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~ ABSTRACT
We analyze 494 main sequence turnoff and subgiant stars from the AMBRE:HARPS survey. These stars have accurate astrometric
information from Gaia/DRI, providing reliable age estimates with relative uncertainties of +1 or 2 Gyr and allowing precise
orbital determinations. The sample is split based on chemistry into a low-|Mg/Fe| sequence, which are often identified as thin disk
stellar populations, and a high-[Mg/Fe| sequence, which are often associated with thick disk stellar populations. We find that the
high-[Mg/Fe| chemical sequence has extended star formation for several Gyr and is coeval with the oldest stars of the low-[Mg/Fe|
chemical sequence: both the low- and high-[Mg/Fe| sequences were forming stars at the same time. We find that the high-|Mg/Fe|
stellar populations are only vertically extended for the oldest, most-metal poor and highest [Mg/Fe| stars. When comparing vertical
velocity dispersion for the low- and high-[Mg/Fe| sequences,
. This means that identifying either group as thin or thick disk based on chemistry
< is misleading. The stars belonging to the high-[Mg/Fe| sequence have perigalacticons that originate in the inner disk, while the
perigalacticons of stars on the low-|[Mg/Fe| sequence are generally around the solar neighborhood. From the orbital properties
(D of the stars, the high-|Mg/Fe| and low-|Mg/Fe| sequences are most likely a reflection of the chemical enrichment history of the
. inner and outer disk populations, respectively; radial mixing causes both populations to be observed in situ at the solar position.
= Based on these results, we emphasize that it is important to be clear in defining what populations are being referenced when using
Q‘the terms thin and thick disk, and that ideally the term thick disk should be reserved for purely geometric definitions to avoid

1
¢ confusion and be consistent with definitions in external galaxies.
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1. Introduction are a distinct population (e.g., Jofré et al. 2017), or could
also result from extra mixing along the RGB for metal-

rich populations (Masseron & Gilmore 2015). If the high-

1 [astr

> Unraveling the chemodynamic structure of the Milky Way

is a key constraint for models of chemical and galaxy evolu-
tion. However, there has been much debate over the current

] structure of the disk (e.g., Rix & Bovy 2013), in which the

[Mg/Fe] metal-poor stars are chemically related with the
intermediate-|Mg/Fe| stars, there appears to be two distinct
stellar population sequences in the solar neighborhood. One

¢ interplay between the thin and thick disks is unclear. The sequence starts at high-[Mg/Fe] with the [Mg/Fe] decreas-
(\]’ advent of high-resolution spectroscopic surveys, along with ing as [Fe/H| increases even past solar metallicities, and

—

data from the Gaia (Prusti et al. 2016; Brown et al. 2016)
satellite, has the potential to unravel the current mysteries
surrounding the formation and evolution of the Milky Way
disk.

The thick disk was first identified by Yoshii (1982);
Gilmore & Reid (1983) as an overdensity of stars at
large distances from the Galactic plane. The stars of
the thick disk in the solar neighborhood have been
found to be a-enhanced relative to the Sun (e.g.,
Fuhrmann 1998; Bensby et al. 2003; Adibekyan et al. 2013;
Recio-Blanco et al. 2014) and subsolar metallicity at
around —0.5 dex. More recent observations have led to the
discovery of intermediate « populations at much higher
metallicities (e.g., Bensby et al. 2007; Adibekyan et al.
2011; Hayden et al. 2015; Mikolaitis et al. 2017), although
there may be a prominent gap between the metal-poor high-
[Mg/Fe| populations and the more metal-rich intermediate-
[Mg/Fe| populations (e.g., Adibekyan et al. 2011). The ori-
gin of these intermediate-[Mg/Fe| populations is difficult to
discern. It is possible that they are chemically related to the
high-[Mg/Fe| metal-poor stars (e.g., Haywood et al. 2016),

one sequence begins at solar-[Mg/Fe| abundances spanning
a wide range of metallicities from ~ —0.6 < [Fe/H] < 0.4.
The thick and thin disks are often identified in the [Mg/Fe]
versus [Fe/H] plane chemically; these intermediate-« high-
metallicity stars are sometimes lumped in with the thick
disk populations and the solar-[Mg/Fe| populations are
identified with the thin disk. However, the connections, if
there are any, between the thin and thick disk chemical se-
quences is unclear. Furthermore, there is overlap between
the sequences at the highest metallicities at solar-[Mg/Fe]
abundances and it is also uncertain to which sequence (or
both) these stellar populations belong. It has been argued
that what we identify as the thick disk in the chemical plane
is not a distinct phase of the disk evolution, but is instead
the chemical evolution track of stellar populations from the
inner Galaxy that is brought to the solar neighborhood
through radial mixing processes (Haywood et al. 2013). In
this case, it is likely that the super solar-metallicity popula-
tions currently identified as thin disk are actually the metal-
rich extension of the high-|Mg/Fe| thick disk sequence.
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With the advent of precision astrometric measurements
from Gaia, we can now measure accurately ages, veloci-
ties, and orbital properties for large numbers of stars that
can be used in conjunction with ground-based spectroscopic
surveys. In this paper, we describe the AMBRE:HARPS
dataset of main sequence turnoff (MSTO)/subgiant stars
for which we obtain reliable ages and measure the chemi-
cal, kinematic, and temporal properties of the disk. We then
discuss the structure of the disk in the solar neighborhood
based on the HARPS-TGAS dataset.

2. Data
2.1. AMBRE:HARPS

The AMBRE project is a uniform analysis of high-
resolution archival ESO spectra, as described in
de Laverny et al. (2013). We focused on spectra taken from
the HARPS instrument as this sample has large overlap
with the Gaia/TGAS catalog. Stellar parameters are
derived using the MATISSE algorithm (Recio-Blanco et al.
2006), as described in De Pascale et al. (2014) for the
HARPS instrument. Individual abundances for this sample
are derived in Mikolaitis et al. (2017). In particular, our
analysis uses the effective temperature measurements from
AMBRE, along with the [Fe/H] and [Mg/Fe| derived in the
Mikolaitis et al. (2017) analysis. Typical errors are < 100K
in Teg and 0.05 dex in [Fe/H]| and [Mg/Fe].

2.2. Gaia DR1

Parallaxes and proper motions for the AMBRE:HARPS
sample were taken from Gaia DR1 (Lindegren et al. 2016).
This sample is hereafter referred to as HARPS-TGAS and
contains ~ 1500 stars. We computed distances using a
Bayesian approach as outlined in Bailer-Jones (2015), con-
sisting of a single disk with an exponential scale height of
300 pc and exponential scale length of 2.7 kpc. Addition-
ally, we used the luminosity function derived by Robin et al.
(2012). As the majority of the sample is within 50 pe, the
choice of prior has little impact on the overall results. as
the fractional parallax error at these distances is very small

(< 5%).

2.3. Ages

We used Bayesian inference to determine ages for

the HARPS-TGAS sample wusing methods simi-
lar  to those described in (Jgrgensen & Lindegren
2005) by comparing the derived stellar parame-
ters to Dartmouth isochrones (Dotter et al. 2008;

http://stellar.dartmouth.edu/models/isolf new.html).

We select main sequence turnoff and subgiant stars
for which the age estimates are most reliable. A more
detailed description of the ages is given in Appendix
A. The average (1o) relative errors for the ages are 1-2
Gyr when using simulated observations from TRILEGAL
Girardi et al. (2005) or comparing to the sample analyzed
by Haywood et al. (2013). The isochrones range in age
from 0 to 15 Gyr, so the absolute age scale used in this
analysis is somewhat stretched, particularly for the oldest
stars.
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Fig. 1. [Mg/Fe| vs. |[Fe/H| plane for the HARPS sample with
reliable age estimates. The blue line denotes our chemical sepa-
ration between thin and thick disks, where the thick disk stars
(star symbol) are shown above the line and thin disk stars (cir-
cle symbol) below the line. The size of each data point denotes
the relative age of each star; the larger points are older than
smaller points. Stars are color coded by their Ry, . The color bar
stops at Rp = 7 kpc to prevent color saturation of stars com-
ing from the inner Galaxy. Which sequence the most metal-rich,
solar-|[Mg/Fe| stars belong to is unclear, and we show the red
line as an example of a different potential split between stellar
population groups.

2.4. Velocities and orbits

Velocities and orbits were determined via Galpy (Bovy
2015) using distances and proper motions from Gaia DRI,
along with radial velocities as determined by AMBRE. For
the orbit integration, we used the MWPotential2014 de-
scribed in Bovy (2015) for the Galactic potential. We as-
sume a solar position of 8 kpc and a rotational velocity of
the disk of 220 km s—! . Typical uncertainties in individ-
ual velocity components are <1 km s~! and in the orbital
parameters such as Ry, or zmax of ~ 5%. Errors in the veloc-
ities and orbital parameters are computed using a Monte
Carlo (MC) of the dervied and observed parameters (e.g.,
Ter , Mk, £). The method for measuring the vertical ve-
locity dispersion is described in Guiglion et al. (2015) and
Hayden (2017a). We measured the vertical velocity disper-
sion in bins of 2 Gyr and required a minimum of eight stars
per bin to compute the velocity measurements.

3. Results
3.1. Ages of the thin and thick disk stars

We separated the stars into low- and high-[Mg/Fe| se-
quences based on a combination of their [Mg/Fe| and [Fe/H]|
abundances as shown by the blue line in Fig. 1; the high-
[Mg/Fe| stars (star symbols) represent those above the blue
line, while the low-[Mg/Fe| stars (circles) represent those
below the blue line. Individual stars are color coded by
the estimated perigalacticon R;,. The Ry, is the closest ap-
proach to galactic center of the orbit of a star and is a use-
ful tracer, particularly for the most metal-rich populations,
in constraining the relative importance of the different
mechanisms responsible for radial mixing of stellar popula-
tions (i.e.. blurring versus churning: see Sellwood & Binney
2002). The color bar has a cutoff of R, = 7 kpc, but many
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Fig. 2. [Mg/Fe| vs. age relation for the HARPS sample, with
stars color-coded by metallicity. The symbols used are the same
as in Fig. 1, where the high-|Mg/Fe| track is represented by stars
and the low-|Mg/Fe| track as circles.

of the stars actually have larger R;, that extend all the way
to the solar radius at ~ 8 kpc. The cutoff prevents color
saturation of the stars belonging to the inner disk.

In Fig. 2 we find that the oldest stellar populations, with
T > 12 Gyr, belong to the high-[Mg/Fe| sequence (star sym-
bols) and are the most metal-poor and high-« stars in the
sample. Many of these stars come from the inner Galaxy,
with Ry, < 5 kpe (Fig. 1 i, and are likely associated with the
classical thick disk. We find that there is extended star for-
mation for many Gyr along the high-[Mg/Fe| sequence, as
shown in Fig. 3. Following the high-[Mg/Fe| track, we find
that the [Mg/Fe] ratio begins to decrease at [Fe/H]~ —0.5,
as Type Ia supernovae begin to pollute the ISM._As shown
in Fig. 1 and 2 there is a clear age-a-metallicity relation
for the thick disk stars up until 7 ~ 6 Gyr ([Fe/H]~ 0.2),
where the [Mg/Fe| ratio decreases and metallicity increases
for younger stellar populations.

It is unclear to
which stellar populations the most metal-rich solar-[Mg/Fe|
stars belong: it is possible that the stars with [Fe/H|> 0.2
that are currently labeled as thin disk are in fact the most
metal-rich extension of the high-[Mg/Fe| chemical track. As
an example, the red line in Fig. 1 shows a different poten-
tial split between stellar populations for which the highest
metallicity populations all belong to the high-[Mg/Fe| se-
quence. In this case, star formation along the thick disk
sequence has continued up to present day.

Along the low-|Mg/Fe| track, we find that the oldest
stars appear ~ 10 Gyr ago at intermediate [Mg/Fe| abun-
dances and low (< —0.6 dex) metallicity. We define a star
as having a roughly circular orbit if it has e < 0.2. We
find that many of these older thin disk stars are on circu-
lar orbits in the solar neighborhood or come from larger
radii with apogalacticons greater than 10 kpc; very few of
such thin disk stars are on orbits that stray into the inner
disk. The thin disk sequence has a slight 7 -a-metallicity
relation for older, more metal-poor populations. As age in-
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Fig. 3. [Mg/Fe| vs. [Fe/H] plane as a function of various age
ranges, going from oldest to younger stellar populations. Stars
are color coded by their perigalacticons Ry. The blue and red
lines are the same as in Fig. 1, where the high-[Mg/Fe| popula-
tion are denoted by star symbols and the low-[Mg/Fe| popula-
tion are denoted by circles.

creases, o decreases and metallicity decreases. However, this
relationship breaks down at around ~ 6 Gyr, as stars with
these ages have a large range in metallicity. For 7 < 6 Gyr,
there is a spread for —0.5 < [Fe/H| < 0.4 in metallicity:
for these stars there is no age-a-metallicity relation and
there is a large dispersion in the derived metallicities for
the youngest stellar populations. For the most metal-rich
stars on the thin disk track ([Fe/H|> 0.1 —0.2), we find

that more than half are on circular orbits (e < 0.2), despite

their likely origin in the inner Galaxy based on their high

metallicities.

Finally, we find significant age overlap between the low-
and high-[Mg/Fe| sequences for many Gyr between ~ 6 <

7 < 10 Gyr: the stellar populations belonging to the low-

and high-[Mg/Fe| populations are coeval and both tracks

formed stars of very different metallicities at the same time,

as shown in Fig. 3.

3.2. Vertical distribution of the low- and high-[Mg/Fe] tracks

Using bins of 2 Gyr, we measured the vertical velocity dis-
persion for both the low- (green line) and high-[Mg/Fe]
(blue line) sequences as shown in Fig. 4. We find little evi-
dence for a step function in the vertical velocity dispersion,
and instead find that the vertical velocity dispersion gener-
ally smoothly increases with age for both tracks, save for a
dip at 7 ~ 8 Gyr for the older thin disk stars. This means
that the high-[Mg/Fe| sequence is only vertically extended
for the oldest, highest [Mg/Fe| populations and the verti-
cal extent of the high-|[Mg/Fe| stars drops rapidly with age.
Most striking is that the velocity dispersion for the high-
[Mg/Fe| track is, at the same age, always equal to or lower
than the low-[Mg/Fe| track. The high-[Mg/Fe| sequence is
no more vertically extended than the low-|[Mg/Fe| sequence

when the populations are coeval.

Article number, page 3 of 5



A&A proofs: manuscript no. ms

High [Mg/Fe] Stars
Low [Mg/Fe] Stars
50 Al Stars

104

6 é lh 1‘2 1‘4

T (Gyr)
Fig. 4. Vertical velocity dispersion as a function of age for the
low-|Mg/Fe| (green), high-|Mg/Fe| (blue), and total (black) stel-
lar sample. Velocity dispersion is measured in bins of 2 Gyr,
where each bin has a minimum of 8 stars per bin.

4. Discussion

We find that the high-[Mg/Fe] sequence has an extended
star formation history, potentially up to the present day
and that the low- and high-[Mg/Fe| sequences have signifi-
cant age overlap and are coeval. Chemically, there are two
distinct sequences forming stars at the same time at vastly
different metallicities. The high-[Mg/Fe| sequence is tradi-
tionally identified with the thick disk, but is only vertically
extended for the oldest, highest [Mg/Fe| , most metal-poor
populations. At the ages where the low- and high-|Mg/Fe|
sequences overlap, there is little difference in the vertical
heights of the two populations.

We also note that our results could be dependent on
the selection function for the AMBRE:HARPS sample.
However, these results have been observed previously by
Bovy et al. (2012) and_Bovy et al. (2016), using SEGUE
and APOGEE data, respectively, but were not commented
on extensively in these papers. Additionally, we note that
any large errors in age determination could cause an error
in the measurement of the velocity dispersion.

What we are likely seeing is the mixing of two stel-

lar populations coming from different locations: the high-
[Mg /Fe| sequence, which formed in the inner Galaxy where

star formation rates were significantly higher than the low-
[Mg /Fe| sequence. which formed stars at much lower rates
and had a more gradual build up of metallicity. Stars be-
longing to the high-|[Mg/Fe| sequence are observed in the
solar neighborhood via radial mixing, wherein the older
stars are primarily blurred to the solar cylinder, while those
of higher metallicity and lower [Mg/Fe| come from both
blurring and churning mechanisms. The idea that the solar
neighborhood is the juxtaposition of the inner and outer
disk is not new. Haywood et al. (2013) argued that this is
a potential explanation for the observations of the two se-
quences in the solar neighborhood. and the potential mixing
of the high-[Mg/Fe| sequence with a more in situ popula-
tion was initially seen in Fig. 20 of Edvardsson et al. (1993),
who found that stars coming from the inner disk were of-
ten metal poor and [Mg/Fe| enhanced, while more in situ
stars generally had solar type abundances. Qualitatively,
our results are very similar to those of Edvardsson et al.
(1993) with respect to the inner disk being dominated by
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high-[Mg/Fe| populations. With the addition of extremely
precise kinematics and distances from Gaia and a larger
sample size of stars with reliable ages, we find that the
high-[Mg/Fe| sequence was likely not a completely sepa-
rate phase of disk evolution but indeed formed stars for
many Gyr and was coeval with the the low-[Mg/Fe| se-
quence of populations. This inner disk origin for the bulk of
the high-[Mg/Fe| sequence explains the relative similarity of
the high-[Mg/Fe] sequence with radius (e.g., Nidever et al.
2014), as radially mixing of the high-|[Mg/Fe| population
out to larger radii preserves its appearance in the chemical
plane.

Turning our attention to the super solar-metallicity pop-
ulations, many of these stars are on circular orbits and never
reach the radii at which they likely formed based on their
high metallicity and the observed radial abundance gradi-
ents in the disk (e.g., Hayden et al. 2014). For these pop-
ulations, churning is an important mechanism for bringing
them to the solar neighborhood, which is in agreement with
observations from Kordopatis et al. (2015) and Hayden
(2017a). If we consider the super-solar metallicity stars
as the metal-rich extension of the high-[Mg/Fe] sequence,
the relative importance of various mixing processes for the
high-[Mg/Fe| sequence depends on the age/metallicity of
the stellar populations: older (more metal-poor) popula-
tions are most likely observed in the solar neighborhood via
blurring, while the younger (more metal-rich) populations
appear to be radially mixed via churning.

Based on these arguments, we find that the current
chemical definitions of thin and thick disk are mislead-
ing. We urge that the term thick disk be reserved for the
geometric thick disk, with the realization that the chem-
istry of stars making up the geometric thick disk vary
depending on the radius at which they are observed. In
the inner Galaxy and solar neighborhood, the geometric
thick disk is dominated by metal-poor high-[Mg/Fe| pop-
ulations, however in the outer disk the geometric thick
disk is dominated by flaring solar-|Mg/Fe| populations (e.g.,
Hayden et al. 2015; Minchev et al. 2015; Bovy et al. 2016;
Mackereth et al. 2017). Chemically, the two sequences ob-
served in the [Mg/Fe] plane in the solar neighborhood are
mostly likely a reflection of their birth radius, rather than a
thin or thick disk, and the sequences are coeval. Inner and
outer disk stellar populations is a less ambiguous defini-
tion for these sequences, as we have shown that calling the
high-[Mg/Fe] sequence the chemical thick disk is a mislead-
ing and these populations are no thicker than the chemical
thin disk for stars of the same age.
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Appendix A Ages

As noted above, we used Bayesian inference to deter-
mine ages to individual stars by comparing derived stel-
lar parameters to isochrones. The Dartmouth isochrones
(Dotter et al. 2008) used have metallicities ranging from
—2.0 < [Fe/H] < 0.6 in steps of 0.1 dex, are linearly
spaced in age in steps of 100 Myr from 0.1 Gyr to 15
Gyr, and have [Mg/Fe| spacing of 0.2 dex from 0.0 <
[Mg/Fe] < 0.4. The isochrones and the AMBRE stel-
lar parameters are on a slightly different temperature

Hayden T (Gyr)

8
Haywood T (Gyr)

Fig. A.1. Comparison between our derived ages and those pro-
vided by Haywood et al. (2013). The dashed black line denotes
the 1:1 relation, while the blue line denotes the relation between
our derived ages and those of Haywood with a slope of 1.03. The
blue shaded region shows the lo scatter of 1.6 Gyr.

scale based on the V-K colors of the stars. We find an
offset of 100K using the color-temperature relations de-
rived in Gonzélez Hernandez & Bonifacio (2009) between
the temperatures derived from AMBRE and those of the
isochrones, and apply a shift of 100K to the Teg to place
the derived AMBRE temperatures on the same scale as
the isochrone temperatures. A complete description of the
method, along with a catalog of the ages presented in this
paper, will be described in a later paper (Hayden 2017b).

To determine the stellar ages, we adopt several simple
priors. We assume a uniform star formation history and
additionally weight each isochrone point by mass using a
Chabrier IMF (Chabrier 2003). No prior for age as a func-
tion of metallicity or [Mg/Fe] is used (i.e., we do not force
a high-[Mg/Fe| or metal-poor star to be old). The mode
of the generated PDF is used to characterize the age of
an individual star. While carrying out tests with simulated
observations using stars from TRILEGAL, we find ages are
reliable (relative errors < 1 — 2 Gyr) for turnoff and sub-
giant stars only, which are selected by requiring M < 3.75
and 3.6 < logg < 4.4. From our initial sample of nearly
1,500 stars, 494 meet our selection criteria. Additionally,
we compared these remaining stars to stars in common with
(Haywood et al. 2013) as shown in Fig. A. We find a sys-
tematic offset of 1 Gyr, identical to the right panel of Fig.
3 of Haywood et al. (2013) when comparing their method
using Dartmouth and Y? isochrones. Other than the sys-
tematic offset, the ages are very similar, with a linear 1:1
relation found between the age estimates and a random
scatter of 1.6 Gyr between the samples, despite using in-
dependent stellar parameters, abundances, and isochrone
sets. The largest outliers are driven primarily by differ-
ences in temperature between AMBRE and those adopted
by Haywood et al. (2013). Additionally, for the oldest stars
the different age ranges covered by the isochrones also has
an impact.

Article number, page 5 of 5



MNRAS 000, 1-2? (2017)

Preprint 13 December 2017 Compiled using MNRAS I&TEX style file v3.0

The age-velocity dispersion relation of the Galactic discs from
LAMOST-Gaia data

Jincheng Yu* & Chao Liu

National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, China

Manuscript Version: Aug 2017

1 INTRODUCTION

ABSTRACT

We present the age-velocity dispersion relation (AVR) in three dimensions in the solar neigh-
bourhood using 3,564 commonly observed sub-giant/red-giant branch stars selected from
LAMOST, which gives the age and radial velocity, and Gaia, which measures the distance
and proper motion. The stars are separated into metal-poor ([Fe/H] < —0.2 dex and metal-rich
([Fe/H] > —0.2 dex) groups, so that the metal-rich stars are mostly a-poor, while the metal-
poor group are mostly contributed by a-enhanced stars. Thus, the old and metal-poor stars
likely belong to the chemically defined thick disc population, while the metal-rich sample is
dominated by the thin disc. The AVR for the metal-poor sample shows an abrupt increase at
2 7 Gyr, which is contributed by the thick disc component. On the other hand, most of the thin
disc stars with [Fe/H] > —0.2 dex display a power-law like AVR with indices of about 0.3—
0.4 and 0.5 for the in-plane and vertical dispersions, respectively. This is consistent with the
scenario that the disc is gradually heated by the spiral arms and/or the giant molecular clouds.
Moreover, the older thin disc stars (> 7 Gyr) have a rounder velocity ellipsoid, i.e. /07, is
close to 1.0, probably due to the more efficient heating in vertical direction. Particularly for
the old metal-poor sample located with |z| > 270 pc, the vertical dispersion is even larger than
its azimuthal counterpart. Finally, the vertex deviations and the tilt angles are plausibly around
zero with large uncertainties.

Key words: Galaxy: evolution — Galaxy: disc — Galaxy: kinematics and dynamics — solar
neighbourhood

favours a simple power law (Aumer & Binney 2009; Holmberg,
Nordstrom, & Andersen 2009) with a saturation for stars older than
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The age-kinematics relation of the stars in the solar neighbourhood
provides crucial information on the structure and evolution of the
Milky Way. The velocity ellipsoid, as a descriptive quantity of the
distribution function, for these stars reflects the gravitational po-
tential and hence the spatial structure, while the varying kinematics
with the stellar ages can constrain the evolution of the Galaxy.
Older stars are observed to have larger velocity dispersions
(Casagrande et al. 2011), while younger stars are typically kine-
matically cool (Aumer & Binney 2009). The increasing trend of
the velocity dispersions with age is known as the age-velocity dis-
persion relation (AVR) and has been discussed for decades (e.g.
Stromberg 1946; Wielen 1977; Nordstrom et al. 2004). Quillen &
Garnett (2001) detected a jump in the AVR for stars older than
9 Gyr from a sample of F and G dwarf stars and identified the jump
as a thick disc component caused by minor merger. Other works

* email: yujc.astro@gmail.com

© 2017 The Authors

8 Gyr.

One possible explanation is that the stars are born with a de-
creasing velocity dispersion, since the turbulence of gas discs de-
creases with age due to the decreasing gas accretion rates (Bour-
naud, Elmegreen, & Martig 2009; Forbes, Krumholz, & Burkert
2012; Bird et al. 2013). Ma et al. (2017) found that stars older than
6 Gyr were formed in a violent mode, while stars younger than 6
Gyr were formed in a relatively calm disc in a cosmological zoom-
in simulation. This view is also supported by observations of gas
kinematics in disc galaxies which shows a decline of intrinsic ve-
locity dispersion with decreasing redshift (Wisnioski et al. 2015).
However, the observed clumpy galaxies might be too massive to be
the progenitors of Milky Way-type galaxies (e.g. van Dokkum et
al. 2013; Inoue & Saitoh 2014). Furthermore, it is unclear how the
kinematics of young stars which form from cold gas relate to the
observations.

Most theoretical works treated the observed AVR as a conse-
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quence of gradual heating through scattering processes, with the
assumption that stars are born with a roughly constant velocity dis-
persion probably smaller than 10km s~ (Aumer & Binney 2009).
Both massive gas clouds (Spitzer & Schwarzschild 1953) and spi-
ral arms (Barbanis & Woltjer 1967) are considered as scattering
agents.

Sellwood & Carlberg (1984) and Carlberg & Sellwood (1985)
showed that the [ffafisientispiral§ can significantly heat the in-plane
motion of disc stars
(e.g. Sellwood 2013; Martinez-Medina et al. 2015). However, the
observed o, increases similarly with age as the in-plane compo-
nents (Holmberg et al. 2009), implying that the spiral arms cannot
be the only source.

Spitzer & Schwarzschild (1953) showed that giant molecular
clouds (GMCs) with masses of 10°M, can heat the disc. Lacey
(1984) extended the work to three dimensions and found that
GMCs are quite efficient at redirecting the velocity of stars out of
the plane, but rather inefficient at increasing its amplitude.

As a secular heating source, the Galactic bar has also been
discussed in the literature (Saha, Tseng & Taam 2010; Grand et
al. 2016). However, although heating induced by the bar mainly
takes place in the inner disc, the effect in the outer disc is not clear.
Thus, the bar may contribute little to the observed AVR in the solar
neighbourhood (Moetazedian & Just 2016).

Radial migration is another important mechanism in disc evo-
lution (e.g. Sellwood & Binney 2002; Roskar et al. 2008; Schonrich
& Binney 2009b; Minchev & Famaey 2010; Kordopatis et al.
2015), and has been proposed as a source of disc heating (e.g.
Schonrich & Binney 2009a; Loebman et al. 2011; Roskar et al.
2013). As Sellwood & Binney (2002) and Solway, Sellwood &
Schonrich (2012) pointed out, churning by spiral structures can re-
distribute the stars radially and hence causes far more mixing with
very limited heating. Furthermore, Minchev et al. (2012) showed
that the
[8iBI§ because of the balance between the outwards migrating stars,
which ‘heat’ the disc, and inward migrating stars, which ‘cool’ it.

The shape of the velocity ellipsoid can also be associated with
the heating processes providing that most of the stars are in equi-
librium. Lacey (1984) concluded that GMC scattering should cause
that the value of vertical dispersion (o-,) is in between the radial
(or) and azimuthal (0,) components. However, this is inconsistent
with the observed flattened velocity ellipsoid, i.e., o, < o (Holm-
berg et al. 2009). Sellwood (2008), using simulations, clarified that
Lacey’s prediction neglected the perturbations from the distant en-
counters. Ida, Kokubo & Makino (1993) corrected Lacey’s heating
rate and predicted that the vertical dispersion is the smallest among
the three dispersion components. Tian et al. (2015) showed that, for
the stars located close to the Galactic mid-plane, vertical dispersion
is the smallest component. Smith, Whiteoak & Evans (2012) found
that although the shape of the velocity ellipsoid for the metal-rich
stars is as expected, the ellipsoid for metal-poor stars is rounder,
ie., o, >0y

Bovy et al. (2012) developed a “mono-abundance population”
method (MAP) by analysing spatial structure for stars in small bins
in [Fe/H] and [a/Fe] space. They found that the thick disc has

larger scale height and smaller scale length than the thin disc. The
distinct properties of the thick disc population were later confirmed

by Bovy et al. (2016); Mackereth et al. (2017), using a similar
method. Although these results well presented how chemical struc-

tural parameters of discs vary with abundance and age, the lack of
a direct connection between age and velocity ellipsoids leads to an
indirect way of exploring the dynamical evolution of the disc struc-
tures.

In this paper, we use sub-giant branch (SGB) and low red gi-
ant branch (RGB) stars to revisit the AVR in the solar neighbour-
hood. With the measured radial velocities and ages from The Large
Sky Area Multi-Object Fiber Spectroscopic Telescope (LAMOST)
survey (Cui et al. 2012) DR3 catalogue, combined with the paral-
laxes and proper motions from the Tycho-Gaia Astrometric Solu-
tion (TGAS; Gaia Collaboration et al. 2016), we are able to con-
struct the age—kinematics relation within 1kpc of the Sun, which
for this purpose is the solar neighbourhood.

The paper is organized as follows. In Section 2, we describe
our data and the methods to derive the age and the velocity ellip-
soid. Then we show the main result in Section 3, and discuss the
result in Section 4. Our final conclusion is given in Section 5.

2 THE SAMPLES
2.1 The LAMOST SGB/RGB stars

LAMOST survey has well observed a few 10° K giant stars (Liu
et al. 2014). Recent studies showed that they can be used as age
tracers (Martig et al. 2016). For LAMOST K giant stars, Ho et al.
(2017b) have provided ages for about 230,000 of them. However,
because we want to use the accurate proper motions provided by
TGAS, most of these K giant stars are located beyond 1 kpc. Con-
sequently, they are either not included in the TGAS catalogue or do
not have reliable astrometric measurements.

Therefore, following Liu et al. (2015), we use the SGB/RGB
stars as the age tracers. Specifically, stars with 5000 < T <
5300K and 3 < logg < 4 dex are selected for age estimation. The
SGB stars and the low RGB stars (located at the base of the red
giant branch) can well separate the age older than 1 Gyr in Te—
log g plane. The SGB stars with ages younger than 1 Gyr are dif-
ficult to isolate because they are located at larger Teq and smaller
log g and hence may be contaminated by horizontal-branch stars.
Compared to the turn-off stars, another group of age tracers, the se-
lected SGB/RGB samples are less affected by the main-sequence
stars, fast-rotating stars, blue stragglers, and binaries.

2.2 The age estimation

We adopt the method to estimate the age for the SGB/RGB stars
provided by Liu et al. (2015). We compare the LAMOST pipeline
(Wu et al. 2011, 2014) provided stellar parameters of these stars,
Te, logg, and [Fe/H], with PARSEC isochrones (Bressan et
al. 2012). The isochrones have a denser grid in logarithmic age
(Aloga = 0.01) and metallicity (A[Fe/H] = 0.1) with the coverage
of 4950 < T < 5350 and 2.9 < logg < 4.1.

For the ith star, the likelihood that it has stellar parameter set
0;=(Tes;, log g, [Fe/H];) given age 7, initial mass M;;, and abso-
lute magnitude M can be written as

Li(Oilt, Mini, M) =
3 2
Oix — Ti(t, Mini, M 1
exp _Z( & = Ti(t, M ) (€]

5 s
k=1 zo—i,k
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where Ty (t, Mini, M)) is the predicted stellar parameter set (k = 1,
2, and 3 correspond to T, logg;, or [Fe/H];, respectively) from
isochrones and o the uncertainty of the observed stellar parame-
ters. As the nuisance parameters, M;,; and M are marginalized and
leave 7 as the only unknown parameter.

Liuetal. (2015) assessed the performance of the age estimates
with the test mock data and concluded that 1) the typical random
error of the age is about 30% and 2) it may be underestimated by at
most 2 Gyr when the age estimate is larger than 8 Gyr. Therefore,

we _adopt 30% uncertainty as the age estimate for all the sample
stars.

2.3 The Sample Selection

61,134 SGB/RGB stars following the selection criteria mentioned
in section 2.1 are selected from LAMOST DR3, which in total con-
tains more than 4 million stellar spectra with stellar parameters
been estimated. The accuracy of the radial velocity of LAMOST
is better than 5 km s~! (Gao et al. 2014) with a systematic offset of
5.7kms! according to Tian et al. (2015).

As part of GAIA survey DR1 (Gaia Collaboration et al. 2016),
the TGAS catalogue provides parallaxes and proper motions for
about 2 million stars down to the 12th mag. The uncertainty of the
proper motions is about 1 masyr~', while the typical uncertainty
for the parallaxes is 0.3 mas including systematic errors.

We cross-match the LAMOST SGB/RGB stars with TGAS
catalogue and obtain a sample of 3,564 common stars with age
estimates. Following Liu et al. (2017), the LAMOST targets are
selected purely based on their photometry. The TGAS selection ef-
fect correction is mostly due to uneven spatial distribution coverage
in the 14 month Gaia data release. Therefore, both surveys have a
negligible selection effects in the kinematics.

Because the distance directly converted from the inverse of the

parallax may be significantly overestimated for stars farther than
500 pc, we adopt the distance derived from Astraatmadja & Bailer-

Jones (2016), who applied a Bayesian method to the distance esti-
mation from the parallax with the Milky Way prior. Note that the
systematic bias of the TGAS astrometry has been applied twice un-
intentionally by the authors (Bailer-Jones private communication).
This may induce about 1.5 kms~! in the uncertainty of the velocity.
However, such a small value may not substantially change the ve-
locity ellipsoids since the measurement uncertainty is contributed
as a squared term in the latter quantities.

Figure 1 shows the vertical spatial distribution of the sample,
which roughly spans to [z| ~ 1000 pc, allowing for the comparison
of the kinematics at different vertical heights.

2.4 Likelihood function

We adopt cylindrical coordinates to decompose the stellar motion
into radial, azimuthal and vertical velocity components. The po-
sition of the Sun is adopted as (X, ¥,Z) = (8000, 0,27) pc, while
the solar motion with respect to the local standard of rest (LSR)
is adopted as (Us, Vo, Wo) = (9.58,10.52,7.01) km s~!(Tian et al.
2015).

We assume that the velocity distribution in the disc can be
modelled as a multivariate Gaussian distribution, but note that the
distribution of the azimuthal component need not be a Gaussian.
Tian et al. (2015) found that the Gaussian approximation does not

MNRAS 000, 1-2? (2017)
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Figure 1. The vertical spatial distribution of the SGB/RGB star sam-
ples. The green line represents for the distribution for the whole sample,
while the red and blue lines stand for the distributions for the sample with
[Fe/H] < —0.2dex and [Fe/H] > —0.2 dex, respectively. The black vertical
line indicates the point of |z| = 270 pc to separate the data into two roughly
equal number sub-groups (see the text for details).

induce significant systematic bias in the estimation of the velocity
ellipsoid. Thus, the likelihood function can be constructed such as

N
L=]]—— exp(—%(v —w)'Ew—p)) @

=1 (2m)2 X2
where ¥ is the squared sum of the intrinsic velocity tensor and the
covariance matrix of the uncertainty of the velocity estimates and
p represents for (vg, vy, v,)T in the Galactocentric cylindrical coor-
dinates. p and the terms related to the intrinsic velocity ellipsoid
in 3 are the parameters to be determined. We choose the prior of
the velocity dispersions to be uniformly distributed in the range of
(0, +o0). Note that the uncertainties of the observed line-of-sight
velocity (~ Skms™!), the proper motions, and the Bayesian dis-
tances have been taken into account when computing 3. Eq. 2 is
equivalent to the case that the measurement uncertainties are decon-
volved from the measured dispersions so that the intrinsic velocity
ellipsoid would not be broadened by the measurement errors.

We estimate the mean velocities and the velocity ellipsoids
for a given stellar population using the Markov chain Monte Carlo
(MCMC) simulation with the emcee package (Foreman-Mackey et
al. 2013).

3 RESULTS
3.1 Separations in |z| and age

The distribution of the sample in the vertical height |z] is displayed
in Figure 1. It has a broad distribution with a peak located at around
100-200 pc. The largest vertical distance for the sample reaches to
about 1000 pc. This range of [z] allows for the detection of both
the thin and thick discs. In order to compare the AVR at different
heights, the samples are divided into two different |z| bins such that
each |z] bin contains similar number of stars. The sample with |z| <
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270 pc has 1,775 stars, while the sample with |z| > 270 pc has 1,789
stars.
The stars located in each |z| bin are split into various age bins.

Table 1 and 2 list the age bins for the whole dataset. the metal-rich
sample. and the metal-poor sample (the definition of the two metal-

licity separated samples can be found in section 3.2) at |z] < 270 pc
and |z] > 270 pc. respectively. The principle to split the data into
age bins is that the width of any age bin should be 30% around

its central value according to the uncertainty of the age estimates
(Liu et al. 2015). Meanwhile. the centre points of the neighbouring
age bins should be separated by at least 15% of the age value. Fur-
thermore number of in each in is set tween
100 and 400. Consequently. the neighbouring age bins may over-
lap with each other. which smooth the resulting velocity ellipsoids
such that the arbitrarily fluctuation in the AVR can be reduced.

3.2 Separations in metallicity

The stellar populations can be well characterized by the stellar age,
metallicity, and @-abundance. The kinematical features for the pop-
ulations with various ages, metallicities, and @-abundance may hint
at the dynamical evolution of the discs. However, for the data in
this work, the number of stars in each age bin is set to be between
100 and 400 to meet the requirement of statistical significance of
the kinematics with enough age resolution. Within each age bin,
the number of stars may not be sufficient for further dividing into
many metallicity bins. Moreover, not all of the sample stars, but
only about two thirds have [e/Fe] been estimated (Ho et al. 2017a).
Therefore, we decide to only separate the data into two sub-groups
in [Fe/H] so that the variation of the AVR can be still investigated
for the chemically-defined thin/thick disc. The chemical definition
of the thin and thick discs is usually based on [e/Fe]. The stars

with larger [@/Fe] are likely from the thick disc population, while
those with smaller [e/Fe] are likely from the thin disc. The separa-
tion point is usually selected at around [a/Fe] ~ 0.2 dex (Lee et al.
2011).

Figure 2 shows the age—[Fe/H]-[a/Fe]-|z| relationship for a
subset of 2,139 stars, which contain [Fe/H] and [«/Fe] measure-
ments by Ho et al. (2017a), from the whole 3,564 SGB/RGB star
sample. Ho et al. (2017a) estimated the chemical abundances by
cross-calibrating the LAMOST DR2 K giant stars with APOGEE
data by applying The Cannon technique. As expected, it shows
a clear bimodality with a gap at around [a/Fe] ~ 0.15 - 0.2 dex.
Following the criterion for [a/Fe] from previous works (Lee et
al. 2011; Liu & van de Ven 2012), we could separate the sample
into @-enhanced and -poor populations to represent the chemically-
defined thick and thin discs. However, because [a/Fe] is not esti-

mated for about one third of our samples. we have looked for an
alternative criterion for the thin/thick disc separation to take the

place of [e/Fe].

We find that the two discs can be at least partly
disentangled using [Fe/H] = —0.2dex. On one hand, stars
with [Fe/H] > —0.2dex are only composed of those with
[/Fe] < 0.2dex, i.e. only the chemically-defined thin disc con-
tributes to this sub-group. On the other hand, the sample with
[Fe/H] < —0.2 dex contains both a-poor and a-enhanced stars, im-
plying that this sub-group may reflect the kinematical features for
both thin and thick discs.

It is noted that, as shown in the middle panel of the figure, the

stars with [a/Fe] > 0.2 dex from the metal-“poor” ([Fe/H] < —0.2)
sub-group (red dots) dominate the regime of age > 7 Gyr, while
those with [a/Fe] < 0.2 dex are mostly 4 to 8 Gyr old. Hence, the
metal-poor sub-sample can be separated into two parts: 1) those
with age > 7 Gyr are dominated by the thick disc population; 2)
those with age < 7 Gyr should be thin disc stars mostly older than
3 Gyr. Meanwhile, the metal-“rich” ([Fe/H] > —0.2) sub-group
(blue dots) is prominent in the range of age < 8 Gyr with few stars
extending to older age. This means that the chemically-defined thin
disc can be traced by the metal-rich stars in the whole range of
age. Therefore, although the separation at [Fe/H] = —0.2 dex is not
perfect for disentangling the thin and thick discs, the significant
difference in the distribution in the age—[a/Fe] plane for the two
sub-groups is sufficient in investigating the different AVRs for the
thin and thick discs. In the rest of the paper,

Finally, the right panel of the figure shows that both the metal-
poor and metal-rich sub-sample are broadly distributed in both [z] <
270 and > 270 pc. Hence the AVR at different vertical heights for
both sub-sample can be compared.

In the rest of this paper, we use [Fe/H] derived from LAMOST
data pipeline. As shown in Figure 3, the difference of [Fe/H] be-
tween Ho et al. (2017a) and the LAMOST pipeline is mostly within
0.1 dex. Therefore, we can still use [Fe/H]= —0.2 dex to separate
the samples into metal-poor and -rich sub-groups.

3.3 The resulting AVRs

For each |z| and [Fe/H] bin, the 3-dimensional velocity ellipsoids
for the populations with various ages are determined with the
MCMC simulation. The diagonal components of the velocity el-
lipsoids, i.e. og, 0y, and o, as functions of age for each |z| and
[Fe/H] bin are displayed in different panels of Figure 4. Mean-
while, the velocity dispersions, their ratios, the vertex deviations,
and the tilt angles are listed in Table 1 and 2 for stars located at
|z <270 and > 270 pc, respectively.

The left hand panels of Figure 4 show the trends of og, 0, and
o, with age from top to bottom, respectively, for |z| < 270 pc. Look-
ing at the velocity dispersions for the two sub-samples (red dots for
metal-poor stars and blue stars for metal-rich), all of the three dis-
persions increase with age. This is consistent with previous works
(e.g. Bournaud et al. 2009; Holmberg et al. 2009; Smith et al. 2012;
Tian et al. 2015). However, the increasing rates with age for the two
sub-samples are significantly different. Firstly, the red dots, which
represent the metal-poor sub-group stars, show plateaus of velocity
dispersions substantially larger than those for the metal-rich stars
for age 2 7 Gyr. They are more significant in o, and o, than in
or. For the metal-poor stars, o, is between 34 and 43kms™! for
age > 7 Gyr, while it is only around 24 ~ 26km s~ for the metal-
rich stars at the same ages. Similarly, for the metal-poor stars, o,
is around 34 ~ 38 kms™! for age > 7 Gyr, while for the metal-rich

stars, the value is only at 18 ~ 23 km s~! | SifiCeieetalspoorsuby
sample with age 2 7 Gyr is dominated by the chemically-defined
Secondly, for age < 7 Gyr, velocity dispersions for the metal-poor
sub-sample and those for metal-rich sub-sample are quite similar.

MNRAS 000, 1-2? (2017)



Table 1. Kinematical features for stars with |z] < 270 pc at various age bins.
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Age (Gyr) N o (kms™)) oy kms™h) o, kmsTh) or/oy orfoy o4los Iy (deg) @ (deg)
all stars

14£03 100 21.7 +2.0 125+ 1.5 82+ 1.1 17403 2704  1.5%03 73+74 ~1.1+3.8
1.9+03 100 21.6 +2.0 17.1£ 1.6 103+ 1.1 13£02 2103 1702  0.1x165 9.7+5.0
2302 100 24721 189+ 1.8 106+ 1.1 13£02 2303  1.8+02  113+129 27+39
2602 115 31224 18.6+ 1.7 10.8 £ 1.1 17£02 29204  1.7:02 1.0£63 -3.6+2.9
3102 152 31921 175+ 1.4 123+1.0 1.8£02  26+03  14+02 53+4.7 -1.6+28
3.6+03 233 328+ 1.7 187+ 1.0 13.8+0.9 1.8+0.1 24202 1301 64+38 -07+24
4103 391 324+13 19.8+0.8 14.1£0.7 1601  23+01 1401 49+35 —27+1.8
45+£03 400 349+ 1.4 20.5+0.9 14.1 £0.6 17£01  25+00  1.5+0.1 93+29 -0.2+ 1.6
50+03 400 375+ 15 22209 16.8 £0.7 17401 2201 1301 9229 2419
55+04 400 384+ 15 228+ 1.0 19.5+0.8 17401 2001  12x0.1 33+29 15423

6.1+0.5 361 430+1.8 248+ 1.1 21209 1L7£01 2001 1201 24£3.0 -3.0+22
7.0£0.5 257 475+22 289+ 1.6 245+ 13 1601  19+0.1 1201 6.9+39 -3.6+28
8.0+ 0.6 169 50.6 +3.0 32821 292+2.0 15£01  17+02 1101 11.7£52 -23+43
9.5+0.7 157 51.7+33 36.4+2.4 34222 14£01 1500  L1x0.1 -5.0+7.2 22458
102+0.5 100 56.7+4.3 353+3.0 37.8+3.0 1.6£02  1.5+02  09£0.1 1.8+ 6.6 5173

[Fe/H] > —0.2 dex
14104 100 21.7+19 120+ 1.4 8.6+1.1 1.8+0.3 25+04 14+02 74+68 -0.6+39
1.9£0.3 100 214+1.9 167+ 1.6 100+ 1.1 13£02 21+03 1702  178+13.1 24+48
2402 100 27825 189+ 1.7 105+ 1.1 15402  26+04 1.8+02 2890 -03+32
2802 100 32727 184+1.7 11.0£1.2 1.8£02  3.0+04  1.7£02 02+57 05+28
33+02 132 31323 168+ 1.4 11.9+1.0 1902  26+03  14x02 12,6 +4.7 17429
3.8+03 196 30.1 + 1.6 169+ 1.1 11708 1.8+£0.1 2602 1401 6.7+4.0 12424
43+03 277 347+ 1.6 17.8£0.9 126 £0.7 20+£01 2802 1401 9.7+29 -17+16
49+04 304 36.8+ 1.7 212+ 1.0 16.8+0.8 1L7£01 2201 1301 11.2+3.1 —-15+2.1
56+04 255 39.3+2.0 220 % 1.1 17709 1.8+£0.1 22202 1301 6.0+32 -0.3+2.4
6.4+0.5 188 42.5+25 23.0+13 183+ 1.1 1.8+£0.1 2302 1301 4237 -3.0+27
72405 106 438+33 24.2+2.0 233+ 1.7 1.8£02 1902  1.0+0.1 3.0+5.0 -32+46
8.5+0.8 57 51.8+5.6 258 +2.9 233+2.6 20+03 22+03 1102 20+5.6 62+49
[Fe/H] < 0.2 dex

3206 100 29.8 +2.4 19.0+ 1.9 13.8+1.3 1.6£02 2203  14x02 69+78 ~74+43
3.8+03 100 31325 19.7+1.8 148+ 1.4 16£02  21+03  13x02 20+72 -56+43
45403 168 352421 211+ 1.4 16.1+ 1.1 17402  22+02  130.1 15448 3429
5004 224 38221 210+ 1.2 173+ 1.1 1.8+£0.1 2202 1201 2335 4.1£2.6
57+04 196 39.8+2.4 237+ 1.4 22113 17401  1.8+02 1101 -15+44 27+38
6.4+0.5 135 436+3.1 30.0+23 27921 15402  1.6+02  L1+01  —0.1+78 —4.1+59
7.6 +0.6 106 53444 42.5+4.0 33928 13£02 1602 13x02  268%94  -11.0x66
8.9+0.8 116 56.5+4.2 37.8+3.0 35426 15£02  1.6+02 1101 3775 -37+64
10.1£06 110 56.5+4.1 343+25 37.5+28 16£02  15+02  09+0.1 -04+6.1 6.1+7.1

These trends can also be seen from Table 1. Finally, at around 2-
3 Gyr, both o and o, show an abrupt jump-up, which is not obvi-
ously seen in o, at the same age.

The right hand panels of Figure 4 display the AVRs for the
three velocity dispersions for |z] > 270 pc. Almost all the differ-
ences between the metal-poor and metal-rich sub-groups shown in
the lower vertical height in the left panels are found in the sample
for |z| > 270kpc. For the metal-rich sub-sample, the trends of oy,
oy and o, are quite similar with those for |z] < 270 pc. In other
words, oy, 0y and o, do not show significant vertical gradients in

the metal-rich sub-sample. The values of or and o for the metal-

poor sub-sample are also quite similar on both side of |z| = 270 pc.
However, the values of o, for age > 7 Gyr and |z] > 270pc are

significantly larger than those with similar ages but |z] < 270 pc for
the metal-poor sample.

MNRAS 000, 1-2? (2017)

4 DISCUSSION

4.1 Thin and thick discs

sions between the metal-rich and metal-poor sub-samples for age
2 7Gyr indicates that the chemically-defined thick disc (traced by
‘the meta-poor sub-samples with age % 7 Gyr) has distinct kinematic
features, i.e. it is hotter than the old thin disc stars (traced by the
‘metal-rich sub-samples) in all three velocity dispersions, especially

[ilverticalldirectiony This implies that although the heating of the

thin disc leads to a relatively larger o-,, i.e. makes it thicker, at early
time, it can not produce such a large o, plateau as the chemically-
defined thick disc. Therefore, it seems that the chemically-defined
thick disc should be a distinct population to the heated old thin disc.
Note that, for age > 7 Gyr. our age estimates may suffer from larger
systematics as well as larger uncertainties (Liu et al. 2015). hence
the lower age limit for the thick disc could be slightly larger than
1Gyr.
Moreover,
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Table 2. Kinematical features for stars with |z| > 270 pc at various age bins.

Age (Gyr) N o (km s'l) g (km s'l) oy (km s'l) or/og orloy oyl Iy (deg) @ (deg)
all stars
1.6+0.4 100 264+23 12515 10512 2.1£03 25+04 12+02 -04+54 9.0+£43
22+03 100 288+2.6 13215 149+ 1.4 22+03 1.9+0.3 0.9+0.1 -38+5.1 13.0+55
27+03 100 29227 13.7+15 15715 21+03 1.9+02 0.9+0.1 0.8+49 89+6.1
3.1+0.2 121 28.9+24 156+ 1.5 158+ 1.3 1.8+0.2 1.8+£0.2 1.0£0.1 85+5.0 -32+52
3.6+0.3 187 27.1+1.9 177+ 1.3 145+ 1.0 1.5+02 1.9+0.2 1.2£0.1 122+58 1.2+4.1
4.1£03 280 27.6+ 1.5 17.6 + 1.0 163+0.8 1.6 +0.1 1.7+0.1 1.1£0.1 4.7+4.7 10.2+£38
47+03 400 30.8+1.3 17.0+0.9 17.1+£0.8 1.8+0.1 1.8+0.1 1.0£0.1 -14£27 43+29
52+03 400 33415 18.6 0.9 17.3+0.8 1.8+0.1 1.9+0.1 L.1£0.1 1.5£2.8 3.7+24
57+03 400 33815 202+ 1.0 202+0.8 1.7+0.1 1.7+0.1 1.0+0.1 33+£33 48+3.1
63+04 400 36.6+ 1.7 219+ 1.0 270+ 1.0 1.7+0.1 1.4+0.1 0.8+0.0 46+33 88+5.6
7.1£0.6 365 42.1£1.9 278+ 1.4 336+ 14 1.5+0.1 1.3£0.1 0.8+0.1 59+44 89+73
8.0+£0.6 284 453+24 31.8+1.8 351+ 1.7 1.4+0.1 1.3+£0.1 0.9+0.1 43+57 -3.0+8.0
9.3+0.7 187 527+34 320+22 388+23 1.6+02 1.4+0.1 0.8+0.1 8050 -04+79
103+04 92 64.1+5.8 35.0+3.6 47.0 £4.0 1.8+0.3 1.4+0.2 0.7+0.1 6.5+6.1 =5.1+109
[Fe/H] > —0.2 dex
1.6 0.5 100 268 +2.4 108+ 1.3 11.3+1.3 25+04 24+03 1.0£0.2 -12+43 10.5+4.4
24+04 100 302+27 126+ 1.4 149+ 1.4 24+03 20+03 0.8+0.1 2.1+44 81+52
3.0£0.3 100 28.1+2.6 15.1+1.5 140+1.3 1.9+0.3 20+03 L.1£0.1 9.1+£56 35+5.1
35+0.3 122 259+22 164+ 1.4 122+ 1.1 1.6 +0.2 2.1+03 1.3£0.2 142+6.7 =3.1+4.1
41+03 167 27119 166+1.2 154+ 1.1 1.6+0.2 1.8+£0.2 1.1+0.1 13.0+5.1 7.7+4.7
46+03 216 274+ 1.7 173+ 1.1 162+ 1.0 1.6 £0.1 1.7+0.1 L.1£0.1 94+49 85+44
53+04 247 310+ 1.7 183+1.1 17.7+0.9 1.7+0.1 1.8£0.1 1.0£0.1 43+4.1 33+£37
59+04 217 349+21 19.8+1.2 200+ 1.1 1.8+0.1 1.7+£0.1 1.0£0.1 -0.1+38 3.0£38
6.7+0.6 131 389+29 238+1.9 232+ 1.7 1.6+0.2 1.7+02 1.0+0.1 04+55 0.1£55
8.0£0.8 100 41.5+3.4 285+25 24.8+2.0 1.5+0.2 1.7+£0.2 L.1£0.1 12.1+83 3.1+6.0
8.9+0.6 47 44.7£55 29.6+3.8 232+3.0 1.5+£0.3 1.9+0.3 1.3£0.2 21.6£9.7 92+76
[Fe/H] < 0.2 dex
3.1+07 100 28227 18.6+2.0 170+ 1.6 1.5+02 1.7+£02 1.1+02 12+90 8471
3.9+03 100 29.0+2.7 19.1£2.0 192+ 1.7 1.5+0.2 1.5+£0.2 1.0£0.1 34+87 5.0£8.5
46+03 168 343+23 17.1+ 1.4 18.1+1.3 20+£0.2 1.9+£0.2 0.9+0.1 -62+38 0.9+4.1
52+04 224 359+1.8 18612 187+ 1.0 1.9+02 1.9+0.1 1.0+0.1 -0.7+3.1 34+31
58+04 196 364+1.8 207+ 1.1 242+ 1.1 1.8+0.1 1.5+0.1 0.9+0.1 51£35 132+46
6.7£0.5 135 41.2£23 269+ 1.7 328+ 1.7 1.5+0.1 1.3£0.1 0.8+0.1 6.2+54 8.1+88
7.5+06 106 44.5+£2.7 31.9+23 395+22 1.4+0.1 L1£0.1 0.8+0.1 80+74 1.2+18.6
8.6 0.7 116 51.3+3.6 33.1+27 442+2.7 1.6+0.2 1.2+0.1 0.7+0.1 -15+6.6 114+164
10.1+0.6 110 62.8 +4.9 37433 47.0+3.7 1.7+0.2 1.3£0.1 0.8+0.1 56+6.3 0.1+10.5

o, with the thin disc, its o and o are only moderately larger than
the thin disc with similar age.

Comparing o, for |z7] < 270 with that at |z] > 270 pc, o, does
not change very much at different heights for the thick disc stars,
while it increases from ~ 25kms~! to about ~ 30kms~! for the
thin disc sub-sample with age > 7 Gyr. This implies that the thick
disc should be formed on relatively smaller time scale such that
the whole population shows similar velocity dispersion, while the
thin disc may be formed on a longer time scale and thus the secular
dynamical evolution can play some role to heat and scatter the older
stars to a larger range of height.

Finally, for the metal-poor sub-sample with age < 7 Gyr, be-
cause the chemically-defined thin disc dominates in these data, the
stars essentially show similar AVRs to the metal-rich sub-sample in
all three components.

Although the significantly different velocity dispersions
shown in AVR can separate the thick from the thin disc, this re-
mains _insufficient for discriminating the origin of the thick disc.
Using cosmological simulations. Martig. Minchev. & Flynn (2014)
found that galaxies commonly undergo an active phase of mergers
at high redshift. creating a thick stellar component. In this scenario,
the oldest stars with age > 9 Gyr are born kinematically hot.

4.2 Heating in the disc

At lower redshift, Martig et al. (2014) showed that the vertical ve-
locity dispersion (0-,) increases smoothly with age. They suggested
that the disc heating is mainly contributed by disc growth and a
combination of spiral arms and bars coupled with overdensities
in the disc and vertical bending waves. The heating mechanisms
lead to a power-law like AVR, while the active phase of mergers
at high redshift breaks the power-law like AVR with age > 9 Gyr.
The authors pointed out that the jumps in AVR may also be cre-
ated by mergers (also see House et al. 2011). However, they found
that errors of 30% in stellar ages can significantly blur the signa-
tures of mergers. Therefore, we apply the power-law relation to the
chemically-defined thin disc component.

We fit the AVR for the metal-rich stars within 3 Gyr - 9 Gyr
using a power-law relation. The samples not in the range of age suf-
fers from larger uncertainties due to the smaller numbers in these
age bins. The best-fit models of the AVR for the metal-rich popu-
lations are shown in Figure 5. The derived AVRs in all three direc-
tions are well represented by a power-law when the youngest and
oldest bins are excluded.

The derived power indices for the radial dispersions for |z] <

MNRAS 000, 1-2? (2017)
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stars). In the left panel, the vertical black dashed line at [Fe/H] = —0.2 dex gives the dividing criterion for the metal-poor and metal-rich populations. The
metal-poor population is dominated by @-enhanced star, while most of stars in the metal-rich population have lower a-abundance. The middle panel shows that
the a-enhanced stars are mostly old, while a-poor stars spread in a wide range of age. The right panel shows that both metal-poor and metal-rich populations
distribute broadly in vertical direction, at both sides of |z] = 270 pc, which is indicated by the vertical dashed line. The green error bars in each panel give the
corresponding median uncertainties of the sample. Note that the median uncertainty of [Fe/H] is 0.02 dex, which is almost invisible in the plot.
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versus the [Fe/H] from LAMOST pipeline (labeled as LAMOST pipeline).
The red dashed line shows the 1 : I relation. The green errorbar gives the
median uncertainties.

270 and |z] > 270pc are B = 0.34 + 0.17 and 8 = 0.39 + 0.13,
respectively, while for the azimuthal direction we obtain 8 = 0.34 +
0.12 and 8 = 0.42+0.14. The derived power indices for the vertical
direction, which are 8 = 0.56 +£0.14 and 8 = 0.51 +£0.15, are higher
than the other two directions. The radial and azimuthal velocity
dispersion are approximately coupled by the relation:

OR _ L
- 3)

where « and Q are the epicycle frequency and the azimuthal fre-

MNRAS 000, 1-2? (2017)

quency for nearly circular orbits in the solar neighbourhood (Bin-
ney & Tremaine 2008). Thus, the in-plane power indices are ex-
pected to be similar. Furthermore, the in-plane power indices at
high-|z| are slightly higher than that in low-|z|, indicating that the
heating sources might be more scattered to higher-|z|. Nevertheless,
all these in-plane power indices are around 0.3-0.4, while the ver-
tical power indices are around 0.5, which is consistent with other
works (e.g. Aumer & Binney 2009; Holmberg et al. 2009).

‘We conclude that the AVR of the metal-rich population is con-
sistent with heating mechanisms via scattering processes mainly
induced by spiral arms and GMCs.

Note that the resulting o for the thin disc are systematically
higher than the fitted power-law at age > 7 Gyr. This could be be-
cause that the older populations are more affected by larger uncer-
tainties from the age estimates. According to Liu et al. (2015), the
ages can be underestimated by at most 2 Gyr in the old regime.
Then the old stars with larger velocity dispersions may be merged
to the bins of slightly younger age. As a result, the slope of the
age-o relation at the old age regime becomes steeper. An alter-
native reason may be that the heating process is not constant on
long time scales. Considering that the number density of GMCs
was significantly higher in the past than in the present day (Chi-
appini, Matteucci. & Gratton 1997). older stars may therefore be
more efficiently scattered in the early time. It is also possible that

the more frequent mergers at high redshift can affect the velocity
dispersion.

4.3 o-ratio

The velocity dispersion ratios of our sample are shown in Figure 6.
There is no substantial trend in the ratio or /oy with age. The result
is consistent with the theoretical expectation that the ratio or/0
is a constant since they are coupled (see Eq. 3). On the other hand,
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Figure 4. The AVR for the two sub-samples with different metallicities at two different |z| bins. Different coloured symbols represent different samples. The
green triangles represent the whole sample, labelled as “all”. The red dots represent the metal-poor sample, labelled as “mpoor”. The blue stars represent the
metal-rich sample, labelled as “mrich”. The red and blue shaded bands give the corresponding errors for the metal-poor and metal-rich sample, respectively.

because_the stars are more efficiently heated in vertical direction, as

can be inferred from the larger power indices in vertical direction,
the ratios of in-plane to vertical dispersions decrease with age.

Previous observations show that the vertical dispersion o, is
smallest among the three components. Lacey (1984) analysed the
scattering by GMCs and predicted that the value of o, should be in
between or and 0. Ida et al. (1993) later found that Lacey (1984)
overestimated the vertical heating rate while underestimated the ra-
dial heating rate. They predicted that the vertical component should
be the smallest although precise shape depends on the local slope of
the rotation curve. Their expectations are confirmed by simulations
by Shiidsuka & Ida (1999). Sellwood (2008), using simulations,
pointed out that the ratio o /0", depends on the distant GMCs, that
is, when enough distant GMC perturbations are taken into account,
o, generally remains the smallest of the velocity dispersions.

However, we find that the ratio 04/0, ~ 1 for stars with |z| >
270 pc. Moreover, it drops below 1 for metal-poor stars with |z] >
270 pc. In other words, the vertical dispersion for the metal-poor

stars at higher-|z| is larger than the azimuthal dispersion. Holmberg
et al. (2009) showed a flattened shape of velocity ellipsoid with
o, to be the smallest, although the ratio o, /0 increases with age.
Smith et al. (2012) confirmed a similar velocity ellipsoid shape for
the metal-rich stars ([Fe/H] > —0.5 dex). However, they found that
the value of o, is in between the other two for the metal-poor stars
([Fe/H] < —0.5 dex), which is very similar to our result. Tian et al.
(2015) also reported that vertical velocity dispersion values are in
the middle for stars with T ~ 6500 K at 300 < |z] < 500 pc, which
are likely dominated by the old turn-off thick disc stars. Therefore,
it is likely that the ratio oy/0, < 1 is due to the distinct kinematic
feature of the dominating old thick disc population.

4.4 Vertex deviation and tilt angle

The covariances (or the cross-terms) of the velocity ellipsoid re-
flects the tilts of the ellipsoid, which is associated with the non-
axisymmetric structures in the Galactic gravitational potential.

MNRAS 000, 1-27 (2017)
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Figure 5. AVRs at different vertical heights for metal-rich population ([Fe/H] > —0.2 dex). Blue stars show the derived velocity dispersion in different age-
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9Gyr.

They are usually quantified by tilt angle, which is the deviation
from the R — z plane, and vertex deviation, which is the deviation
from the R — ¢ plane, for convenience. The definition of vertex de-
viation is:

1 2073
l, = 5 arctan( 5 R 2], “4)

O-R_O-qj

and the definition of the tilt angle is:

20']227
arctan > _(‘)_2 . o)

The derived vertex deviation and the tilt angle at various age
bins are shown in Figure 7. The vertex deviations at different ver-
tical heights are plausibly zero for all stars but with large uncer-
tainties. Dehnen & Binney (1998) showed the vertex deviation as a
function of colour index. The stars with B — V > 0.4 were found to
have vertex deviation at around 10° with a 5° uncertainty, while the
stars with B — V < 0.4 have vertex deviation around 20°-30° with
an error between 2.8° and 5.3°. Smith et al. (2012) reported simi-
lar results for the metal-rich stars ([Fe/H] > —0.5 dex). They also
found that the vertex deviation is around 0° for metal-poor stars but
with large uncertainty. Tian et al. (2015) found that the vertex devi-
ations are around 0° with an error between 5° and 10° for different

MNRAS 000, 1-2? (2017)

effective temperatures at different |z|, although they found it can be
as large as ~ 27° for stars with T < 4500 K at 300 < |z|] < 500 pc,
yet the uncertainty is as large as ~ 14°.

The tilt angle of our sample is around 0° for most of the stars
but the measurement has very large uncertainties. Tian et al. (2015)
found the tilt angle to be around 0° with an error of ~ 5°, while
Smith et al. (2012) reported a non-zero a to be around 10° with
an uncertainty of ~ 10°. Siebert et al. (2008) used red clump giants
from the Radial Velocity Experiment (RAVE) survey and gave a tilt
angle of 7.3° + 1.8° at z ~ 1 kpc below the plane. Biidenbender, van
de Ven, & Watkins (2015) used G-dwarfs which spans a large ver-
tical range, reaching as far as 3 kpc, and found an increasing trend
of tilt angle with |z] in the range of 0° — 15° with a 10° uncertainty.

In this paper, we use 3,564 SGB/RGB stars selected from LAM-
OST DR3 and TGAS data to derive the AVR in the solar neigh-
bourhood. By dividing the samples into two sub-groups with
[Fe/H] < —0.2dex and [Fe/H] > —0.2 dex, we are able to compare
the AVR between the thin and thick discs. We find that:
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(iv) the vertex deviations and the tilt angles are plausibly around zero,
but with large uncertainties.
Figure 7. The vertex deviation and the tilt angle as functions of age at dif-
ferent vertical heights. Green triangles show the ratio for the whole sam-
ple. The red dots and blue stars with shaded errors correspond to stars
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