases, while the stellar density decreasbis, ) )
again, results in the negative trend of Agwith |v. The 6-1. Changes in the MDF for samples at different

flattening atjv] > 90 knys (and|Z > 2 kpc) arises because  distances from the disk plane
the number of stars with such high velocities (and maximum Fig @ we presented the metallicity distribution funatio
|2-values achieved) is almost exclusively dominated by thgipF) in the solar vicinity as it results from our unbiased

oldesf[O/Fe]-rich stars. model. To see the biases introduced to the MDF when distance
The approximately flat megg—[Fe/H] and|v,|-[Fe/H] re- cuts are applied, we explore three possibilities below amd-c
lations for stars of narrow age- or [Ee]-bins is an extension pare with observations.
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Fig.10. Changes in the metallicity distribution function
(MDF) for samples at dierent distances from the disk plane.

Fig.[I0 shows our predicted MDF at the solar vicinity foFirst column: Distribution of birth radii for stars ending up in
different distances from the disk plane. From top to bottoifie bin 7< r < 9 kpc (green rectangle) at the final time. The
we applied the selection criteriad7< r < 8.1,z < 0.1 kpc bar CR and OLR (estimated at the final time) are indicated by
(similar to what is seen by GCS);6r < 10,05 < |7 < 3 kpc the dotted red and solid blue vertical lines. From top to bot-
(close to SEGUE coverage); ancké < 10, 15 < |7 < 3kpc. tom, we have applied the selection criteida< 0.5, |7 > 0.5,

The left column of FiglTI0 shows the distribution of birttndI2 > 1.5 kpc.Second column:MDF for the same particle
radii (as the left panel of Fig] 3) for stars ending up in the COs:ubsets as on the I_eft. The_ black line shows the total_ pqpula-
responding radial bin (green-shaded vertical strip) affithe 0N for each selection, while the req and blue_ c_olors in@ica
time. The majority of stars are younger than 8 Gyr and onl{/Fe}> 0.3 and [QFe]< 0.3, respectively. A shift in the peak
a small fraction comes from inside the bar's CR (red dottdtP™ [F&H]=0 to negative values is seen with increasing dis-
vertical). As the distance above the plane increases, witirs tance from the disk plane.
ages> 8 Gyr start to dominate the samples, most of them born
inside the bar’s CR.

In the right column of FiglI0 we show the MDF for thethe distributions obtained by Lee ef al. (2011), as disalibye
same particle subsets as on the left. The black lines shBavy et al. (2012a).
the total population for each selection, while the red angtbl  In Fig.[11 we finally compare our model MDF with re-
colors indicate [@Fe] > 0.3 and [QFe] < 0.3, respectively. cent observations. We consider the high-resolution saimple
It can be seen that the MDF peak shifts from solar at loadibekyan et al.[(2012) (histogram extracted from Fig. 16 by
heights from the plane (consistent with the GCS sample, elRix & Bovy 2013), the mass-corrected SEGUE G-dwarf sam-
\Casagrande etgl. 2011), to a value below solar, becausepheeby|Bovy et al.|(2012a) (MDF extracted from their Fig. 1,
selected only particles with heights above 500 pc (consisteight panel). The third data set we considered comes from the
with RAVE — [Boeche etal. 2013 and SEGUt alatest data release (DR) 9, SEGUE G-dwarf sample, which
2012a;| Schlesinger etlal. 2012). Note that even at large dis-also mass-corrected in the same way as the sample of
tance from the plane, the MDF is dominated mostly by staBovy et al. (2012a). The main fiierences to the data used by
with [O/Fe] < 0.3, whereas the higher [Be] values are al- Bovy et al. (2012a) are afiiérent distance estimation (spectro-
ways contributing to its metal-poor tail. This suggestsaslin scopic instead of photometric), a selection of G-dwarfedas
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Fig. 11. Comparison of our model metallicity distribution functi@DF) with recent observations. The red histograms shows

data from Adibekyan et all (20112) (left), Bovy ef al. (2012a)ddle), and Brauer et al. (2013) (right). In each paneltitaek

and blue curves plot the model data with no error in/feand convolved error of[Fe/H]=0.2 dex, respectively. We have

selected a very local sample to compare with the high-réisolmearby sample by Adibekyan et al. (2012) (as indicated)a
range inzandr to approximately match the SEGUE data studied by the othemtarks. A shift in the peak from [FE]~0 to

[Fe/H]~ —0.3 dex for both observed and simulated data is seen when esimgch higher sample depth.

on DRY, instead of on DR7 photometry, and a signal-to-noi€rir results did not change to any significant degree when this
ratioS/N > 20 instead of5/N > 15. More details can be foundsample depth was decreased or increased by a factor of two.
in Brauer et al. (2013, in preparation). The exact same cuts i

r andz as in the simulation were applied to the latter sample The resulting thin- and thick-disk distributiqns Of, Stans |
only, since the other two data sets were not available to us. the [FgH]-[O/Fe] plane are presented, respectively, in the top

. . . d bottom-left Is of Fig 12, T h t i
The red histogram in each panel of Higl 11 showked&nt and bottom-left panels of Fig.1.2. To assess where stars orig

observational data as indicated; the additional curvesth® inate, we overlaid the input chemistry curves for stars tzrn
. . ! ro < 2 kpc (black), atro = 8 kpc (or in situ, cyan), and at
model data with no error in [E] (black) and convolved errors 0 pe ( ) 8o pe ( yan)

- . .~ “ro = 14 kpc (red). The thick-disk selection appears to origi-
of 5[Fe/H]=+0.2 dex (blue), drawn from a uniform dIStrIbu'nate almost exclusively inside the solar circle (sampleois-c

tion. We selected a very local sample to comEare our sinaila ed between the cyan and black curves). On the other hand,

(d?ﬁiv;ltggr;re\ E:Qggs?;u?oannge;rrz{] d:;iamndr {0 ADDIOXI- e thin-disk sample follows the local curve for [F& > 0.1
9.4, top 9 PP nd covers the region between the inner and outer disk (black

mately match the SEGUE data studied by the other two wor, N
(as in Fig[ID, middle). A remarkable match is found betwe d red curves) for0.4 < [Fe/H] < 0.1. Thin-disk stars

our model predictions and the data. The expected broadendggg T_?H\]lf _! 0'4’| r(;er]rrSe)d ;?)paesarﬂlg (Tr(iagt?::aft)gor:w;zltrllyilriin
in the model distributions is seen, with the inclusion obein bé .,nd the solar radius in z,igreement with the conclusigns b

[Fe/H]. Haywood et al.[(2013).

. L The top-middle panel of Fig._12 displays the overlaid thin-
6.2. Is the ,b’mOda”ty in the [Fe/H]-[O/Fe] plane due to 4 thick-disk selections, which were shown separatelpén t
selection effects? left column. A relatively clear bimodality is found at [Be] ~

Starting with the assumption of two distinct entities — thgj dex, similarly to what is seen in observational studie Th

: . : _ ick-disk selection follows the upper boundary of the rilst-
thin and thick disks —, many surveys have selected stars 10n throughout most of the [[Ad] extent because it originates

mcordm to f@ertalg)klg(e):n ;:;::Ite“g (e.hBtensbltvoééﬂ)Dﬁﬁn@(?Sﬂy in the (today’s) inner disk. In the bottom-middle pan

. . . : Ived errors within our model data &fFe/H]=+0.1
a (now widely used) method for preferentially selectingithi we convo - ) . T
and thick-disk stars with a probability function purely bdon ands[O/Fe}=+0.05 dex, drawing from a uniform distribution.

kinematics. In the top-right panel of Fig.12 we plot the high-resolution

We employed the same technique_as Benshylelt al. (2003}a froml Ramirez et l. (2013) (same as their Fig. 11, . Th
and extract a thin- and thick-disk selections from our @lligi gap separating the thin- and thick-disk selections occues a
unbiased sample (Figl 4, bottom-middle panel). To obtainvary similar location to what is found for the model on the,lef
similar number of thin- and thick-disk stars, as done in moas indicated by the black dashed horizontal line. In theonott
surveys, we randomly down-sampled the thin-disk selectiaight panel we overlaid the observed and simulated data sam-
To match the spacial distribution of high-resolution saespl ples, which match very well. An overalfiset within the error
which are usually confined to small distances from the Sui®,05- 0.1 dex) toward negative [Be]-values is found for the
we imposed the constraints87< r < 8.2 kpc,|z < 0.2 kpc. model.
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Fig.12. Selection &ects can result in a bimodality in the [fF§-[O/Fe] plane.Left column: We have applied the selection
criteria used by Bensby etlal. (2003) to extract thin- andktdisk samples from our model, indicated by orange triesigind
blue squares, respectiveMiddle column: Overlaid thin- and thick-disk model samples, which are sheeparately in the left
column. The bottom panel shows the same model data but witrobeed errors 06[Fe/H]=+0.1 ands[O/Fel=+0.05 dex.Right
column: Top panel plots the high-resolution data from Ramirez e28113) (their Fig. 11, b). In the bottom panel we overlaid
the observed and simulated data samples, which match rabigrkell. The black-dashed horizontal line shows the liocabf
the gap, which coincides for the model and data.

While it is unclear whether the separation between the thin This figure can be directly compared with Fig. 4 of
and thick disk in chemistry is real or due to selectidfeets, Bovy etal. (2012b), bottom-left panel. The general trends
the fact that the unbiased volume-completed (althoughieery found in the SEGUE G-dwarf data are readily reproduced by
cal) sample 0-11) does show a gap argues tatmodel: (i) for a given metallicity bin, scale-heightsdease
it may indeed be the legacy of two discrete stellar poputatio when moving from low- to high-[@Fe] populations and (ii)
We note that after the convolution with errors, the gap betwefor a given [QFe] bin, scale-heights increase with increasing
the thin- and thick-disk model selections shown in Eig. 12 benetallicity. Our model predicts scale-heights of up-tt.9 kpc
comes blurred. This may indicate the need of invoking a difer the oldest most metal-poor samples; this should be com-
crete thick-disk component, as in the worklby Chiappini et glared with the maximum of 1 kpc resulting from the mass-

), which will be investigated in a future work of this secorrected SEGUE G-dwarf data of Bovy et al. It is somewhat
ries. surprising that for similar local mass-densities and cattve-
locity dispersions, the MW disk (as inferred from SEGUE Jlata
appears to be more contracted than our model disk.

6.3. Disk scale-heights of mono-abundance

subpopulations
6.4. Mean metallicity as a function of distance from
In Fig. [@ we showed that although the total vertical mass- the disc plane

density profile in our simulated solar vicinity requires g

of two exponentials for proper fitting, when grouped in naMe showed in the bottom row of Figl 9 that our model recov-

row bins by [QFe] or in bins by [FgH], stellar densities could ers the expected negative metallicity gradient as a funaifo

be fit well by single exponentials. However, using SEGUE @ertical distance from the disk plane, with the predictibatt

dwarf data, Bovy et all (2012b) showed that the vertical dignsnarrow bins in [QFe] or age display approximately flat trends.

of stars grouped in narrow bins constrained in botfFg) and We now like compare our model with the recent works

[Fe/H] (mono-abundance subpopulations) can also be well dg/Schlesinger et al. (2012) and Rix & Bovy (2013), who have

proximated by single exponential disk models. used SEGUE G-dwarf data. We extracted the data points
To see whether we can reproduce these results, i Fig.fi@m Fig. 15 by Rix & Bovy (2018), where a comparison was

we present the vertical scale-heights offfefient mono- made between the vertical metallicity gradient estimatgd b

abundance subpopulations, resulting from our model, asa fuSchlesinger et all (2012) and that implied in the Bovy et al.

tion of their position in the [F&]-[O/Fe] plane. We convolved model (Bovy et al. b).

errors in our model data of 0.1 and 0.05 dex for/Hjeand Flg.IZIZr presents these data along with our model prediction,

[O/Fe], respectively. A range in galactic radius of6r < as indicated by dierent colors. We find about@b — 1 dex

10 kpc, similar to the SEGUE data, was used. Very godigher metallicity than the Bovy et al. model systematical

fits were obtained by using single exponentials, excludirgg ta function of|z, which results in a better match to the data

200 pc closest to the disk plane. at|Z < 1 kpc. We note that both models (Bovy’'s and ours)




18 I. Minchev et al.: Chemodynamical evolution of the Milkyaydisk |

and the data were normalized using the solar abundancesvalue 021050079 1.08 1.5/ 1.66 1.9

by|Asplund et al.|(2005). It should be kept in mind that while . e

the errors in [FEH] are plotted for each data point, distance ’g"of'eJh -
uncertainties are not shown, but is expected that they dhoul 0.4 - l cale-heights |

increase with distance from the disk plane.

A very good agreement between the two models was found
for the metallicity variation withz, including the flattening at
|7 > 1.5 kpc. In Sed_5l7 this was associated with the predomi-
nance of ol¢high-[O/Fe] stars at large distances from the plane
(see FiglP). 0.0

0.2

[0/Fe]

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

6.5. Origin of stars with low-metallicity and high-[O/Fe] 0210, ‘
ratios -1.5 —=1.0 -0.5 0.0 05

Analyzing the SEGUE G-dwarf data, Liu & van de Ven (2012) [Fe/H]
argued that (internally driven) radial migration cannotrbe
sponsible for the origin of the hot metal-poor highA@] stars
and proposed that they have formed through early-on gas-
mergers.

Fig.13. Model vertical scale-heights for fiérent mono-
abundance subpopulations as a function of position in the
rH%(nJH]-[O/Fe] plane. Very good fits are obtained by using sin-
L _gle exponentials, excluding the 200 pc closest to the diskenl

We now.search_ for the origin of the metal—poor_ higha radial range of 6< r < 10 kpc similar to the SEGUE data
[O/Fe] stars in our simulation. To approximate the spatial CO sed. This figure can be directly compared with Fig. 4 by

erage of the SEGUE G-dwarf sample, we considered star b). Our model oredicts scale-heiahts ofwp {
the annulus 6< r < 10 kpc and distance from the plan?'&w'aj' (20120). P g p

e . ~ 1.9 kpc for the oldest, most metal-poor samples; this should
05 < |4 < 3kpc. As inLiu & van de Ve van de Ve n(2012) (their groupy compared to a maximum ef1 kpc inferred from the Bovy
I1), we considered stars withr1.2 < [Fe/H] < -0.6 and et al. mass-corrected SEGUE G-dwarf data.
0.25 < [O/Fe] < 0.47. Finally, we applied a cut in eccen-
tricities ate = 0.2, thus separating our sample into a &id 0.0
and hot subgroup with corresponding radial velocity disper
sionso; ~ 28 and 76 kn/s. The ratio of cold to hot orbits is
~0.33. —0.2¢
In the top row of Fig[ZIb we plot stellar density contours in — N
the [FgH]-[O/Fe] plane for the hot (left) and cold (right) orbits. { i }\
(5]
Lo

' Schlesinger et al. (2012)
Rix and Bovy (2013)
This work -

As in Fig.[4, we overlay the input chemistry forfidirent initial
radii, where the thick cyan curve correspondste= 8 kpc
and the rest are separated by two kpc (black fer 2 kpc, as —06t
in Fig.[4). We can already see that the majority of these stars ~
originates in the inner disk and only a small number comes 6<r<10 kpc -
from the outer disk. S T E S S
The black histograms in the second row show that the initial 0.0 05 1.0 15 20 25
radii approximately span the range<lro < 10 kpc for both ]
samples, but the distribution for the cold orbits is muchi®a iy 14 Mean metallicity as a function of distance from the
near the solar vicinity. They-distribution of these old stars IS gisk plane,Z, in the range 6< r < 10 kpc. Red filled cir-
an example of extremelyfiecient migration, usually not seen|as and error bars show SEGUE data fm etal.
as the &ect of internal perturbations. Indeed, as we discuss ), while the blue-dashed line represents the Bovy.et al
in Sec[2, the first couple of Gyr of the disk evolution in oufy el The solid black curve is our model. A very good agree-
simulation are marked by strong merger activity (see bottomg,q s petween the two models in found for the metallicity aari
leftmost panel of Fid.11). _ tion with |2}, including the flattening a# > 1.5 kpc. In Sed. 57
To see when our hot and cold stellar groups arrive at thes \vas associated with the predominance offotgh-[O/Fe]

solar neighborhood, in the middle row of Fig] 15 we plot alsg, s at large distances from the plane (seelFig. 9).
the distribution of initial radii obtained 3 Gyr after thedie-

ning of disk formation (red histograms), or about one Gyeaft
the last massive merger concludes. At this early stage we al- | dth Id selection. Note that not all stars faund
ready see distributions similar to those we find at the fimaéti sampies and the cold selection. ole that not all Stars foun

e.g., there are three peaks«a8.5, 5.5, and 7 kpc for both hot the solar vicinity at = 3 _Gyr woul_d remain there for the next
~ 8 Gyr due to the continuous migration, although the hot or-

11 Here we are somewhat stretching the meaning of cold orbildifS in particular are not expected to migrate veffyceently.
Usually, for stars at the solar radius, this would be a sampte Additionally, part of the cold sample at= 3 Gyr would heat
oy ~5-10 knys. up, ending up in the hot one we see today. Support for this ex-
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0.20 5.3 24 67

pectation is that at the final time the peak@t 7 kpc for the

cold population decreases, while more stars are transfesre & ~0.5< z|<i kpc " 0.5<|7]<3 kpc
the solar vicinity fromrg = 3.5 kpc as the #ect of the bar’s e "<Q&kpc
CR. N

0.40
What causes the extreme migratiort at 3 Gyr? As men- @

tioned in Sed2, the last massive merger (1:5 mass ratiég-is d S 0.35f

rupted byt ~ 2.5 Gyr, or just before the earlier time considered ~

in the middle row of Fig_Tb (red histograms). The strofiget 0.30¢ /\\

on the changes of stellar angular momenta around this time Hot orbits Cold &b&x

were presented in Fifl 1, bottom-left panel, leaving no doub 2 ===t i SEIEEL b b ‘\Afgg S

that the early-on merger phase is responsible for the vefieme ' TFesH] ' TFesH] '

migration we find. ol _ t=11.2 Gyr (today)
An additional contribution from the bar in migrating old Ageto d:s)ée;;ﬂ

stars out is expected at> 3 Gyr, as inferred from the in- £ 08f 1

crease in theg-distributions at~ 3.5 kpc at the final time (bot- & 41

tom row of Fig.[I5). It should be kept in mind that migration Zé

efficiency decreases with increasing velocity dispersion,(e.g> 04

IComparetta and Quillén 2012), presenting an extreme case in . :

the current kinematic selection. 0.0 Hot o‘rbfits | ‘ 1 Cold érbit§ .
h.m_&ﬁn_dmlh |(_2Q1I2) argued that the old hot metal-poor 2 4 6 8 10 2 4 6 8 10

high-[O/Fe] stars were born hot in gas-rich mergers. Our anal- ro [kpe] ro [kpc]

ysis above suggests a very similar interpretation, whengjt ‘ _No massive mergers: Model B

redshift stellar samples are both born hot and are additjona  ; 4|
heated by mergers. Importantly, this also gives rise toelarg
scale very &icient migration.

“Stars

To see when the oldest stars migrate to the solar neighbo
hoodin the lack of early-on massive mergevee performed a
different model realization for which the dynamics is quiescen
and migration is driven mostly by internal perturbers (apie 0.2] : :
A, model B). The equivalent of the plots in the second row of Hot orbits Cold orbits
Fig.[I5 for this model B is shown at the bottom row. We find 5 4 s s 105 4 s & 10
that migration is not asfiective at early times (red line), al- ro [kpc] ro [kpc]
though orbits are less eccentric and the bar is strongerz-A si L
able fraction of metal-poor high-[Be] stars can still migrate F19- 15-  Top row: [Fe/H]-[O/Fe] stellar density distributions
to the solar neighborhood as thieet of the bar. However, this fOr metal-poor high-[CFe] stars ending up in the cylinder
occurs over the entire evolution of the disk and the raticotdc & < I < 10 kpc, 05 < |7 < 3 kpc (similar to SEGUE cov-
to hot number of objects is now 0.96 (to be compared to 0_33erage_). Stars are separated_mto a cold an_d a ho_t sample (by
in our standard model), related to the overall low final vigloc a_cut |n_eccentr|C|ty at 0.2) with correspondmg radial vélp
dispersions. In properly mass-corrected observatiortalttis 9ISPErsionsr ~ 28 ando ~ 76 kmy's. Overlaid curves show
ratio can be used as a discriminant for the two types of s¢B€ InPut chemistry for dierent radii as in Fid.JViiddle row:
narios. A serious deficiency in the merger-free case is Heat plrth—radlus distributions at the final time (black) and a&@r

vertical velocity dispersion of the oldest stars is undimrested after the disk starts forming (red) for the selections infirst
by a factor of~ 2 (see FigiALL, bottom row). row. The green strip indicates the radial range at the finaa ti

) ) ) _ ) the dotted-red and solid-blue vertical lines show the b@Rs

~ An interesting result seen in Fig.]15, middle row, is that g,q OLR positions at the final time. Most stars are in place at
significant fraction of stars with thick-disk chemical cheter- he end of the early-on merger phase, with a large fraction bo
istics are born near the simulated solar vicinity (more th@ near and outside the solar radiBottom row: Same as the
in this extended SEGUE-like radial range), i.e., the lob@Kk middie row, but for a model avoiding mergers at high redshift
disc does not come exclusively from the inner disk. This PUtBppendix A). Migration is not asfiective at early times (red
disk region is moreféiciently heated by mergers than the inngne), although orbits are less eccentric and the bar isigen

disk, therefore, the hottest disk stars in the solar ”‘:ﬁm The fraction of cold to hot orbits is 0.96 instead of 0.33.
today may have been born in situ and in the outerdiéee

also Fig[®).

0.6

x

N7/ Neno
(@)
N

0.0

7. Unifying model for the Milky Way thick disc

12 5ome vertical contraction is expected as the thin disk buill \We now focus our attention on the properties of the oldess sta
from gas accretion. (ages= 10 Gyr) in our model. This subsample is marked by
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— a metallicity distribution that peaks at [F§~ —0.5 and Before we compare to our results, we outline two important
has a metal-poor tail down to [Aé¢]~ —1.3 (Fig.[4, upper simplifications in the disk dynamics considered in the SBB9a
right panel). model: (i) the presence of a central bar (as found in the MW)

— [O/Fe]-values spanning the range20- 0.4, with a peak was not considered and (ii) the vertical energy (or equivie
around 03 (Fig[4, lower right panel). the vertical velocity dispersion) of migrating samples \aas

— alagin the rotational velocity by50 km/s compared to the sumed to be conserved.
young stars (Fid.]6, top row). (i) Although SB09a,b have stated that they did not include

— high velocity dispersions (Figl 6). the efect of the MW bar, their parametrized migratiofiie

— alarge scale-height (Figl 8, bottom row). ciency extends well inside the inner disk, thus requiring th

presence of spiral structure in that region. However, itiis d

All these properties are strikingly reminiscent of what i§cult for spiral instabilities to be supported inside thegau
referred to as the thick disc in the solar neighborhood, &pgion due to the high velocity dispersions there. For examp
though we used a pure thin-disk chemistry. Within the fram&ig. 15 by Ro3kar et al. (2011.2) contrasts the Fourier anméis
work of the model we present here, the MW thick disk hd6r barred and unbarred disks: much stronger perturbations
emerged from (i) stars born hot and heated by mergers at ed@ynd in the inner disk €2 and 4 kpc, black and blue curves,
times and (i) radial migration (from mergers at early tinagsl respectively) for their barred simulation, S4, comparethwi
barspirals later on), transporting these old stars from therinrthe simulations without bars. The lack of strorfteets on the
disk to the solar vicinity. A significant fraction of old haiess changes of angular momentum at 1-1.5 scale-lengths (near th
today could have been born near to and beyond the solar radi@gs CR) for non-barred numerical disks is also apparent in
(Fig.[I8, middle row). Figs. 5 and 15 by Solway etlal. (2012), and Figures 4, 11, and

This conclusion agrees with most (seemingly contradict? by.Sellwood and Binney (2002), for example. Despite the
ing) models of thick-disk formation, which expect conttiiom lack of explicit inclusion of a bar in the SB09a,b model, the
from only/mostly one of the following: (i) mergers, (ii) ear|ymigration dhiciency these authors have considered extends to
formation in gas-rich turbulent clumpy disks or gas rich gaer" < 2 kpc (see Fig. 3 by SB09a and Fig. 1 by SB09b), thus
ers, and (iii) radial migration driven by internal instatils. A Pringing out stars to the outer disk, just as we find in ourexarr
combination of these mechanisms working together is regyir Simulation (see Fig.13). Therefore, the model by SBO9&gre
where strong heating and migration occurs early on fronrextévely emulates theféect of a bar.
nal perturbations (our case) dodturbulent gas clumps, fol- (i) By assuming constancy of the vertical velocity disper-
lowed by radial migration taking over the disk dynamics &on of migrating populations, SB09a,b were able to suecess
later times. Yes, mergers are important, but radial migreit fully reproduce observed chemical trends in the verticadi
also necessary (and unavoidable if a bar, spiral struchdea tion (e.g., Fig. 15 by SB09a and Fig. 7 by SB0O9b). However, as
mergers are present) to transport out old hot stars wittkthi@iscussed in SeE. 1.4, in the absence of massive mergers disk
disk chemical characteristics. We note that the thick dssk thickening due to migration is insignificant: owing to theneo
mostly in place at the time of the last massive merger (Eiy. 13¢rvation of vertical action, only extreme migrators citnte
middle row) due to merger-associated larger-scale mayrati by contracting the inner disk and thickening the outskiFtss
Yes, migration is important, but the old stars need to be boigficiency in the SB09a,b modefects their main conclusion
hot anglor be heated by mergers at high redshift (also unavofdat & thick disk can be formed in a merger-free MW disk evo-
able from our current understanding of cosmology). lution. _ S

The high stellar birth velocity dispersions at high redshif We now outline the similarities between our results and
we find in our simulation 50 knys) is consistent with re- those found by SB09a,b: _ _
cent works|(Forbes et al.. 2012: Brook et al., 2012; Bird kt al (1) Migration creates locally a metal-rich tail to the MDF.
)_ An important dynamical consequence of this is that tflote that the metal-rich tail in SI_309a3b resglts fro_m their
disk becomes less susceptible to satellite perturbatioms{ St'ong gradient and strong migratioffieiency in the inner
mon at high redshift), making it easier for it to survive untdisk- While the latter is not expected for a disk lacking a kar
today. discussed in (i) above, its inclusion into the SB09a,b aically

Radial gradients for dierent distances from the disk planer,nOOIeI wo_rks as thgfﬁect of the bar_. ,
(2) Migration introduces a ridge in the [F4-[O-Fe]

as well as the scale-length of this thick disc populatior kel
g Pop plane that becomes a bimodality when combined with

discussed in detail in paper II. , : ; .
pap theBensby et al. (2003) kinematic selection. We note that in

Fig. 8 by SB09b, where their model is compared to observa-
8. Comparison to the Sch  énrich & Binney tions, itis seen that the model’s highes{f@] values are higher
(2009a,b) model 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-
SB09a,b have constructed a model for chemical evolution\adtions.
the MW that was the first to include radial mixing. The authors The main diferences between our model and that by
have assumed a certain migratiadfi@ency and chemical en- SB09a,b are as follows:
richment scheme in order to fit the current ISM gradient in the (1) SB09a,b assumed a disk scale-length of 2.5 kpc, which
MW, the MDF and stellar velocity dispersions. remains constant in time as the disk grows. As a consequence,
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the oldest disk, which should be consistent with the thigkdi in the bottom row of Fig[]l (see also FIg._A.1 and associated

has a final scale-length of 3.1 kpc (their Fig. 7). This is in-co discussion). The fraction of stars in this tail can, therefte

trast to our model, where the disk grows inside-out and oldelated to the bar’s dynamical properties, such as its gthen

disks have increasingly shorter scale-lengths (papecdl)- pattern speed, and time evolutitormation.

sistent with the Segue G-dwarf data analysis%)%et al. e Constraining our simulated sample spatially, we provided
). excellent matches to the metallicity distribution of staos-

(2) We neglected radial gas flows and the SN-driven winfined close to the Sun (data from Adibekyan ét al. 2012) and the
possibly resulting in flatter abundance gradients than we c6EGUE G-dwarfs (Bovy et al. 2012b and Brauer et al. 2013),
rently find. We note that there was no clear justification far t which covers approximately.® < |7 < 3 kpc, predicting the
parametrization of these processes by SB09a,b. expected shift in the distribution peak from solar (nearlayns

(3) Whereas SB09a,b adopted the level of heating ngle) to [F¢H] ~ —0.3 for the SEGUE coverage.
quired to keep the scale-height of the current thin diskusdi e Our results suggest that the most likely birth location for
independent and locally corrected, and fitted the parasetdre Sun is in the range4l < ro < 7.7 kpc, with the highest
that controlled gas flow and the intensity of migration to therobability ~5.6 kpc, followed by~7 kpc (Fig[3, right). This
GCS MDF, in this work the heating and migratiofiieiency estimate comes from both dynamical and chemical conssraint
were drawn from a state-of-the-art cosmological re-sitimia  and is dependent on the migratiofiiéiency in our simulation
where an important contribution is made by massive merdersad the adopted chemical evolution model.
the early stages of disk formation. e Examining the fect on the age-metallicity relation

(4) The response of stellar vertical motions to migratiam a(AMR), we found that some flattening is observed, mostly for
more accurately given in the present work, as discussed) in éiges> 9 Gyr (Fig.[4). Although significant radial mixing is
above. present, the slope in the AMR is only weaklffexted. This is
related to the intermediate distance of the Sun from thedBala
center, where thefgect of stars arriving from the inner and
outer disks is well balanced, while the migratiaofi@ency is
In this work we have presented a new approach for studyiagposed by the scatter around the mean. Therefore, large sca
the chemodynamical evolution of galactic disks, with speciter does not necessarily imply flattening.
emphasis on the Milky Way (MW). Unlike other similar stud- e We found no bimodality in the [FEl]-[O/Fe] stellar den-
ies, where either the dynamics was too simplistic or the skity distribution. However, when selecting particles adony
formation history (SFH) and chemical enrichment was uncote kinematic criteria used in high-resolution samples te de
strained, our chemodynamical model is a fusion betweene pfine thin and thick disks, we recover the observed discoityinu
chemical evolution model and a high-resolution simulafion (Fig.[I2). This agrees with the recent observational resujt
the cosmological context. As we argued in $&c. 4, this new @nvy et al. (2012a), where a smooth [R&[O/Fe] distribution
proach allows us to bypass most known problems encounteves obtained after correcting for the spectroscopic sargpli
in fully self-consistent simulations, where chemical ehment of stellar subpopulations in the SEGUE survey. A very good
still provesto be a challenge (see $ecl 1.2). Moreovelighii® match was achieved between our model and the recent high-
first time that a chemodynamical model has the extra constraiesolution data by Ramirez et al. (2013).
of defining a realistic solar vicinity also in terms of dynasi e The vertical mass density in our simulated solar vicin-
(see Sed.]2). ity is well fit by the sum of two exponentials giving thin- and

The main results of our chemodynamical model can lleick-disk scale-heights; = 330 pc andh, = 1200 pc, respec-
summarized as follows: tively (Fig.[8, top). By separating this sample into narrawsb

e The distribution of birth radiirg, of stars ending up of age, [QFe], and [F¢H], we found that the vertical scale-
in a properly defined solar neighborhood-like location raftéeight of each component can be fitted well by a single ex-
11.2 Gyr of evolution peaks close tg = 6 kpc due to ra- ponential, with values growing with increasing age, insieg
dial migration (left panel of Fid.13). The strongest chaniges [O/Fe], and decreasing metallicity. An abrupt increase inescal
stellar guiding radii were found for the oldest stars, ediatio  height was found for samples with age3 Gyr, [O/Fe] > 0.15,
the strong merger activity at high redshift in our simulatemd and [FgH] < 0.5, related to stars born with high velocity dis-
the dfect of the bar at later times. Locally born stars of all aggeersions and strong merger activity at high redshift. The ve
can be found in the solar neighborhood. While a wide rangetafal velocity dispersions for each of these subpopulaties
birth radii is seen for dierent age groups, the majority of thfound to exhibit smooth variations with height above thekdis
youngest stars are born at, or close to, the solar neighbdrhgplane, strongly flattening for old high-fBe] metal-poor stars
bin. (Fig.[8, bottom).

e While the low-end in our simulated solar neighborhood e A good match was achieved between the mean metallic-
metallicity distribution function (MDF) is composed of sta ity variation with height above the disk plane resultingnfro
with a wide range of birth radii, the tail at higher metalies our model and the data by Schlesinger étlal. (2012) [Eiy. 14).
(0.25 <[Fe/H]< 0.6) results almost exclusively from stars withA good agreement between our model prediction and the model
3 < 1o < 5 kpc (see FiglJ3, middle panel). This is the regiobylBovy et al.[(20125b) was found for the metallicity vaoat
just inside the bar’s CR, which is where the strongest oudwawith |z, including a flattening a > 1.5 kpc. This was asso-
radial migration occurs, as we discussed in §kc. 2 and showéted with the predominance of ghdgh-[O/Fe] stars at large

9. Conclusions
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distances from the plane (see FiJ. 9). The metallicity gnaidi as we showed in Fig._15, bottom row. However, &atence
in the|Z—[Fe/H] and|v,|-[Fe/H] relations mostly disappear forin the metallicity and velocity distributions of these oldrs
stars grouped in narrow age- or/f]-bins (Fig[®). This pro- would result. Most notably, avoiding a merger not only agoid
vides additional predictions for Galactic surveys. the extreme migration at high redshift, but also does not re-
e FFor stars in the range 8 age< 8 Gyr, our model pre- sultin high enough velocity dispersions today. For exanmpée
dicts a mostly flat age-velocity relation (AVR) for the raldiafound AVRs with maxima at-, ~ 50 knys ando, ~ 28 kmy's
componentg,, and a weak increase for the vertical compan the lack of strong mergers, to be comparedfo~ 65 and
nent,o, (Fig.[d). For ages older than 8 Gyr a continuous strong, ~ 55 knys for our standard model. Additionally, the ratio of
increase is observed for both components, which is relatedcbld to hot orbits (samples separated by an eccentricitatut
the massive mergers and stars born with high velocity disp8r2) changes from0.33 to~ 0.96 when the merger is avoided.
sions at this early epoch. These hot stars can be associdted Whis large diference can be used as a constraint in properly
the MW thick disk. The vertical velocity dispersion of thelel mass-corrected observational data to assess the pdgsitbili
est stars in the absence of mergers (anstars born with high an early-on merger in the MW.

velocity dispersions) is underestimated by a factor &, sug- Itis therefore tempting to conclude that the highest véjoci
gesting a violent origin for the MW thick disk (see appendix Adispersion stars observed in the solar neighborhood awsaa cl
Fig.[A1 bottom row). indication of an early-on merger-dominated epoch, or exjuiv

e We found a strong flattening in the [fF§ radial profiles lently, scenarios involving stars born with high velocitgmer-
for the older populations with theffect diminishing strongly sions. Our results suggest that the MW thick disk cannot be ex
for the younger ones (see Hig. 5). Stars younger than 2 Gy halained by a merger-free disk evolution as proposed praljou
a final gradient very similar to the initial one outto12 kpc, This is related to the inability of internally driven radiaigra-
justifying its use as a constraint for our chemical model. tion to thicken galactic disks (Minchev et al., 2012b). Hoee
e We predict that the [@e] radial profiles are essentiallyan observational test involving both chemical and kineaiati
preserved for the chemical model we used. Thé=gD pro- formation must be devised to ascertain tifee of early merg-
files for different age groups result straightforwardly from thers.
adopted variation of the infall-law with radius (and hence t ~ While here we concentrated on the solar vicinity, results
SFHs at diferent positions) and, thus, provide a way to corer the entire disk will be presented in paper Il of this serie
strain diferent chemical evolution models. In the near fuchemodynamical predictions forftérent disk radii may help
ture, these will be able to be measured by combining tiigrther constrain thick-disk formation scenarios and the&/M
good distances and ages expected from the CoRoT missi@msembly in general.
(Baglin et al., 2006), with abundance ratios obtained bycspe  The results of this work present an improvement over pre-
troscopic follow-up surveys. For the young populationss thvious models as we used a state-of-the-art simulation of a
should be already possible to obtain from the observatibnsdisk formation to extract self-consistent dynamics ancefus
open clusters, e.g., with the ongoing Gaia-ESO or APOGHfem with a chemical model tailored for the MW. Future work
surveys. should consider implementing gas flows, Galactic winds, and
e Finally, probably one of the most important outcomes @alactic fountains in the model to asses the importancesstth
our chemodynamical model is that although we used onlypaocesses. A suite of flierent chemical evolution models as-
thin-disk chemical evolution model, the oldest stars that asigned to diferent disk dynamics (from fierent simulations)
now in the solar vicinity show several of the properties usshould be investigated to make progress in the field of Galact
ally attributed to the Galactic thick disk. According to ttee  Archeology. Another next step is providing model predictio
sults of the present work, the MW thick disc has emerged nafor the MW disk properties at fierent Galactocentric regions
rally from stars migrating from the inner disk very early ared and for a large number of chemical elements (especiallyawvi
to strong merger activity, followed by additional radialgra- of the ongoing high-resolution surveys, such as HERMES and
tion driven by the bar and spirals at later times (see Se}. 6 APOGEE).
Importantly, a significant fraction of old stars with thiclsk The method presented here is not only applicable to the
characteristics could have been born near to and beyond kfi&/, but is also potentially very useful for extragalactia-su
solar radius (Fid._15, middle row). veys. The same approach can be used for any other galaxy for
We showed that hot old metal-poor higlAfFe] stars which both kinematic and chemical information is availaile
can be delivered to the solar neighborhood at high reldrge such sample is currently becoming available from the o
shift as the #ect of massive perturbers, such as the omming CALIFA survey12). Given the SFH
with 1:5 mass ratio described in this work (see Higl 15&nd morphology of each galaxy, a chemodynamical evolution
For a MW-size galaxy, the occurrence of mergers of thimodel tailored to each individual object can be develogags t
size aroundz ~ 1 is consistent with the numerical reproviding a state-of-the-art database for exploring thené
sults by a number of groups (e.g.. Benson et al. 2004; Stoéibn and evolution of galactic disks.
|l0_0§; [Kazantzidis et a ”—ZQba*J—m—a—a—d;é' De Lucia and H I'iTMOog)ﬁicknowIedgement&/Ve thank the referee for invaluable suggestion

Stewart et &lll_200€: Villal nd Helmi_2008; Purcell €t &hat have greatly improved the manuscript. We are gratefuD
). Pfenniger and G. Cescultti for useful comments. We thank @uér,

Alternatively, a bar can also bring some fraction of theseRamirez, and J. Bovy for providing the data used in FigBEI2,
stars to the solar neighborhood, but over a long period o timand1#, respectively.
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Steinmetz, M., Zwitter, T., and Siebert, e. a.: 2008,132, 1645 The right column of Fig_All shows model B, where we avoided
Stewart, K. R., Bullock, J. S., Wechsler, R. H., Maller, A, ldnd the early-on massive mergers phase, but kept the bar ressan
Zentner, A. R.: 2008ApJ683 597 the same distances from the Sun. A smaller number of stavesurr
Stoehr, F.: 2006MNRAS365, 147 from inside the bar's CR in this case, than in our standardeh(ste
Tissera, P. B., White, S. D. M., and Scannapieco, C.: 20MRRAS overlaid pink line). This results mostly from the lack of teong
420, 255 peak in therp-distribution of the oldest stars (red line). We showed in
Trevisan, M., Barbuy, B., Eriksson, K., Gustafsson, B.,iere M., Sec[6.b that the enhancement in the pealy at 3 kpc is due to the
and Pompéia, L.: 2011A&A 535 A42 massive mergers, which we avoided here.
ViIIanbos,A. and Helmi, A.: 2008 MNRAS391, 1806 In the bottom-left and right panels of Fig_A.1 we compare the
Wielen, R.: 1977 A&A 60, 263 vertical velocity dispersiong(r) (black solid), and the mean rota-
Wielen, R., Fuchs, B., & Dettbarn, C. 1996, A&A, 314, 438 tional velocity, V,(r) (blue dashed), radial profiles resulting from the
Wiersma, R. P. C., Schaye, J., Theuns, T., Dalla Vecchiaa@, new realizations with our standard model (corresponding pirrves).
Tornatore, L.: 200OMNRAS399, 574 model A results in a slightly larger, throughout (left). The dfer-
Woosley, S. E., & Weaver, T. A. 1995, ApJS, 101, 181 ence between the standard model and model B is much more strik
Yanny, B. and Rockosi, C., N. H. J. e. a.: 20091137, 4377 ing (right). Most importantly, the oldest stars in model B Bvho,

about a factor of two smaller than when massive mergers asept.
The highest radial velocity dispersion for the oldest s(act shown)
also drops form~ 65 to~ 45 knys, which is reflected in the higher
V,-values. The lower velocity dispersions and rotationabeiy dif-
As described in SeE] 2, we downscaled our simulated disk bgtarf ference between young and old stars is unlike the obsengaifothe
of f=1.67, to place the bar's OLR just inside the solar circle~at solar neighborhood. We can therefore argue that the MW tisdkis
7.5 kpc (assuming the Sun is at 8 kpc), in agreement with itseepe Unlikely to have been formed through a quiescent disk eimiutAn
effect on the local disk dynamics (e.g.. DeHhen 2000; Minchewl et observational test must be devised to ascertain this pligsib
2010).

We now would like to see how our results change when we rescﬂ%pendix B: The chemical evolution model
the disk by a dferent factor. We used=fL.4, which places the solar . .
radius~ 1.25 kpc inward of the standard location used in the paper. adopted in this work

This is equivalent to having a stronger (longer) bar. Werredethis  We adopted a pure thin-disk chemical model (i.e., not theiitviail
realization as model A. model of_ Chiappini et al. 1997), forming by continuous gasretion
As a second test, we started the implementation with chemistan exponential function of time — see EG.IB.1). The galalitk was
2.7 Gyr later, thus avoiding the early-on massive mergess.iMé-  divided into two-kpc-wide concentric rings that evolve épéndently
grated the simulation for additional 2.7 Gyr so that we, aghave without exchange of gas. We did not take into account radislflpws
11.2 Gyr of evolution. To keep the correct location with @sto the  or SN-driven winds (see Sdd. 4). Most of the observationastaints
bar's resonances, we downscaled the disk radius=Bylfto account are confined to the solar vicinity (as summarized in Tablg.B.1
for the bar’s slowing down. This realization is referred sonaodel B. An inside-out formation of the disk (in the sense of a morerise
Note that in the two cases above we only changed the dynam@sR in the inner regions - see Hig. 2, middle panel) was sitedilzia
but not the input chemistry, i.e., we resampled the SFH a@tegrto g radial dependency of the gas accretion timescale (assimeadfor
our chemical model, with the 8 kpc chemistry assigned toeékealed simplification), as follows
8 kpc radius in the simulation, etc. .
The results are shown in Fig—A.1, where in the first two rows wa(r, t) = a(r)e ™0 , (B.1)
compare the birth-radius and metallicity distributionsuléng from
our new realizations model A (left) and model B (right), withr Where A(r, t) is the gas infall rate angh(r) is the timescale for the
standard model (middle). As expected, when the solar rasiahifted  infalling gas onto the disk, given by (as'in Chiappini €t £02)
closer to the bar (model A), for all age-bins larger fractiofi stars ar-
rive from inside the bar’'s CR (dotted-red vertical line i tiop row); o = 1033 - 127 Gyr (8.2)
to see thIS more easily, we OVerlaid the Original total hy&km (ln for ga|actocentric distancgy_ 2 kpc

pink) in the left and right panels. The codficient a(r) in Eq.[BZ was chosen such as to reproduce

Inspecting the metallicity distributions in the second rov the observed currerbtal surface mass density in the thin disk as a
Fig.[AT, we see a shift in the peak of less thah Gex to negative function of the galactocentric distance given by
values when the Sun is closer to the bar. However, the chamge®mot
drastic and the rest of the results in the paper arefie¢tad much by () = Zpe"/'®, (B.3)
this change. Whether this is true for the entire disk willinestigated
in paper 1.

As became evident in the discussion of the age-metallielftion oA
(Sec[&.B), in our simulation we have a deficiency of stark ages>~ scale lengtiro = 3 kpc (as shown in Fi@2, upper-left panel)_. )
9.5 Gyr atr > 10 kpc for our standard model. However, this is a very .The. ,SFR adopted here has the same formulation as in
small fraction of particles, as can be inferred from the drotright ‘Chiappini et al. |(1997):
panel of Fig[2 (the SFRs at these times and radii attain armanxi W(R 1) o« X (R Y). (B.4)
at~ 2 Mo pc2 Gyr? for r = 10 kpc, sharply decreasing for older = gas
stars and larger radii). By shifting the solar radius inwdnis artifact The two free parameters are the gas surface density exp¢imenet
is now lost. That this is indeed a very small fraction can bendey taken as equal to 1.5) and the star formatiéiiciency, which we as-
comparing the right tails of the oldestdistributions (red histograms) sumed is dependent on the total surface density a
in the first row, left and middle panels. ).

Appendix A: Effect of different model realizations

whereXp, is such that a total mass density~50 M., pc? is reached
at the solar galactocentric distance (taken as 8 kpc), faslkawith a
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Fig. A.1. Comparison betweenfiiérent model realizations. See text.

Table B.1. MAIN OBSERVATIONAL CONSTRAINTS FOR THE SOLAR NEIGHBORHOOD.

Observable Observed value Reference

Surface densities of:

gas 10-18Vl, pc2 Kalberla & Kerp (2009)

7 M, pc? Dickey (1993)
stars 35+ 5 M, pc? Gilmore et al. (1995)
35+ 5 M, pc? Flynn et al. (2006)

stars (WDs+ NSs) 2—4M, pc? Mera et al. (1998)

total 56+ 6 M, pc? Holmberg & Flynn (2004)

Star formation rate

2—1M, pc? Gyr?
2.4M, pc? Gyr?

Fuchs et al. (2009)

Guesten & Mezger (1982)

SN larate 0.43 — 0.65 century Lietal. (2011)
SN Il rate 1.27 — 1.84 century Lietal. (2011)
Infall rate 0.3-1.5Ml, pc? Gyr* Portinari et al. (1998)

We adopted t@lm%) IMF, constant in time and spdwe. Tthe so-called single degenerate scenario, a C-O white d(MéEr)
stellar lifetimes;r,, were taken from_Maeder & Meynet (1989) as irin a close binary system explodes due to gas accretion frooma ¢
our previous works. The impact offeérent assumptions on both IMFpanion in a binary system. Another proposed scenario fore Tigp
and stellar lifetimes on our chemical evolution results Wassussed SNe is the so-called double degenerate case, where two WiEme
in detail in Romano et al. (2005). thus triggering the explosion ( i 00%raefetences

Type la SNe are the main contributors to the iron in the disk Pflereln)LMaue_u_c_QLet_daL(ZQbQ) has recenily shown thesétwo dif-

our MW. The timescale on which their contribution becomepam d?:taen(; S(;IFI: s\;:sen;rﬁsrr‘;alzl:il;rl]nir??:]yen&%g:ﬁlﬁeger:cezzzr:? \t/\r/]:rlf r\fl'e
tant is strongly dependent on the assumed SN progenitor Imode [ 1'vs [FeH] ) P
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Fig.B.2. Abundances of O as a function of galactocentric
distance. The blue dots are the data met al.

c4). 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
S T galactocentric distance of the Sun. Fitting a line in thegean

1 1.5 2 4 < r < 15 kpc, we estimated a gradient ©f—0.04 dexkpc

Log m/M, for the model, which matches the mean data points well.
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Fig.B.1. oxygen stellar yields for massive stars from

Woosley & Weaver (1995). Here we adopt the solar yields (ma- MfBqu(M ) Lf
5

05
SNI
genta circles). A stronger metallicity dependency of thg,'-ox“LA'a F)g(r.t = ) Q™ (t = Te)cu| dMg
gen yields is expected in models taking mass-loss into axtcou  Mem m

(e.g...Meynet & Maeder 2002. The impact offerent stellar

Mgm
i)gzl?nsfljtgfgwodr&e scope of the present paper and will lok SIL4]_(1 AW f Ut — 1) Ot — 7o) $(m)dm
Mgm

My
adopted the single degenerate scenario. The Type la SN asteam-
puted following Greggio & Renzinl (1953) ahd Matteucci & @gid f Y1, t = 7m) Qu(t = 7m)(mydm
(1986) and is expressed as (see more detdils in Matteuct) 200 Mew

Mo 05 + Xa A(r, 1), (B.7)
Rsnela= Aia f $(Ms) ff(.u)kl’(t— Tw,)du | d Mg, (B5)  whereG(r,t) = [Z4(r, )Xi(r, t)] /Z7(r), Z4(r. t) is the surface gas den-
Mgm m sity, andZr(r) is the present-time total surface mass den3{fy.are

the abundances in the infalling material, which here wasrtais pri-
where M, is the mass of the secondaryMg is the to- mordial. Xi(r,t) is the abundance by mass of the elemieand Qy,
tal mass of the binary systemy = My/Mg, um = indicates the fraction of mass restored by a star of massform of
max[Ma(t)/Mg, (Mg — 0.5Mgnm)/Mg], Mgm = 3Ms, Mew = 16Ms.  the element, the production matrix (sée MatteUtci 2001 for more de-
The IMF is represented hy(Mg) and refers to the total mass of thetails). We indicated witiM, the lightest mass that contributes to the
binary system for the computation of the Type la SN rédfg) is the chemical enrichment and set it tcBM,; the upper mass limit\y,

distribution function for the mass fraction of the secorygdar was set to 1001,.
. We adopted the stellar yields|of Woosley & Weaver (1995)ler t
f() =277 (1 + ), (B.6) solar case, assuming no dependency on metallicity, for dhéribu-

) ) ) ) ) tion of massive stars. The adopted yields for oxygen are show
with y = 2; A, is the fraction of systems in the appropriate massig [B7. As it can be seen in the figure, for the models compute
range, which can give rise to Type la SN events. This quamtéy |, 1(1995), an importantidirence is seen only at
fixed to 0.05 by reproducing the observed Type la SN rate at thgyo metallicities, which did not play a role in the presentkwhere
present time (see Table B.1). Note that in the case of the Type,ye focused on the disk, and not the halo). In the case of invima

SNe the so-called production matrix is indicated w@R"'* because portant contribution comes also from Type la SNe. Here wepttb

of its different nucleosynthesis contribution (for details/see Matte the stellar yields df Iwamoto et al. (1999).
2001). Finally, in Fig[B.2 we show the resulting oxygen abundaresé-v
The equation below describes the time evolution of the gasm&ion with radius at the present time in our model, compaveigam-
fraction in the form of an elementG; (semn: ple of Cepheids whose distances are well known mi
_ and references therein). Fitting a line in the range 4 <
Gi(r,t) = —y(r,)X(r. t) 15 kpc, we estimated a gradient of —0.04 dexkpc for the model.
Given the young ages of the data 200 Myr), these are expected to
Mgm trace the gas gradient in the disk today, justifying the carigon in
+ f W(Et— ) Qu(t — Tm)(mhim the figure.

My



	1 Introduction
	1.1 Galactic Archeology and radial migration
	1.2 Difficulties with fully self-consistent simulations
	1.3 Thick-disk formation scenarios
	1.4 Radial migration and thick disks

	2 A late-type disk galaxy simulation in the cosmological context
	3 Chemistry
	4 New approach for combining chemistry and dynamics
	5 The resulting chemodynamics
	5.1 The metallicity distribution
	5.2 The birth place of the Sun
	5.3 The age-[Fe/H] and [Fe/H]-[O/Fe] relations
	5.4 Migration effects on the chemical gradients
	5.5 Age-Velocity relation
	5.5.1 Contribution from stars born at different galactic radii

	5.6 Relation between age and [O/Fe] ratios
	5.7 Vertical structure of the local disc

	6 Relation to recent observational results
	6.1 Changes in the MDF for samples at different distances from the disk plane
	6.2 Is the bimodality in the [Fe/H]-[O/Fe] plane due to selection effects?
	6.3 Disk scale-heights of mono-abundance subpopulations
	6.4 Mean metallicity as a function of distance from the disc plane
	6.5 Origin of stars with low-metallicity and high-[O/Fe] ratios

	7 Unifying model for the Milky Way thick disc
	8 Comparison to the Schönrich & Binney (2009a,b) model
	9 Conclusions
	A Effect of different model realizations
	B The chemical evolution model adopted in this work

