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ABSTRACT

Context. In the era of large spectroscopic surveys, galactic ar¢bgg@ims to understand the formation and evolution of thikyi
Way by means of large datasets. In particular, the kinenaaticchemical study of the thick disc can give valuable infation on the
merging history of the Milky Way.

Aims. Our aim is to detect and characterise the galactic thickahsenically and dynamically by analysing F, G and K stars, seho
atmospheres reflect their initial chemical composition.

Methods. We performed a spectroscopic survey of nearly 700 starsnmdbe galactic thick disc far from the solar neighbourhood
towards the galactic coordinatds~ 277, b ~ 47°). The derived fective temperatures, surface gravities and overall metab
were then combined with stellar evolution isochrones,aladtlocities and proper motions to derive the distancesrkiatics and
orbital parameters of the sample stars. The targets belgrigieach galactic component (thin disc, thick disc, halejenselected
either on their kinematics or according to their positionwbthe galactic plane, and the vertical gradients wereeslBmated.
Results. We present here atmospheric parameters, distances amdatiog for this sample, and a comparison of our kinematic and
metallicity distributions with the Besangcon model of thédkvl Way. The thick disc far from the solar neighbourhoodadsrid to difer
only slightly from the thick disc properties as derived ir #olar vicinity. For regions where the thick disc domingies Z < 4 kpc),

we measured vertical velocity and metallicity trend€df/6Z = 19+ 8 km s~ kpc 1 andd[M/H]/dZ = -0.14 + 0.05 dex kpc2,
respectively. These trends can be explained as a smoottitivanbetween the dierent galactic components, although intrinsic
gradients could not be excluded. In addition, a correlatigp/o[M/H] = -45+ 12 km s~* dex ~! between the orbital velocity
and the metallicity of the thick disc is detected. This geadliis inconsistent with the SDSS photometric survey aiglyghich did
not detect any such trend, and challenges radial migratimatets of thick disc formation. Estimations of the scale h&sgand scale
lengths for diferent metallicity bins of the thick disc result in considtealues, withhg ~ 3.4 + 0.7 kpc, andh; ~ 694 + 45 pc,
showing no evidence of relics of destroyed massive sasllit
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1. Introduction grate because of resonances with the spiral arms (and ttralcen

bar), as suggested for example by Schonrich & Binney (2609
In the paradigm of a dark energy and dark matter dominal@%é)kar ot gﬁ (2008)? ety o )

Universe, the process of disc galaxy formation is still yeoprly
understood. For instance, the creation of the galactid tthisc ) ] )
still remains a riddle. Was it formed by the accretion of bate ~ To answer these questions, we would ideally like to tag or
lites that have deposited their debris in a roughly planar- coassociate the visible components of the Galaxy to partsef th
figuration (Abadi et all 2003), or was the thin disc heated aroto-galactic hierarchy. All necessary constraints canob-
ter successive small accretions as suggested for exampletaiped from a detailed analysis of the chemical abundantes o
Villalobos & Helm! (2008)? Did the thick disc stars formsitu, €00l and intermediate temperature stars. Indeed, F, G ape t
through heating of the thin disc by gas rich mergers andstarb dwarf stars are particularly useful to study galactic etiohy
during the merger process (Brook et/al. 2004), or did they nffecause they are both numerous and long-lived, and their at-
mospheres reflect their initial chemical composition. Heeve

* Based on VLJFLAMES observations collected at the Europea@ diréct measurement of their spatial distribution requéaecu-
Southern Observatory, proposals 075.B-0610-A & 077.82.3 rate estimates of stellar distances, which is a delicapeist®lv-

** Tables[1, [P and[]4 are only available in electronic form at tH@d (if the parallax is not available) the determination oégise
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.795)28c via Stellar parameters ffective temperatures, surface gravities and
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?]/A+A/ metal content).
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That is the reason why most spectroscopic surveys of thvere then used to estimate the distances, galactocensitaps
thick disc up to now are restricted to the solar neighboudhoand kinematics, as well as the orbital parameters (eccéigs,
(within about a 500 pc radius) except for those with reldyive apocentric and pericentric distances, angular momenta)of
few stars in their samples. Nevertheless, detailed meitglli targets.
measurements based on such spectroscopic observatiane-of k  The structure of this paper is as follows. The observed stel-
matically selected thick disc stars revealed in severalistua lar sample is presented in the next section together witllalte
clear distinction in chemical elements ratios between thtam reduction and the radial velocity derivation. The methoddus
poor tails of the thin and the thick dis¢s (Edvardsson £t383]1 to determine the atmospheric parameters is reviewed in[Sect
Bensby & Feltzing 2006;_Reddy etlal. 2006; Fuhrmann 200B) Sect[4 the estimates for the atmospheric parameterdjthe
Ruchti et al! 2010; Navarro etlal. 2011). Stars belonginch ttances and the kinematics are presented. In Bect. 5 a clean sa
latter arew-enhanced, suggesting a rapid formation of the thigile of stars is selected, whose stars are analysed in[$edth 6 w
disc and a distinct chemical history. Indeed, thgFe] chem- respect to their distance above the galactic plane; therowe c
ical index is commonly used to trace the star formation timg@are them to the Besancon model of the Milky Way (Robin et al.
scale in a system in terms of the distinct roles played by isup2003). The galactic components, chosen with a probalibgtt
novae (SNe) of dierent types in the galactic enrichment. Th@roach and according to their distance above the galactieepl
a-elements are produced mainly during Type Il SNe explosioase also characterised and discussed in relation with ik
of massive stars (M 8M,) on a short time-scale(10’ years), formation scenarios. Finally, we estimate in S&tt. 7 théatad
whereas iron is also produced by Type la SNe of less masssale lengths and scale heights of the thin disc and the disck
stars on a much longer time-scale 10° years).

On the other hand, photometric surveys such as the SDSS ) ) ) )

(York et al/2000) explore a much larger volume, bufeufrom 2. Observations, data reduction and radial velocity
greater uncertainties in the derived parameters. Basechon p derivation
tometric metallicities and distances of more than 2 milli&

stars up to 8 kpc from the Sun, lvezic et al. (2008) suggestég : :
that the transition between the thin and the thick disc can FARAFFE spectrograph in MEDUSA mode, that allows a simul-

modelled as smooth, vertical shifts of metallicity and witlp L@neous allocation of 132 fibres (including sky). The GIRAFF
distributions, challenging the view of two distinct popigms Ow-resolution grating LR08 (8206-9400 & ~6500, sam-
that was introduced by Gilmore & Reéid (1983). pling=0.2 A) was used during ESO observing periods 75 and
The goal of this paper is to put additional constraints on the’ (2005 and 2006, respectively). One of the interestingtpoi
vertical properties of the thick disc. For that purpose, pecsro-  Of that configuration is that it contains the G&8S wavelength
scopically explored the stellar contents outside the swégh- range (8475-8745 A), and is similar to its low-resolutiondeo
bourhood using the Ojha etlal. (1996) catalogue. The autiforgR ~7000).
that survey photometrically observed several thousandtao$ In that wavelength range the IR @atriplet (8498.02,
towards the direction of galactic antirotation. They pd®/the 8542.09, 8662.14 A) is predominant for most spectral types a
Johnson U, B, V magnitudes as well as the proper motions faminosity classes even for very metal-poor stars (seeefer
most of the targets up to-V18.5 mag. We selected 689 of themample Zwitter et al. 2004). In addition, these strong fesglare
based on their magnitudes to probe the galactic thick dist, astill detectable even at low signal-to-noise ratigNB allowing
observed them using the VIFLAMES GIRAFFE spectrograph a good radial velocity \(;aq) derivation and an overall metal-
in the LRO8 setup (covering the infrared ionized calciumplét). licity estimation. Paschen lines (for example 8502.5, 8545
The line-of-sight [ ~ 277, b ~ 47°) was chosen in ac- 8598.4, 8665.0 A) are visible for stars hotter than G3. Tha Mg
cordance to results found by Gilmore et al. (2002) towafds ( (8807 A) line, which is a useful indicator of surface gravisge
270, b ~ —45°) and ( ~ 270, b ~ 33) that were confirmed [Ryck & Smith[1993), is also visible even for lows Finally,
by Wyse et al.[(2006) toward$ { 260", b ~ -23°), (I ~ 104, mglecular lines such as TiO and CN can be seen for coolet stars
b ~ 45°), (I ~ 86, b ~ 35°), which state that thick disc stars  The 689 stars of our sample were selected only from their V-
farther than 2 kpc from the Sun seem to have a rotational laghgnitudes and the availability of proper motions measeres
greater than the canonical thick disc. Indeed, itis commant j the catalogue of Ojha etlal. (1996). They were faint enough
cepted that the latter lags the Local Standard of Rest (LJR) § probe the galactic thick disc and bright enough to have ac-
~ 50 km s, whereas the author_s cited above found a lag twig@ptable 8N (my < 185 mag). To fill all available fibres of
as high ¢ 100 kms?) at long distances. Because the angulafiepusa, brighter stars in the Ojha catalogue were added to
momentum is essentially a conserved quantity in galaxy &rmoyr survey (n, > 14), resulting in a bimodal distribution in
tion, this lagging sub-population has been suggested bguhe magnitudes. We made no colour selection, which resulted in a
thors to be the remnants of the last major merger of the Milkyiqe range of both logy andTe as we will show in SecE]3 and
Way, back to z- 2. _ _ Sect[#. The magnitude precisions range from 0.02 mag for the
For the analysis of this very substantial sample of FLAMErightest, to 0.05 mag for the faintest stdrs (Ojha Et al.6).99
spectra we used the pipeline presented_in_Kordopatis et&bsociated errors for the proper motions are estimated to be
(2011, hereafter paper I). It allowed us to obtain tifie@ive 2 mas year!.
temperature Teq), the surface gravity (logg) and the overall  Ejght different fields were observed with two exposures
metallicityll (IM/H]) for the stars of our sample. They were cOMaach.” The spectra were reduced using the Gasgano ESO
bined with the proper motions and the (B-V) colours of the@jhg|RAFFE pipeling (version 2.3.0/_Izzo et Hl. 2004) with opti-
catalogue and our derived radial velocities. Those pammsetyg| extraction. The sky-lines were removed from our spacra
N(M) ing the software developed by M. Irwin (Battaglia etlal. 2))06

T , . LNy the _
We define the stellar overall metallicity as [M=l09(J@)- = which is optimal for the wavelength range around the IRiCa
Iog(%(%)l)@, whereN represents the number density avidall elements

heavier than He . 2 lhttp://www.eso.org/gasgano

e observations were obtained with VELAMES feeding the
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(as found in Seck]3). The largest errors are found for theehot
—— and the most metal-poor stars, as expected, because theenixt
>0 gg:;: ] of broader lines for the former and weaker lines for the tatte
<-1.0dex e |4 differ the most. The individual values of the heliocentfig are
presented in the online Tallé 1, and will be used in $ect.at.3 t
determine the galactocentric velocities and hence thesodbi
] the stars.
- The spectra were then shifted at the rest frame and linearly
T rebinned by a factor of two, in agreement with Shannon’gerit
] rion. Furthermore, they were resampled to match the sagplin
J of the synthetic spectra library we had in our possessioigiwh
1 we used to derive the atmospheric parameters (see Paphid). T
] led to a final sampling of 0.4 A and an increasgh Ber pixel.
. Then the spectra were cut at the wavelengths 8400-8820 A to
] keep the range with the predominant lines anfiesing least by
I ] CCD spurious ffects (border fects, presence of a glow in the
2F - red part) and possible sky residuals. For this reason, tigerae-
[ ] tween 8775 and 8801 A which contains few iron lines compared
I to the possible important sky residuals, was also removid. T
o spectral feature corresponding to the Mgound~8807 A was
0.0 0.5 1.0 1.5 2.0 nevertheless kept. The cores of the strongi@aes were also
(B-V) removed, as explained in Paper |.
The final spectra, containing 957 pixels, were normalised

Fig. 1. Radial velocity uncertainties versus the (B-V) colour foPY iteratively fitting a second-order polynomial to the pseu

the final catalogue (479 stars), as selected in Sect. 5. Dithts wWontinuum, asymmetrically clippingfopoints that lay far from
different colours refer to fierent metallicity ranges the fitting curve. This first normalisation is not very cruclze-
' cause the pipeline that derives the atmospheric paranretess

malises the spectra with the aid of synthetic spectra (sperfPa
triplet. For each field the four fibres that were allocatedh® t ; Finally, the binary stars or suspected ones, and very low qua

sky were combined to obtain a median sky spectrum and Se&}/%_spectra (owing to a bad location of the fibre on the target)

e th i ¢ th i ‘s Then dhe | Vere removed at this point from the rest of the sample, lead-
rate the continuum from the sky-line components. Then,ahe |, 5 5 final sample of 636 stars. The final measurdd &
ter was cross-correlated to the object spectrum (which \eas

o . . our spectra varies from 5 to ~ 200 pixel?, with a mean of
split into continuum and line components) to match the dbjec 70 ixer!. Nevertheless, the cumulative smoothirgets of
sky-line intensities and positions. Afterwards, the skys\wab- ’

> X spectral interpolation and resampling lead to an overredion
tracted by finding the optimal scale factor between the r’rthskg? b Pling

. . o the SN by a factor of~ 1.4 because of the pixel correlation.
sky-line and the object spectrum. Individual exposureswen o ce "the plot of Figl]2 shows the apparent magnitude versus
cross-correlated using IRAF to put them on the same refereq

. >"€fe corrected .
frame and to be summed. Before summing them, the cosmic rays Al

and the remaining residual sky-lines were removed by compar
ing the flux levels of the individual exposures. 3. Determination of the stellar atmospheric

To measure the radial velocities we used a binary mask parameters
of a KO type star at the LRO8 resolution (available from the
Geneva observatory with the girBLDRS routine, lsee Royef/et ¥Ve used the procedure described in Paper | to derive the atmo-
2002). The cross-correlation function (CCF) between the ogpheric parameters of the stars and their associated efimrs
served spectra and the binary mask was computed, extractiig into account the overestimation of thiNSwing to the
from the position of the peak thé.q value. The spectral fea- Pixel resampling, the measureg\NSwas decreased by a factor
tures corresponding to the full-width at half-maximum (FWH 1.4 at each step of the pipeline. The obtained parameteesalu
of the Cax triplet and the Mg (8807A) lines were added man-are shown in the online Tadle 2. ) ) )
ually into this binary mask, because we found that otherwise We recall that this procedure consists of using twifed
the cross-correlation routine did not converge for the kwe€Nt glgonthms simultaneously, MATISSE_(Recio-Blancolet a
SN spectra (where the spectral lines are hard to identifyg T8006) and DEGASL(Bijaoui et al. 2010), to iteratively renor-
wider lines added to the binary mask play a dominant roleén tinalise the spectra and derive the atmospheric paramettte of
cross-correlation method. This implies that no particuan- observed targets. The learning phase for the algorithmased
cern has to be raised about errors caused by possible tempfit @ grid of synthetic spectra coveririgy from 3000 K to
mismatches. The only expectefiezt is a decrease in the preci8000 K, log g from 0 to 5 (cm s9) and [WH] from -5 dex
sion of theV;,q estimates, owing to a broader CCF. Nevertheled®, +1.0 dex. A coupling between the overall metallicity and the
as shown in Paper I, the derivation of the atmospheric pararfeelement abundandes assumed according to the commonly
ters is not allltered as long as the uncertaintie&gare less then observed enhancements in metal-poor galactic stars:
~7-8 km s*. We found in our survey that the mean error on the_ _
Viadis 4.70 km st and the standard deviation of the error distri- %ngé’ A(,j;[)li/lf%]“(\j/g]fi? _Old<e[>'\</| JH]< 0 dex
bution is 1.3 km s. In Fig.[I we plot the estimated errors on the e -
radial velocities versus the (B-V) colour of the targets.olotir 3 The chemical species consideredvaslements are O, Ne, Mg, Si,
code was added according to the derived metallicity of thesstS, Ar, Ca and Ti.

12 L B B B B B L |
[ M/H] >
-1.0 < [M/H
M/H

10}

Error on Vrad [km/s]
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4.1. Procedure to estimate stellar distances

1% 2 L We generated our own set of isochrones by usingYi¥i®ix2
E . o, S interpolation code, based on the Yonsei-Yaté)(models (ver-
18E % ",}3 . 3 sion 2 /Demarque et al. 2004) combined withthe Lejeunelet al.
E oo .&& O ] (1998) colour table.
IR T Jvy X '. o ] We set the youngest age of the isochrones at 2 Gyr, because
17 3 S A ,:z '-.: . " 3 we expect to observe targets from the old thin disc, the tiisk
; o 33 .0!'." Soe 30 . ] and the halo, and very few stars are expected to be younger tha
; v ': o ¥ S ] this. Followingl Zwitter et al.|(2010), we generated isoctes
> 165- o -"'.',‘.:, > e o, . 3 with a constant step of 1 Gyr, up to 14 Gyr. In addition, we
g ] -':3.'!.‘.';' AT IENCACH o ] used the full metallicity range of th€? models, ranging from
RS AL LN e b [Fe/H]=—3.0 dex to [F¢H]=+0.8 dex. The step in metallicity is
: I . ﬁ.!.'. ve® * constant, equal to 0.1 dex, smaller than the typical errathen
15 ] * DR E S E derived metallicities of the observed stars. The adoptéuega
] * o« ° ] for thea-enhancements atféierent metallicities are the same as
: o 4 ] those used for the grid of synthetic spectra described iptae
14 * 3 vious section. Atthe end, a set of 494 isochrones were getkera
o To obtain the absolute magnituti, we used the method of
18 L Zwitter et al. (2010). This procedure consists of findingrist
likely values of the stellar parameters, given the measaead-
0 50 100 150 spheric ones, and the time spent by a star in each region of the
S/N H-R diagram. In practice, we selected the subset of iso&sron

with [M/H]+Apm H;, whereAp y) is the estimated error on the
Fig. 2. Apparent magnituden, versus measured signal-to-noisgnetallicity, for each set of deriveti, log g and [M/H]. Then
ratio (per pixel) for all observed sample (689 stars in jotal a Gaussian weight was associated to each point of the sttlecte
isochrones, which depends on the measured atmospheriopara
eters and the considered errors (sed Eq. 1). This critelionsa
the algorithm to select only the points whose values areedios
— [a/Fel=+0.4 dex for [MH] < —1.0 dex. those derived by the pipeline. Still, in low™ spectra, whose
parameter errors can be significant, an excessive weighvean
appointed to rapid evolutionary phases of the isochronbsrev
it is unlikely that there are many stars. To avoid this adefae
associate to the previous weight, another one, that is ptiopal
to the time spent by a star on each part of the H-R diagram.
A:rollowing Zwitter et al. [(2010), this weight was set ds: the
mass step between two points of the same isochrone. Heece, th
ég)(tal weightW for each point on the isochrone can be expressed
as follows:

At S/N~50 pixel? the pipeline returns typical err@gor
stars with logg >3.9 and-0.5 <[M/H] < -0.25 dex, of 70 K,
0.12 dex, 0.09 dex fofet, log g and [M/H], respectively. For
more metal-poor stars-(.5 <[M/H] < —0.5 dex) the achieved
accuracies are 108 K, 0.17 dex and 0.12 dex. Finally, fosst
classified as halo giant$4; <6000K, logg <3.5,-2.5 <[M/H]
< —1.25 dex) the typical errors are 94 K, 0.28 dex and 0.17 d
(see Paper ).

This pipeline was successfully tested on the observed stel- (6 — )2
lar libraries of S*N (Allende Prieto et &l 2004) and CFLIBW = dm- exp[— Z — ] (1)
(Valdes et al. 2004), showing no particular biaseBdpor log g. i ZA&

Still, a bias of-0.1 dex was found for metal-rich dwarfs, which,

as discussed in Paper |, we decided not to correct becausavberei corresponds td e, log g, [M/H] or (B-V), 6 to the

the small range of logy and [M/H] spanned by the libraries. As parameter values of the points on the isochrofds,the values

discussed in Sedf_4.1, this possible bias is not expectetrte derived from observations (from photometry or spectrogtop

duce any significant bias in the distance estimates or theeder andAg,j to the associated error of the measurement. The absolute

velocities of the present survey. magnitudeM, is then obtained by computing the weighted mean
of all points of the subset of isochrones. The corresponding
error is computed by considering the standard deviatiomef t
latter.

4. Determination of the stellar distances,

kinematics and orbits To test the adopted procedure, we made extensive use of the
Besancon model of the Milky Way (Robin etlal. 2003). This is a
semi-empirical model that includes physical constraints@ur-

N . rent knowledge of the formation and evolution of the Galaxy t
lar distances _for targets far fro_m the solar nelghb_ourhcmdah return for a gi?/en line-of-sightds) the atmospheric paramete)r/s,
to be determined spectroscopically or photometrically.if® no hositions and the kinematics of simulated stars in angive
stance, the atmospheric parameters determined in theOpEVioga of magnitudes. It uses the isochrones of Schaller et al
section can be projected onto a set of theoretical isoclsrtme 1992) to simulate the stellar populations of the thin died a
derive the absolute magnitudes of the stars. Then we cawedeéhe isochrones df Bergbusch & Vandenbérg (1992) to simulate
the line-of-sight distances using the distance modulus. the thick disc and the halo. Thus, smaflsets may be expected
when comparing the distances we derived withh&ochrones

4 defined as the 70% value of the internal error distribution and those deduced from this model.

Typical F, G and K main-sequence stars hiaye- 15-18 at dis-
tances of 1-5 kpc, and at least until the ESAia mission, stel-
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We obtained a simulated catalogue~of - 10° stars towards Table 3.Values at 70% of the error distribution for the recovered
(I ~ 277, b ~ 47) in this way and tested the method by comdistances of the pseudo-stars of the Besancon model.
puting thelos distances of the targets in two ways:

SN (pixel™) 100 50 20 10
1. The Besang¢on atmospheric parameter values were taken an Relative errors (1) 17% 20% 27% 31%
associated with errors that the pipeline of Paper | would pro Relative errors (2)  19% 23% 35% 52%

duce for the corresponding stellar type and metallicityifat d

: ; otes.Recovered distances (1) using the Besangon atmosphegimpa
{;\a/r%rf]tgql\ll'jllnot:?:]\év%)ils\;vaenzgegls(gg;%%rl]m\%lgtrg;gigﬁgg dhgters and (2) using the parameters derived from interpblgathetic

. A g ectra at the Besancon parameters.
the first row of Tabl€13 the values at 70% of the error d|str|-B gonp

bution that we found. The results are very encouraging be-
cause at S ~ 20 pixel! the dispersion of the recovered
distances with respect to the theoretical ones is only 27%. Tt AT ettt Tttt rrmrmrt
Nevertheless, a bias was found for stars farther t#kpc, 1 o [M;H] = _(;_4 dex' AR
even at high 8. For instance, at /S~ 50 pixel! the e-1.0 <[M/H]| < -0.4 dex +’ o

distances for the farthest stars are overestimated 185, ® (M/H] < -1.0 dex
and this dfset increases with decreasingNSup to 30% at 9 dole
S/N~ 10 pixel?). Indeed, these distant stars are found to be ' dy
metal-poor giants (halo stars), for which the errors in the a oo
mospheric parameters are expected to be larger (e.gNat S S
20 pixel?, the uncertainties are 188 K, 0.57 dex and 0.23 dex e o/

for Teg, log g and [M/H], respectively). These uncertainties
will allow a high number of points on the isochrones to have
roughly the same weightV and to span a relatively wide
range of magnitudes, because the late-type giant starsshave Levd e
sensitive dependance of absolute magnitude with astrephys 4 A Lol BN,
ical parameters. Thigkect will result in a meam, that will . ,.'A&&‘
be lower, designating the stars to a farther distance tten th
should be. This problem is well known and has already been
described in detail in Breddels et al. (2010) and Zwitted et a 5F E
(2010). As we will see in Sedi. 6.2.3, it will concern lesstha
4% of our observed sample. N e

A disagreement 0f£13% towards smaller distances for the 700065006000 5500 5000 4500 4000 3500
stars closer than 1 kpc was found. Thiffelience is caused T [K]

by the diferent sets of isochrones involved, and not by the

method itself. Indeed, we verified that the absolute magmiig. 3. Atmospheric stellar parameters for the present sample of
tudes for main-sequence stars at a given metallicity were ghlactic field stars derived by the pipeline of Paper | and pro
ways higher in the case of Schaller et al. (1992) comparRgéted onto thev? isochrones. Three isochrones for =—

to the Y? ones. The dference disappeared for the dwarf3 5 dex and 13 Gyr (blue), [M]=—0.5 dex and 10 Gyr (green)
generated from the isochrones of Bergbusch & Vandenbegad [M/H]=0 dex and 7 Gyr (red) are represented. The metallic-
(1992). ity values are those derived by the automated pipeline.CBpi

2. The parameters derived from the spectra of the pseuderor bars are represented foffdient regions of the H-R dia-
stars were taken. For that purpose, we computed degragesm.

(S/IN~100, 50, 20, 10 pixet) synthetic spectra with the at-

mospheric parameters of the simulated targets and used the

automated pipeline to derive théig;, log g and [M/H]. We

found that the dispersion on the final distance estimatio wa

slightly increased, and that no additional biases wer®-intr

duced. Indeed, the projection on the isochrones fixes some. Distances of the observed stars

possible misclassification of the automated spectral ielass

fication pipeline. For instance, it solves the problem of thehe observed magnitudes and colours of Ojhalet al. (199&) wer

thickening of the cool part of the main-sequence, as préeredenned assuming a meaB — V) ~ 0.04 mag andd, ~

sented in Paper I. Therefore, the estimations are quite sig)t mag(Schlegel et al. 1998). Figufé&13, 4@hd 5 show the atmo-

ilar to those obtained from the Besangon values, as seersfrheric parameters projected onto the isochrones, thedl e

the last row of Tablg]3. magnitudeMy, and the histogram of the distances that we ob-

tained using the method described in the previous sectioesd

Finally, we tested theffect of a possible metallicity bias onfigures concern the final sample, as selected in Bect. 5. The va
the distance determinations. We modified the Besanconlmetaf A, should be lower for the closest stars than the adopted one
licities by —0.1 dex to match the suspected bias that the pipelibecausedy represents the total extinction in thas. However,
of Paper | exhibited. The errors on the recovered distanees wthe nearest targets areat~130 pc O ~ 175 pc), higher than
only increased by 2% compared to those presented in Tabler®st of the dust column, and consequently a single valég o
We therefore conclude that our distance estimates are nsit sea good approximation. In addition, a maximum error of 0.1 mag
tive to the possible small bias in metallicity that could begent in A, will be equivalent to an underestimation of less than 4% in
in our data. the distances, which can be neglected.

logg
R
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Fig. 4. Derived absolute magnitudé,, versus (B-V) colour for Fig.5. In black we denote the distribution of the line-of-sight
the present sample of galactic field stars and for the atnesgph distances for the subset of the observed stellar samplenibet
parameters derived by the pipeline of Paper | and projeated the quality criteria described in Sefi. 5. Overplotted id i®
the Y? isochrones. The colour codes and the isochrones are the distribution of a randomly selected magnitude-lim{ieg <
same as in Fid.13. Typical error bars are represented ftardht 18.5) sample of stars based on the Besancon catalogue.
regions of the H-R diagram.

The availability of the distancesD] then allows us

to estimate their galactic-centred cartesian coordifiatdd = VraaC0Osp) cos() — Duy cos() sin(b) — Dy sin) (5)
(Xees Yoc, Zac): V = Viagcosp) sin(l) — Duy, sin() sin(b) + Dyy cos() (6)
W = Viagsin(p) + Dup cosp), (7)

Xec = Dcosp) cos() - Xo (2) wherey andpup are the proper motions on the Bkywe also

Yec = Dcosp)sin() (3) computed the galactocentric velocities in a cylindricérence
_ ; frame. In that case, the velocity components\agV,, andVz,
= Dsin(b), 4 X ¢

Zac ® @ with Vz = W. They are computed as follows:

where Ko, Yo, Zo) = (8, 0, 0) kpc ((Reid 1993) anld b are the 1

galactic coordinates. Vr = 5 lXec (U +Uo) + Yoc - (V + Viat + Vo) (8)

Table[4, available online, presents the derived values lagid t 1

associated errors (computed analytically, consideringmors V, = R [Xec - (V + Vot + Vo) — Yo - (U + Ug)], 9)

on| andb). They will be used in Seck] 6 to assign a star to a
particular galactic component (thin disc, thick disc ord)al ) ) .
where R = /XZ.+YZ. is the planar radial coordinate
with respect to the galactic centreU{, Ve Wsr) =
(10.00,5.25,7.17) km s is the solar motion decomposed into
Proper motions combined with distance estimates and raghal its cardinal directions relative to the Local Standard ofRe
locities provide the information required to calculate fo# (LSR,[Dehnen & Binney 1998), and = 220 km st is the
space motions of any star in the Galaxy. For our sample thalracamplitude of the galactic rotation towartis= 9¢° andb = 0°
velocities were derived from the observed spectra (see[@gct (IAU 1985 convention; see Kerr & Lynden-Bell 1986). In this
whereas magnitudes, colours and proper motions were takeference frame a retrograde rotation is indicated\y >
from|Qjha et al. [(1996). The associated space-velocity @amm km s1.

nents in the galactic cardinal directions, U (towards thed The errors on these kinematic data are estimated as follows:
centre), V (in the direction of the galactic rotation) and W-( for each star, we performed 30° Monte-Carlo realisations for
wards the north galactic pole) were computed for all thesstap, ;, u, andV;ag, assuming Gaussian distributions around their
using the following equations: adopted values, with a dispersion according to their esticha

4.3. Kinematic properties and orbital parameters

® We have adopted a right-handed reference frame, with thei ax ® One measures, = ;' cosp), with i the true proper motion in the
pointed towards the galactic centre. | direction
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errors. For every realisation, 6d phase-space parametéi@na
gular momenta were computed, taking as a final value the mean
of all realisations, and as an error the standard deviater (
Tabled# and]1). The number of realisations was determined to
achieve a stable result for each measurement. Later on,-as de
scribed in Secf. 612, each of these Monte-Carlo realisatid

be used to assign for each star a probability of belongingieo o

of the galactic components.

The median estimated errors on the galactic rotational
velocities,V,, for metal-rich ((MH]> —0.4 dex), intermediate
metallicity (-1 < [M/H] < -0.4 dex) and low-metallicity
(IM/H]< -1 dex) stars are of the order of 10, 18 and 48 ki s
respectively. ForVg we reach accuracies of 12, 23 and

0.5

49 km s, and forVz we obtain 9, 16 and 41 knT respec- 15k et oo o o
tively. : . * ..

Finally, from the present positions and space-motion wscto 20F . . . -
of the stars one can integrate their orbits up to severattala .
revolutions and hence estimate their orbital parameteeflas ’
orbital eccentricitid$ pericentric and apocentric distances were 2500 v v e
computed. For that purpose we considered a three-component 0.0 0.2 0.4 0.6 0.8 1.0
Galaxy (dark halo, disc, bulge). The Milky Way potential was eccentricity

fixed, and modelled with a Miyamoto-Nagai disc, a Hernquist

bulge and a logarithmic dark matter halo (see Helmi 2004, and o o )

references therein for more details). Fig. 6. Metallicity versus eccentricity for the 452 stars with full
Errors on these parameters were propagated from the fré-phase-space coordinates. Typical errors are shown inpthe

viously found positions and velocities. Typical errors @een- Per right corner.

tricities are~22%. Results can be seen in Table 1 and in[Hig. 6,

wheree has been plotted versus [M]. As we will discuss in

the next section, these eccentricities can be used to fgené hot dwarfs and the giants, see Paper I). In addition, thig-cri

galactic components and distinguish the origins of thektHisc  rion also removes possible stars on the blue horizontalchran

stars|(Sales et al. 2009). (BHB), because th&? isochrones closest to the BHB will be

the youngest ones. Finally, we removed 11 stars for which the

. spectra had an estimated error in gy > 10 km st 43 stars

5. Star selection with an estimated error o® > 50%, and all remaining stars

We need the cleanest possible sample to confidently deshabeWith SN< 20 pixel ™. Indeed, as shown in Paper |, the errors in
properties of our observed stars. The final catalogue awswal9  the atmospheric parameters, and hence on the distancesrare n
stars, 452 of which have full 6d phase-space coordinatdswBe Negligible in that case. As a matter of fact, with a selecfmn
we explain how they have been selected. SN>20 pixel™?, errors less than 190 K, 0.3 dex and 0.2 dex are

As already mentioned, from the initial 689 targets 53 stafxpected for thick disc stars fdky, log g and [M/H], respec-
that were identified as binaries or had very low quality sgecttively, leading to errors smaller than 35% on the distances.
were removed. In addition, we removed the targets for whieht  Figured8 andl5 show the H-R diagram andltisdistance
parameters projected onto the isochrones clearly disdgvik distribution for the final catalogue, which contains 479st&or
the results of the pipeline, according to the followingeriion:  the 452 stars for which the proper motions were availab[Fi
illustrates theiVg, Vs, andVz velocity components. The targets
mainly spanlos distances from175 pc up to~10 kpc (corre-
sponding to a distance above the plahe 7.5 kpc), with only
11 stars reaching up @ ~32 kpc € ~ 24 kpc). As described

in Sect , these very distant stars are thought to haweg
WhereXSiPe“”e aNd Xocpyone COMTESPON to the tferences be- veres%gted distanc):as (up to 30%), and hgnce one shguld be
tsvl\jﬁﬁln tR?)n?bt?]eerveideslﬁmeewggn?g?ert?eorsﬁﬂ’([)hs?c rtg.r:(glggfg gr reful concerning the conclus_ions obtained for them._ lhi-ad
9 PIp p proj 8 on, the excess of stars seen in ¥eversusVg plot of Fig.[q

tsr;gr;soniggr?lnesié ;Eizplencg\gijl?{i)c.);hlelastig\r/sevsi?a?Iorg'gi%dg towards negativ®/z andVr is caused by small number statistics
’ y g : ’ proj rather than a stellar stream.

an isochrone of 2 Gyr were removed from our survey because The metallicity clearly decreases with increasiFig.8),

these young stellar populations are expected neither ithihe ; P i X
disc (at those distance above the plane), the thick discer @S expected, because the proportion of thin disc, thickafst

halo. Removing these targets is justified, because the thiairs alr?]:tt;r_s gg??'?aerz (?l@/]eitrlelle;saev)\ge ;taﬂe?oﬁtcse Iglt%rét};\z;a
are found to be so young are clearly misclassified by the aug({‘,; P ' gnts g

maic pipeline (because of degraded spectallines, badator (2, (F% T JI BARS G0 FOCE S0 I ORE oo
isation..., or because of the lagTer degeneracy between theof one of the quality criteria cited previously. The anadysf

7 We define the eccentricity @s= (fap — 'pe)/(fap + I'pe) Wherer,, the magnitudes and théq of the removed stars (empty cir-
andr .. correspond to the apocentric and pericentric distancesedést cles in Fig.[9) shows that these targets are mainly fainsstar
orbit of each star. (m, > 18), with typical velocity values corresponding to the

2 2
Xisochrone™ X pipeline
> 0.25,

(10)
Xpipeline
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Fig. 7. Galactocentric velocities computed for the observed saffig. 8. Metallicity versus distance above the plane (top), versus
ple as defined in Sedt] 5. Typical errors are representedein treliocentric radial velocity\(;aq, middle plot) and versus rota-
upper right corners. The colour code according to the mieitgll tional velocity {/,, lower plot), for the considered sample. Mean
is the same as in Fid.3.

estimated errors are represented for threEedint heights or
metallicity ranges.
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survey and the same ratio between giant and main-sequamnse st
(resulting from our final catalogue). This strict selectforally
kept~ 4 - 10° simulated Besancon stars (called raw Besancon
catalogue hereafter). Below we will first use this mock cagak
to help us in interpreting the vertical properties of theevhed
data (Sec{_6]1). Then, according to the hints given by th-ve
cal study, the stars belonging to each galactic componéirtevi
selected (Sedi.8.2), which will lead to a characterisatibtie
thin disc, thick disc and halo.

We recall that the model returns the cartesian velocitieg U,
W, and to obtain the valué#, V, in the cylindrical frame, one
must use Egg$.]8 arid 9. Both of them suppose a solar velocity
and a galactocentric distance for the Sun. The values adlbgte
the Besancon model are not the commonly admitted dRes:(
85kpc,Uy =103kms? V, =63kms?t, W, =59kms?),
and for that reason, we preferred to compare only the cartesi

14F :

. . * velocities and not the best-suited cylindrical frame.
3 ¢ ®’ -
13 b L Y Y T ] 6.1. Study according to the distance above the galactic plane
-100 0 100 200 300 400 First, we divided the observed sample into stars lying clese

Vrad [km/s] farther than 1 kpc from the galactic plane, with 201 and 251 ta
gets, respectively. We recall that this cutzat 1 kpc roughly

Fig. 9. Apparent magnitude versus derived heliocentric radial vBOrresponds to the scale height of the thick disc (Juritlet a
locity (Vsag) Of the entire sample. Empty circles represent the rd008) and to the threshold height above which Gilmore et al.
jected targets, whereas the filled ones represent theselgters (2002) identified a lagging population towards lower gaéde-

for the final catalogue (see Segt. 5 for more details). Mogef itudes b ~ 33).

faint targets withV,ag > 180 km s? (typically, the halo stars) ~ The left-side histograms of Fif. 1.0 represent a comparison
were removed. between the model and the observations for metallicitya-rot

tional velocity andV,,q Of the closest stars. They show that the

model reproduces the observations close to the plane faglly

halo (Viag > 180 km s1). This is strong evidence suggesting th xcept for the position of the metallicity peak, for which fired
some metal-poor stars have been observed, but were renfeved &, e metal-poor distribution, by 0.15 dex.

terwards from the final catalogue. Indeed, the poor accesaci 4 " Cup o hand, for the more distant set (right-side his-

ﬁg?slgvigg“g;hésr It)y {)ezgiosiﬁresir(rseprﬁgggll v?/;?:r?tsuerlee Sctliﬁshamfncl tograms), several adjustments are needed to bring the -metal
K P 9 ficities and the velocities of the model to a better agredmen

sample for the present analysis. : ; ; N
; e e with the observations. Indeed, the model considers a thiak d
V. dFTaﬁﬁog]i\r:{agldgtergnggnmgf metgggiegaggﬁgﬁztigupdéc;and a halo following Gaussian metallicity distributiondthna
ra - . —_— _—
(b ~ 47°) Viag = 300 km s corresponds to halo stars with retroM€an[M/H]rp = ~0.78 dex, andM/H]y = -1.78 dex, re-
grade orbits. The low metallicities of these stars combimigl  SPECtively. These values are too metal-poor compared to the

the derived/,-velocity component confirm this. These stars will’€&" thick disc and mean halo metallicities found in the-lite
be discussed in more detail in SEct. 6.2.3. ature (see_Soubiran et al. 2003;_Fuhrmann 2008; Carollo et al

2010). We find that a thick disc and a halo more metal-rich than
the model default values by 0.3 dex and 0.2 dex respectively,
6. Characterisation of the observed stellar sample lead to a much better agreement of the metallicity distidnyt
as can be seen from the comparison between the red dashed
histogram (the observations) and the black one (the modified
model) in the first row plots of Fid._10. We therefore propose
[M/H]tp = -0.48 dex, andM/H]y = —1.58 dex. We stress
of the Besancon galactic moféRobin et all 2003). The latter that the proposed value for the halo calffe_.ufror_n the removal
supposes a thick disc formed through one or successive mer%feSome of the metal-poor;ta_rs, as described in Skct. 5.
processes, resulting in a unique age population (11 GyH avit As far as the velocity distributions are concerned, the rhode

scale height of 800 pc, a local density of 6.2%, and no vdrtic%ﬁi" nicely represents the U and W distributions far frone th
gradients in metallicity or rotational velocity. plane, but not the velocity in the direction of galactic tata

To run the model, we considered a meaffutie absorp- (V). Indeed, we find a shifted distribution with a peak around
1 1 1 .
tion of 0.7 mag kpc. We applied parabolic photometric er-—/0 km s, lower by 20 km s* compared to the predicted one.
rors as a function of the magnitude, and a mean error on thiais ~ 20 km s difference is also seen ff;, suggesting that
proper motions of 2 mas yedr according to the values given!tS Origin is not a spuriousfect caused by the local, cartesian
by [Ojha et al.[(1996). The input errors for thgg were those referenpe framg. Ne.ver_thelless, thiteet is har_dly visible from
derived in Secf]2. We selected stars with a Monte-Carldmeut the radial velocity distribution, and the lag is much lessacl

to obtain the same, and (B-V) distributions as in the FLAMES compared to that visible in Fig. 2 of Gilmore et al. (2002)isTh
might be partly because at higher latitudes the contributio/

8 http://model.obs-besancon. fr to theV,aqis less important.

To compare our observations with galactic models, we cdemte
catalogue of pseudo-stars with the same properties asfeurs.
that purpose we obtained a complete (upte=19, mg=20) cat-
alogue of 810 simulated stars towards olas from the website
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Fig. 10. Comparisons between our observations (red dashed histeyji@nd the Besancon model predictions (black solid his-
tograms) for the metallicities, rotationaf {n cartesian an¥, in cylindrical coordinates system) and radial velocitiEse left-side
plots include the stars that are lower than 1 kpc, whereasighé side plots include the stars farther than 1 kpc from plane.
Dotted black histogram corresponds to the raw Besancoreh{ad downloaded from the web, but biased to match our magni-
tude distribution), whereas the black continuous line egponds to a model with a richer by 0.3 and 0.2 dex thick disichato,
respectively.
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To better characterise the observed sample, we studied the
metallicity and the velocity distributions for narroweiiglet bins T ' AAAAL AR
up to 4 kpc from the plane. The size of the bins was chosen to o029k * Modified meal (MEA oo B et &
include at least 20 stars. To fully take into account the tage . { ? l

ties in the computed positions and metallicities of the ol r } 5 { {

stars, the plots of Fig_11 were obtained from B0® Monte-

Carlo realisations on both parametere.(D and [M/H]). For

each realisation we computed the new velocities and meésure

the median metallicity and the median V of the stars insiddea

bin. The mean value and therluncertainties rising from the

Monte-Carlo realisations were plotted. Finalky, was obtained

by computing the mean robust deviation of V inside each bin. I ©
A clear change of regime is observed in Figl 11 for/iH}l -0.8

V and oy around 1 kpcj.e. where the transition between the r <

thin and the thick disc is expected. Closer than 1 kpc the Imeta [

licity trend is flat, whereas for the more distant stars a igrratd -1.0 ! ! !

O0[M/H]/0Z = -0.14 + 0.05 dex kpc! is measured. This gra- 0 1000 2000 3000

dient, agrees (within the errors) with that found|by Katzlet a Z [pcl

(2011) and Ruchti et al. (2011). Yet this gradient might bearn

estimated because as noticed previously, our sample meght b

lacking low-metallicity stars at long distances. Veloaisadi- 150 Lrsabseryagons : ' i

© Default Besancon model

ents of 0V,/0Z = 19+ 8 km s kpc ~! and doy,/9Z = || R Modified models Vyye-70 km/s
9 + 7 km stkpc! are observed for the stars between 1 and
4 kpc, which agrees relatively well with the results found by
Casetti-Dinescu et al. (2011) and Girard etlal. (2006).

To better understand the origin of these trends, we used
once more the Besancon model and compared it to our obser-
vations. As suspected from the study above and below 1 kpc,
the raw Besancon model does not mimic our data correctly I
(Fig.[11, red diamonds). On the other hand, a more metal-rich 50k l
thick disc and halo, and a thick disc that lags behind the LSR I
by V = —70 km s, as suggested previously, leads to a much - i i @
better agreement between the observations and the posticti r f?‘
(blue triangles). In particular, the measured trends seetret I
explained in our mock model as a smooth transition between th 0 10'00 20'00 30'00
different galactic populations. 7 Ipcl

Nevertheless, even with these adjustments the mock model
does not represent all results we obtained. In particulas b

S
>
T
<
B>
D
1

[M/H] [dex]
© :
—————
—p—
——i

-100

V [km/s]

aroundZ = 1 kpc still clearly disagree, corresponding to the 120 [ - -
height where the thick disc is expected to become the domi- - iﬁ%%ﬁi%‘%%% model ]
nant population. In addition, the plateau at the high-ntieity 100k —= i

regime is not well modelled either, suggesting a local dgrdi
the thick disc higher than the one assumed for the model, cor- ! !
related perhaps with aflierent scale height. Indeed, the model 80r ]
essentially predicts the number of thick disc stars seewebo - 1
one scale height, and thus the adopted thick disc scale theigh
andZ = 0 normalisation are degenerate.

Moreover, a clear correlation betwe¥pand [M/H] is found
for the stars between 0.8 and 2 kp#vg/0[M/H] = —45 =
12 km s~! dex 1), in agreement with_Spagna et al. (2010) [ ]
and|Lee et al.| (2011)), though in disagreement with the SDSS 20r ]
view of [lvezi€ et al. |(2008), based on photometric metallic - :
ties. We recall that according to the radial migration sciesa oL : ! :
(Roskar et all_2008; _Schonrich & Binney 2009), no or only a 0 1000 2000 3000
very small correlation is expected in the transition regioe- Z [pc]
cause the older stars that compose the thick disc have bdien ra
ally well mixed.

60|

oy [km/s]
O
<O b
ep—
e —
°4

40}

Fig. 11.Median metallicities and V-velocities atfterent height
bins above the galactic plane. Each point hasuhcertainties,
6.2. Characterisation of the galactic components obtained from 5 10° Monte-Carlo realisations on the position

of the stars (and hence their velocities) and their meiadi
We now aim to select the thin disc, thick disc and halo membeRed diamonds represent the predictions of the raw Besangon
to characterise these three galactic components. We teedll model, whereas the blue triangles represent a modified model
there is no obvious predetermined way to define a samplewith metal-richer thick disc and halo, and a thick disc ttzad

behind the LSR by = -70 km s1.
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Table 5. Adopted values for the characterisation of the galactic We tested this approach with the parameters obtained from
components the synthetic spectra of the Besancon sample, presented in
Sect.[4.1l. The adopted velocity ellipsoids are the same as in

Galactic ou ov ow Viag Table[5, but in that particular case, we chos¥g compat-
component (kms) (kms') (kms?) (kms?) ible with the model, of-46 km s. Results for spectra with
Thin disc 35 20 16 -15 S/N~20 pixel are shown in Tablel6, where we checked the true
Thick disc 67 38 35 -70 membership of each assigned star (labelled (1)). This agpro
Halo 160 90 90 -220

identifies the thin disc targets quite well (first column){ B6%

of the thick disc candidates are actually thin disc membansi(

Table 6. Galactic population identification obtained from syneolumn). Furthermore, the majority of the identified halarst
thetic spectra of the Besangon sample simulated with abkignare, in fact, thick disc members.

to-noise ratio of approximately 20 pixél The assignment to a component for most of the stars is inde-
pendent of the adopted probability threshold (in our caser)f
thin disc thick disc halo Indeed, for the majority of the stars more than half of the kden
(1) (2) (1) (2) (1) (2) Carlo realisations result in the same assignment. Ingrgasi

84% D  77/%D | 25%D  15%D | 1%D 0%D the probability threshold will only increase the realisas for
162/0 D 23;’/0 D 732/0 D 78;’/0 D 56(’? ™D 34°ﬁ0 TD  which the assignment will not be obtained. Hence, the compo-
0%H  0%H | 2%H  7%H | 43%H 66%H  npentwhich will have occurred in the majority of realisasoill

Notes. (1) Selection according to velocities of the stars (prolistim remain utnthanﬁjed, keetplng 'E[?]a'f[ \a{]ay the ls;am(te)tmenzjberg,hlp as-
approach). (2) Selection accordingZedistance. D, TD and H, corre- signment. Finally, we stress that the results obtained waen

spond to thin disc, thick disc and halo stars, respectiasidentified Placing the velocity ellipsoids of Bensby & Feltzing (200@jh
by the Besancon model. those of Soubiran et al. (2003)|or Carollo et al. (2010) revachi

identical. Indeed, the fierences in the velocity ellipsoids or the
rotational lag are not éfierent enough (few kn3$) to introduce
a purely single galactic component. Any attempt will progluccanges in the final candidate selection.
samples contaminated by the other populations. To obtain a sample of thick disc and halo stars as pure as pos-
We used the kinematic approach of Soubiran & Glrargible, we found that a candidate selection based on thendista

(2005); Bensby & Feltzind (2006); Ruchti et al. (2010) toest| above the galactic plane was preferred (like_in_Dierickxet a
the stars belonging to each galactic component (heredgter 22010, for example). In this case, one has to adopt some val-
called probabilistic approach). We recall that the advgetaf Ues for the scale heights of each population, and a normalisa
this method is that no scale height is assumed for any popu@ factor to estimate the pollution of the other composent
tion. The inconvenience is that it assumes a velocity alifhs Scale heights are a matter of debate, especially for thie théc
forcing in that way to find member candidates within the givednd the halo, but it is generally admitted that stars lyinthfer
dispersions (introducing for example biases in the ecimtytr than~1-2 kpc and closer than4-5 kpc from the galactic plane
distributions because the cold stars like thin disc’s onds ware_thick disc dominated (Siegel et al. 2002; Juric st ab&20
have low eccentricities and very hot stars vey high ecagntride-Jong et al. 2010). Results obtained for the same Besancon
ties). This may lead to systematic misclassifications witiege sample with this distance selection are also shovyn |n.'l[able 6
velocity distributions overlap, or if the assumed disttibns are Under the label (2). In that case, only 15% of the thick diacsst
not the expected onesd. non Gaussian or with significantly are misclassified as thin disc members. In addition, the i

different means arior dispersions). recovered halo targets has increased from 43% to 66% cothpare
In practice, for each set of U, V and W a membership prol the probabilistic approach. . _ _
ability is computed according to the following equation: Keeping these results in mind, we decided below, to investi-

gate the results obtained by both methdfis€lection and proba-
bilistic approach) for our observed data. We performed Gians

]- (11) fits of the distributions of U, V, W and [MH] for each galactic
component, and we discuss the mean values and dispersions fo

The adopted values afy, o, ow and Vi are the ones rep- _erg:glrgethod. Results and their lincertainties are shown in

resented in Tablg]l5. They are taken from Bensby & Feltzin S . .
(2006), except for th&/j,g of the thick disc, in which case we _ The probabilistic approac_h assigned 154 stars to the thin
used the value suggested in SECT 6.280 km sL. The prob- disc, 193 stars to the thick disc and 105 stars to the halo. On

ability of belonging to one of the components has to be signi e other hand, in thE_seIectlon the 163 stars lying closer tha_n
canty highr thanth provabiy of belonging o e cieo 500 B SIS ke 1 e i e, e 187 sare g
assign a target to it. In addition, one has to take into acto kne f the ol pt the hal '

the uncertainties on the measured velocities, to avoid iess® PC TOM € piane {o the halo.

misclassifications. In practice, instead of assigning apmmant

based on the final values of U, V and W (presented in the onlig® 1 The thin disc

Table[4), we performed it for each of the 30° Monte-Carlo

realisations used to compute these values (see [Sekt. 48). The values found with the kinematic approach shown in
adopted threshold in probability ratio above which a redii;m Table [T are consistent with the properties of the old thin
is assigned to a component was fixed to four (we checked tliggc (Vallenari et gl. 2006; Soubiran etlal. 2003, and refees
our results are notféected by the adopted threshold, see belowtherein). The mean eccentricity for the thin disc stars #10.
The final assignment was then made by selecting the componeith a dispersion of 0.06 (Fif.13), though we remind the ezad
which occurred in most realisations. that these values are expected to be greater in realityethdiee

P

1 y ( U2 (V-Vieg® W2

~ (2n)¥20yovow 20, 202 203,
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high eccentricity tail of the thin disc cannot be selectethwlie
adopted procedure because of the biases introduced todtital or 100———T———— T T

. . : Qbservali
parameters by the kinematic selection. & BopeTyAons con model

The most distant thin disc star is found at 2874+ 224 pc. A Modified model: Vyy=-70 km/s [M/Hlyy=0.5 dex
We found one thin disc candidate with [M]~ -1.5 dex, at 30 ]
Z ~ 250 pc. This star ha¥,ag = 1.3 + 4.5 km s, which
is typical of the thin disc. Nevertheless, we rather suspect
this target to be thick disc member, whose kinematics occupy

60 l i .
abundances would increase the dimensionality availabte fo
population classification, and so might help to identify its
membership with confidence. @
20F .

>

the wings of the thick disc distribution function in a region
that overlaps the thin disc distribution function. This elic
illustrates the limitations of our adopted Gaussian moadel f
the distribution functions. A measurement of i#selements

oy [km/s]

A selection according t@-distance results in a hotter veloc-
ity ellipsoid and a lower mean metallicity compared to theeki
matic selection. The higher lag and the lower metallicityrfd
with this method is probably caused by the pollution from the o
thick disc. This is also suggested from the eccentricityridis -1.5 -1.0 -0.5 0.0 0.5
bution of Fig.[T#, where one can notice that the thin disc has [M/H] [dex]
an anomalously high number of stars withz 0.2. Indeed, we

recall that in that case, stars upZo= 800 pc are considered ig. 12. V-velocity dispersion for dferent metallicity bins for

to be thin disc members. This model is of course dynamical Ip{e stars lying between & Z < 4 kpc above the plane. Red

unphysical, and is adopted here merely as a limiting and cag-
venient case to illustrate fierent population classification out_:ﬂ_amonds represent the raw Besancon model, whereas tee_blu
riangles represent the model with our preferred modelctvhi

comes. The contamination from the thick disc will thus depe - . ;
. . as a mean metallicity0.5 dex, and a mean galactic rotational
mainly on the local density of the latter, whose values amafb L= 1 . .
velocityV = —70 km s for the thick disc.

to vary in the literature from 2% up to 12% (see Arnadottirlet a
2009, for a review of the normalisation factors).

Considering a thin disc witNV, = —211 kms* (as found hilisticallyd. Nevertheless, a slightly lower metallicity\i/H] =

with the kinematic approach) and a thick disc wty = -0.45 dex) is found, which, interestingly, agrees well with the
—166 km s, the contamination caused by the latter should B&sults suggested in SeCt.16.1, where we compared oursesult
~19% to recover the lag of —15 km s that we measure. With those of the Besancon model. o .
Roughly the same result (18%) is obtained when looking fer th  The argument that the thick disc is a distinct population
amount of thick disc contaminators which is needed to pass fr compared to the thin disc is even more accredited by the plot
[M/H] = —0.22 dex (kinematic approach) t€0.27 dex ¢ se- of oy versus [MH] (Fig. [12), obtained for thg stars lying bg-_
lection) with a canonical thick disc metallicity ef0.5 dex. tween 1 and 4 kpc. We see that for typical thick disc metallici

Because the kinematics are reasonably well establishean%S (1 <[M/H]< ~0.2 dex) the velocity dispersion is constant

. N : ;
the solar neighbourhood, we conclude for the thin disc thet tWIthln the errors, aroundy ~55 km s™. At these heights and

S metallicities the pollution from the other components ipested
gtg%‘i‘ggfgi;@g%ﬁm should return more robust reséa the to be very low (too high and too metal-poor for the thin disa t

low and too metal-rich for the halo). Hence, this plot seems t
highlight the intrinsic velocity dispersion of the thicksdi But

6.2.2. The thick disc we cannot rule out the existence of an intrinsic verticatigrat
_ . in the metallicity and rotational velocity of the thick diddigher
The meanV-velocity (v = -63+ 2 kms?, V, = —-166+ resolution spectroscopy afod higher number of targets like the

2 km s1, see Tables]7 aid 8) found with the kinematic approaérthcoming Gaia-ESO survey will help to answer this questi

is slightly higher than the typical canonical thick disc ual though. A cleaner thick disc sample might be obtained by-sepa
which less than-50 kms? (see, for example, Wilson etlal.rating the thin disc from the thick disc based on thg] ratio,
2010). The mean eccentricity is 0.33, with a dispersion 80. and the halo from the thick disc by means of higher statistics
(see Fig.[IB). The closest thick disc star is foundZat= Finally, the orbital eccentricities of the thick disc oltadl
129+ 10 pc, and the most distant one at 5.33+ 1.17 kpc. with the two methods have to be discussed (see[Eih. 13 and
We find that the metallicity of the thick disc extends from Fig.[14). Very many authors have recognised that the shape of
-1.8 + 0.1 dex up to super-solar values of +0.25 + 0.1 dex, the eccentricity distribution can give valuable infornsatebout

and thafM/H] = —0.41 + 0.02 dex. Let us note again that thehe formation mechanism of the thick disc and the accreted or
mean metallicity might be overestimated owing to the cootri Notaccreted origin of its stars (Sales €l al. 2009; Di Magtieal.

tion of the thin disc (misclassifications for the stars lyinghe 2011). Although for both selection methods the distribuitiils

low velocity tails), and that the kinematic selection imluces — We note though that we found non-zero values¥arnd V3. We

biases in the eccentricity dISt”bl_Jtlon‘ o searched for possible reasons for theffiseds without success. These
On the other hand, th@selection results iNg, Vs, Vz veloc-  mean values could be possibly caused by small zero-poioitseon the
ity distributions which are compatible with those foundlpme proper motions.
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can stffer from individual uncertainties or wrong population as-

signments, the position of the peak is reliable informaticn 50— T T T T
cording to these authors. The eccentricities in[Eig. ¥&sfrom thin disc
selection biases, as discussed in the previous sectiocaybe thick dige ...
the membership was decided on kinematic criteria. Hence, no

conclusions should be taken based on these results. 40 E

On the other hand, Fig. 14 suggests a peak at rather low val-
ues, arounad ~ 0.3. Hence, the pure accretion scenario, as in
Abadi et al. (2003), which supposes a peak arogird0.5, can 30

be ruled out (we note though that these results have beemthece @
debated by._Navarro 2011). Nevertheless, no separationean b g
made between the heating, migration or merger scenariéshwh S
differ mainly in the detailed shape, especially in the breadth of 20 ]

the distribution.

We note, however, that Fi§. 114 suggests a broader distribu-
tion than has been found so far for more local samples. This is
very interesting because it might suggest that accretisrcba- 10
tributed slightly more compared to local sample, and that th
dominant mechanism for the formation of the thick disk may
well have varied with distance from the galactic center.

6.2.3. The halo eccentricity

The addition of the individual errors Ovag, 4, up andD leads Fig. 13.Eccentricity distributions for the thin disc (in red), tkic

to an unreliable selection of halo stars based only on thee-k éjisc (in dotted green) and halo (in dotted-dashed blue) cBne

matics. Indeed, we recall that our tests conducted on stath 'gates were selected based on their kinematics, accotding
spectra of the mock Besancon catalogue showed that a pref e probabilistic approach bf Ruchti ef &l. (2010). Thigetbn

bilistic assignment of halo membership inevitably geresat therefore introduces biases in the eccentricity distiilng be-

sample strongly polluted by the thick disc. . e
To minimise this pollution, our tests suggest to perform-a sgause the tails of the velocity distributions cannot bectetk

lection onZ instead. For the 45 stars being more distant from

the plane tharz = 5 kpc, the mean eccentricity is 0.69, with

a dispersion of 0.16. We find a mean metallicity[M/H] =

-0.92+ 0.06 dex, withow/m; = 0.76 + 0.06 dex. These values of their radial scale lengthgg) and scale heightif). Below we
are too metal-rich, compared to the commonly admitted valgensidered as thin disc the stars below 800 pc from the galact
of ~ —1.6 dex for the inner halo_(Carollo etlal. 2010). In addiplane, and as thick disc the stars between 1 and 3 kpc to avoid
tion, we find meaiVz velocities significantly dferent from zero, a strong contamination from the other components. In aafgiti
which is not expected. These odd values are likely causekieoy the dispersions of the velocity ellipsoids were correcteuinf
large uncertainty expected for the most distant stars fir the the observational errors by taking them out quadraticalyin
distance and hence the velocities to our star selectioariit, Jones & Walker (1988). In cylindrical coordinates the radrad
which created a biased and unreliable halo sample (se) Figggimuthal components of the Jeans equation are

and probably to an underestimation of the errors for the @rop

motions for the most distant stars (we recall that we assuamed 2 2 2

constant error of 2 magear). V2 — v_¢2 = ol Mo g _ dInteory,) _r 07ves (12)
This could also explain the fairly large velocity disperso R o-\Z,R JdInR o'\Z/R 0z

that we find compared to those expected for the halo. For ex- opa2 1 0Ropo2

ample, using SEGUE spectra, Carollo etlal. (2010) foundter t oKz = PV, + = Vrz (13)

inner halo ¢y, oy, ow) = (150+ 2,95+ 2,85+ 1). 0z R OR

We note, however, that another possible solution to explain
a part of this discrepancy can be found.in Mizutani et al. @00 wherep is the density of the considered galactic component,
who suggested that the retrograde stats in Gilmore et 802020V, = 220 km s? is the circular velocity at the solar radiug is
could be the debris @b Cen. We searched among our retrograd@e mean rotational velocity of the stars havingdfg, OV, OV,

stars for a possible identification af Cen candidates (e.g. in TR ; IR va vl val val ; ;
- ! : velocity dispersion = VRVz—VRr Vz, andK; is the vertical
the metallicity space) without any success. Therefore welfia Y disp 15TV, RYzTIRTZ ‘
galactic acceleration.

small-number statistics to explain these large velocigpéli-
sions, although we cannot exclude their presence.

7.1. Radial scale lengths

7. Derivation of the radial scale lengths and scale We consider thatp(R) « exp(R/hg), and thato2 has
heights the same radial dependence @gas in[Carollo et all_2010).

5 >,
Supposing that the thick disc and the thin disc are in equiligh‘:reforeVVR o exp(-R/hg). In addition, one can assume that
rium, the velocity ellipsoids that were derived in the poms 0oy, ,/0Z ~ 0, which is true if the galactic potential is an infinite
sections can be used with the Jeans equation to infer anagstinconstant surface density sheet (Gilmore €t al. 1989). fndise,
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Table 7. Mean metallicity and kinematic values (not corrected foservational errors) of the fiierent galactic components (see
Sect[6.P) in cylindrical coordinates.

Galactic component N A A A [M/H] Tve av, v, oMM
(kms?t) (kms?l) (kms?) (dex) (kmst (kms?) (kms?) (dex)
Thin disGine 154 -8+2 -211+1 -5+1 -0.22+0.02 38+ 2 26+1 201 0.28+0.02
Thick diSGine 193 8+2 -166+ 2 -3+2 -0.41+0.02 56+ 4 42+ 3 55+ 2 0.34+0.02
Inner halQine 105 38+13 -60+10 -23+10 -0.70x0.03 194+14 121+13 122+13 (059+0.05
Thin disg 163 -1+1 -204+1 -2+1 -0.27+0.02 43+ 2 33+1 25+1 0.31+0.02
Thick disg 187 -2+3 -167+3 -12+2 -045+0.02 66+ 5 57+4 53+3 0.36+0.02
Inner hale 45 11+22 -47+21 -48+17 -0.92+0.06 215+31 166+28 146+22 076+0.06

Notes.Thin disg, thick dis¢ and inner halg are defined as the stars lying bel@w 800 pc, between k Z < 4 kpc and abov& > 5 kpc,
respectively.

Table 8.Same as Tablg 7 but in cartesian coordinates.

Galactic component U vV w ou oy ow
(kms?) (kms?) (kms?l) (kms?!) (kms? (kms?)
Thin disGine -18+2 -14+1 -5+1 38+ 2 25+ 2 20+ 1
Thick disGine -40+ 3 -63+2 -3+2 58+ 4 40+ 3 55+ 2
Inner halQjne -65+13 -175+9 -23+10 208+14 97+12 122+13
Thin dise -20+1 -21+1 -2+1 43+ 2 32+1 25+ 1
Thick disg -34+4 -69+3 -14+2 70+ 6 55+ 4 51+3
Inner hale -33+29 -191+25 -49+38 223+39 142+28 158+ 34

Notes.Thin disg, thick disg and inner halg are defined as in Talé 7. The mean velocities are given with&ing into account the solar motions
(U(Dv VOs WO)
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Fig. 15. Metallicity and velocity distributions for the galactic mponents selected according to their position above thecgel
plane. The Gaussian fits were obtained taking into accoergtiors on each parameter with B® Monte-Carlo realisations.
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is at the upper end of the previously reported values in tesh

50— T —— T T ture. Still, an extended thin disc like this is plausible dnge our
s t}tlhiﬁ gisc ] data mainly probe the old thin disc, which is likely to be more
; T — extended than its younger counterpart.

40F ]

7.2. Scale heights

: We assume that the last term of Egl 13 is negligible, becaase w
30F

- are far from the galactic centre, and thd?) « exp(Z/hyz).
% ] Equatiori.IB hence becomes
5 i ]
S i ] dlna? 1 K
o [ ] Vz Z
3 —t - —+—=0. 17
20 ] o0z hz 0'\2,Z (7

R ] We useKz = 271G x 71 M, pc? derived by Kuijken & Gilmore
5 3 (1991) at|Z] = 1.1 kpc, but we note that this value d&f;
] might differ at the distances where our targets are observed. We
also used for the thick disc the value derived from our data of

10}

NI e 00y, /0Z = 15+ 7 kms?t kpct andoy, = 53+ 3 kmsL.
—— * —— Hence, for the thick disc, we finld, ~ 694+ 45 pc.
00 02 04 06 08 1.0 We found for the thin disc thaboy,/0Z = 19 +
eccentricity (Z selection) 10 km st kpct andoy, = 25+ 1 km s, resulting inh; =
216+ 13 pc.

Fig. 14. Eccentricity distributions for the thin disc (in red), teic ~ The derived values for both components agree well with, for
disc (in dotted green) and halo (in dotted-dashed blue)cahe €xample, JuriC et al. (2008), who suggested a thin discuyith
didates were selected based on their distance above thaigala00 pc, and a thick disc withz = 900 pc.

plane.

7.3. Metallicity dependence of the scale lengths of the thick

the axes of the velocity ellipsoid are aligned with the ogfinal disc

coordinates, and EQ.112 becomes: To investigate furthermore the metallicity gradients fd for the

R \V2-V2 rotational velocity of th_e thick disc_, we compu'.[e.d the_ rad]e
-1+ — - ¢ > ¢ _o. (14) lengths and scale heights forfigirent metallicity bins using
Oy hr Oy Eq.[16 and EJ.17. The results are shown in Table 9, where the
metallicity bins were selected to include at least 30 stache
Though we found that bothg andh; increased with decreas-
ing metallicity (except for the most metal-poor bin), thiertd

is not strong enough to stand-out significantly from the mtro
We conclude that within the errors, the same scale lengttis an
scale heights are found, which is the signature of only onge po

2
O'Vaj

An alternative option is to consider that the galactic ptgtn
is dominated by a centrally concentrated mass distribidioch
that the local velocity ellipsoid points towards the galacentre
(Gilmore et all 1989; Siebert etlal. 2008). In that case, tkeip
ous term becomes

r 0oL o? ulation. Indeed, if a significant amount of relics of a degteh
— — 1= (15) i llite should exist i line-of-sigh d
7 o7 o2 massive satellite should exist in our line-of-sight, asgasge
Ve Vr by|Gilmare et al.|(2002), one would expect them to have a dif-
Equatior.IR can then be rewritten as follows: ferent spatial distribution compared to the canonicalkhiisc,
which we do not observe. Unless, of course, the satelliteisleb
ol JR V-V;2 03 provides the dominant stellar population in the thick disc.
¢ _9 c ¢ Vz _ . . . . .
2 + hm o2 2 - 0. (16) This result can also be discussed in the frame of a thick disc
Vi Vi VR formed according to a radial migration scenario. In thaecas

Each of the terms of EG_114 or Hg.116 were measured in dfi¢ older stars that are at the solar radius have come from the
data, leaving as the only free variable the radial scaletlengnner parts of the Galaxy, and are expected to have a higler ve
hr of the discs. With the values derived for the thick disc dfcal velocity dispersion and a ftiérent metallicity, and hence,
(Ve 0’v¢;V_¢) = (66+ 5;57+ 4;-167 + 3) kms!, we find should exhibit scale heights dependent on metallicity.artip-
hr = 3.6 + 0.8 kpc using EqI4, anbg ~ 3.4 + 0.7 kpc us- ular, the model of Schonrich & Binney (2009) predicts a lowe
ing Eq.[T6. These two values reasonably agree between th&fale height for the metal-poor thick disc compared to ittaine
and are found in the upper end of the values cited in the litdich counter part. This trend is not observed in our datat(if i
ature (ranging from 2.2 kp¢ (Carollo et al. 2010) up to 3.6 kpeXists, it should be fairly small), which challenges the ratgpn
(Juric et all 2008), or even 4.5 kpc in the cask of Chiba & Beegcenario as being the most important process of creatiomeof t
(2001)). galactic thick disc.

Using EqLI6 anddv,; ov,; V) = (43+ 2;33+ 1;-204 =
1) km s, we find that the thin disc has a similar radial exte ;
within our uncertainties as the thick disc, with = 2.9+0.2 kpc. 8. Conclusions
A smaller thin disc has been suggested by other recent abse# significant sample of roughly 700 low-resolution spectra
tions (see Juric et al. 2008), but once more, the value wieetbr (FLAMES/GIRAFFE LR8 setup, covering the IR @Gdriplet) of
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Table 9.Kinematic parameters, radial scale lengths and scale tsdighdifferent metallicity bins of the thick disc targets.

[M/H] N VR [CAVS V¢ O-Vw Vz TV, hR hz
(dex) (kms!) (kms?) (kms?!) (kms?) (kms? (kms?!)  (kpc) (pc)
-1.14 36 59 58 11 -13&11 617 -7+ 8 59+ 7 1.9+ 0.7 934166
-0.67 26 -F17 85: 17 -16k+ 11 5411 -4+ 12 54+ 8 4.0:1.3 804 181
-0.40 56 58 81+ 8 -168: 6 52+ 5 -17+ 6 45+ 4 3.809 61390
-0.11 37 &9 64+ 8 1717 50+ 6 -18: 7 45+ 5 3.1+09 62697

Notes. All velocity dispersions were corrected for the observagioerrors. The scale lengtlis and scale heighth, were computed using
Eq.[I6 and 17, and we assumigg= 2nG x 71 Mypc2.

stars faint enough to probe long distances and bright entauglof the thick disc around 18%, higher than that assumed by that
get high signal-to-noise ratios were collected towardgtidac- model. Finally, the existence of intrinsic vertical gratiin the

tic coordinates ~ 277, b ~ 47°. The stellar atmospheric pa-thick disc cannot be ruled out, because we did not obtain-a suf
rameters Teg, log g, overall metallicity [MH]) were extracted ficiently well defined (and statistically large enough) séergf
from the spectra with our automated code, which is fully dehick disc members. Additional targets to increase thessiecs
scribed in_Kordopatis et al. (2011). Given the proper matioh and higher resolution spectra on well selected spectrabiftan
Ojha et al.|(1996) and our derived radial velocities, we vedlle to separate thin disc stars from the thick disc ones with ¢hem
to derive the distances and the positions for 479 stars acf@mr cal content criteria are hence strongly recommended fardéut
ple and the 3D motions and the orbital eccentricities for db2 surveys.

them.
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Table 1.Kinematics of the selected targets belonging to the finalogtie

ID i b Viad Ay U Au v, Ay w Aw Vi Avg Vy Av, € A
("/een)  ("/cen) (knmys) (knmys) (knys) (kmys)  (knys) (kmys)  (kmys)  (knys)  (knmys)  (kmys)  (kmys)  (km's)

1 0142 -0361 110.2 38 53 50 125 41 27 39 -90 50 66 55 054 6 0.1

2 0382 0107 1413 5.3 132 68 -47 48 127 43 212 69 -73 56 0.5914 0.

3 0361 -0.263 9.0 45 8 3 -8 4 3 4 25 3 216 4 0.06 0.01

4 0354 -0.739 247 6.4 114 51 -134 42 -106 39 -149 49 -28 48 0.42.08

Notes.y andyy, are taken fron) Ojha et al. (1996)., V andW are the cartesian velocity coordinates, with respect td 8, hence, without
taking into account the peculiar solar velocitigg.andV, are the velocity components in cylindrical coordinatesitie at the galactic centre.

Table 2.Individual atmospheric parameters (as derived by the phaeeof Paper ), relative V-Magnitudes, (B-V) colour, albse
V-magnitude and estimatedisof the observed targets of the final catalogue

ID Te Ary, log g Ajog g [MH]  Amymy my,  (B-V) My Awm, SN

(KY (K) (cms?) (cms?) (dex) (dex) (pixett)
1 5962 212 4.02 0.30 -0.76 0.15 1737 0.61 3.98 0.86 23
2 5001 74 3.51 0.12 -0.25 0.10 1724 0.69 3.01 041 29
3 4272 64 4.86 0.12 -0.22 0.09 16.41 142 830 0.13 60
4 4997 88 3.73 0.17 -1.00 0.16 16.81 0.73 3.14 0.29 35

Notes.m, and (B-V) are taken frorn_Ojha etlal. (1996).

Table 4. Positions of the selected targets belonging to the finalagute

ID [ b D Ap X Ay Y Ay z Ay R Axr
©) ©) (pc)  (pc)  (pc) (pc)  (pc)  (pe)  (pc)  (pe)  (pc)  (po)

1 280.201 47.452 4573 2061 552 245 -3069 1365 3397 1511 816/ 32

2 280338 47.363 6725 1333 816 159 -4477 876 4942 967 8504 329

3 280.308 47.406 401 24 48 3 267 16 295 18 7955 2

4 280.223 47.409 5202 705 628 84 -3486 467 3853 516 8167 124

Notes.| andb are the galactic coordinates taken from Ojha et al. (19963.the line-of-sight distanceX, YandZ are heliocentric distances in a
cartesian reference franeis the galactocentric planar radial coordinate.
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