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Large Surveys are critical ingredient for further studies

•Complementary Approach to study the high-z Universe: 
Galactic Archeology or Near Field Cosmology 
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The bad news

•The Milky Way is a complex, non-linear system 
with 

contribution of a large number of physical processes 

non-equilibrium, but close to stationary 

non-local (radial migration) 

operating over many dynamical timescales

6



1970s, 1980s

•Chemical evolution 
stars have frozen-in the chemical composition of their 
birth cloud 

various processes contribute to metal enrichment - 
portfolio of enrichment time scales 

prominent example: G-Dwarf problem  

•Galactic dynamics 
disk galaxies: coherent motion of stars around the 
Galactic center 

elliptical galaxies: random motion 

perturbations: dynamical heating
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A MW Chemistry Cartoon
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1990s, 2000s

•Chemo-dynamics 
linking the dynamical evolution of stars and gas to their 
chemical enrichment history
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metal abundance vs kinematics (RAVE DR6)
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abundance ratios vs kinematics (RAVE DR6)
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Velocity and Velocity dispersion

15

6 J. Wojno et al.

�1.5 �1.0 �0.5 0.0 0.5
160
170
180
190
200
210
220
230
240
250

<
V
�
>

[k
m

s�
1
]

c.

�1.5 �1.0 �0.5 0.0 0.5

[Fe/H]

160
170
180
190
200
210
220
230
240
250

<
V
�
>

[k
m

s�
1
]

d.

�1.5 �1.0 �0.5 0.0 0.5
-60

-40

-20

0

20

40

60
<
V
R
>

[k
m

s�
1
]

a.

�1.5 �1.0 �0.5 0.0 0.5

[Fe/H]

-60

-40

-20

0

20

40

60

<
V
R
>

[k
m

s�
1
]

b.

�1.5 �1.0 �0.5 0.0 0.5
-60

-40

-20

0

20

40

60

<
V
Z
>

[k
m

s�
1
]

e.

�1.5 �1.0 �0.5 0.0 0.5

[Fe/H]

-60

-40

-20

0

20

40

60

<
V
Z
>

[k
m

s�
1
]

f.

Figure 4. Mean velocity as a function of metallicity for the chemical thin disc component (top row), and the chemical thick disc
component (bottom row). See text for a detailed description on how these populations are selected. Trend lines are computed by binning
the data into ⇠0.2 dex wide bins. The shaded regions correspond to the average errors for a given metallicity bin. Bins with less than 10
stars are not shown, and are not used to calculate the linear fit. Open circles denote bins which are not used in determining the linear
fit in panels c and d. The red lines in panels c and d show the linear fits for the thin and thick disc, respectively, with the shaded red
region corresponding to the error on the fit.

ing only the bins where we assume no significant contami-
nation, avoiding the two most metal-poor bins for the thin
disc, and the two most metal-rich bins for the thick disc. This
gives an e↵ective range of �0.27 < [Fe/H] < 0.38 for the
thin disc, and an e↵ective range of �1.36 < [Fe/H] < 0.16
for the thick disc. We also correct these velocity dispersions
for observational uncertainties using the following equation:

�R,�,Z =
q

�⇤2
R,�,Z� < eVR,�,Z >2 (9)

where �R,�,Z is our corrected velocity dispersion, �⇤
R,�,Z is

the measured velocity dispersion, and eVR,�,Z is the error on
the velocity component.

We find that our mean values for both the thin and
thick disc are in agreement with the well-known properties
�R > �� > �Z and �Z ' 0.5�R (Quillen & Garnett 2001;
Holmberg et al. 2007). In addition, we find a constant sep-
aration between the average thin and thick disc dispersions
of the order of ⇠ 15 km s�1. This is consistent with observed
values provided in Bensby et al. (2005), which were deter-
mined using a kinematically-selected high-resolution sample
of FGK dwarfs in the solar neighbourhood.

Having both the mean and the dispersions for each of
the velocity components, with the Jeans equation, these ve-
locity trends can also be used to estimate the radial scale
lengths (hR) of our chemical thin and thick discs. If we as-
sume a Galactic potential dominated by a centrally con-

centrated mass distribution (Gilmore et al. 1989), and a
local velocity ellipsoid pointing toward the Galactic center
(Siebert et al. 2008; Pasetto et al. 2012; Binney et al. 2014b),
we can write hR as:

hR =
2R�2

R

V 2
c � <V�>2 +2�2

R � �2
� � �2

Z

(10)

We estimate our chemical thin disc to have a scale
length of hRD = 4.8 ± 0.2 kpc, and our chemical thick disc
to have a scale length of hRTD = 3.4± 0.1 kpc. We find our
estimates to be consistent with the finding of (Bovy et al.
2012b), using a sample of local dwarfs from SEGUE, that the
scale length of the thin disc is more extended than that of
the thick disc. If we consider the scale length of the discs as a
function of metallicity, we find that the thin disc scale length
is negatively correlated with increasing metallicity (i.e., the
most metal-poor bins have the longest scale lengths, while
the most metal-rich bins have the shortest scale lengths). We
find the thick disc scale length is relatively constant, with
only a slight negative trend with increasing metallicity.

While we find our chemical thin disc to be much more
extended than other results in the literature (Jurić et al.
2008), it is still consistent within 2� of high-end estimates,
such as (Bovy et al. 2012b), who use a sample of dwarfs
with [↵/Fe] ⇠ 0 to measure a scale length of 4.3 ± 0.2 kpc.
Our thick disc measurements are also more extended than
other literature values, where the majority of other findings
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Figure 5. Velocity dispersion as a function of metallicity for the chemical thin disc component (blue circles), and the chemical thick
disc component (red triangles). See Section 3 for a detailed description on how these populations are selected. Trend lines are computed
by binning the data into ⇠0.2 dex width bins. The shaded regions correspond to average errors for a given metallicity bin. Bins with less
than 10 stars are not shown, and are not used to calculate the linear fit. Open symbols denote bins which are not used in determining
the linear fit in panels c and d of Fig. 4. The average �R,�,Z values are given in the top right corner, for both the thin and thick discs.
These averages are determined using only bins with filled symbols.

point to a much smaller thick disc scale length. Bensby et al.
(2011) find, using a handful of red giant stars, the scale
length of the thick disc to be ⇠ 2 kpc, and Bovy et al.
(2015) find 2.2 ± 0.2 for an ↵-high population. However,
we note that the values of the scale lengths for the thin
and thick discs depend sensitively on the adopted value for
the peculiar motion of the Sun (V�). A smaller V� (e.g.
the classical value of 5.25 km s�1 (Aumer & Binney 2009))
would result in much smaller scale length for both discs. For
a detailed discussion see Golubov et al. (2013).

Many of the previous studies cited use either dwarfs or
giants as their sample, with a tendency to select only dwarfs
for chemodynamical studies, as their atmospheres stay rel-
atively constant throughout their main sequence lifetimes.
Giants, on the other hand, experience a significant amount
of mixing in their atmospheres, which makes them less desir-
able for studies involving long dynamical timescales. As we
have an equal numbers of dwarfs and giants in our original
sample before the chemical disc selection, we investigated
if these observed trends are a↵ected when considering only
dwarfs, or only giants. For both the mean velocity and ve-
locity dispersion trends, we find no significant di↵erences in
our conclusions.

5 DISCUSSION

We find the primary di↵erence in the kinematics of our
chemical thin and thick disc components to be the trends
in mean rotational velocity as a function of metallicity. We
find opposite trends in @V�/@[Fe/H] for our two chemical
disc components: a positive trend for the thick disc, and a
negative trend for the thin disc (see panels c and d of Fig. 4).

The thick disc exhibits characteristics of the asymmet-
ric drift, with an increasing rotational velocity as a func-
tion of metallicity. In general, the thick disc is expected to
have a significant lag behind the LSR due to increased ran-
dom motions of stars (e.g. Bensby et al. 2005 find a lag of

46 km s�1 for the kinematically selected thick disc). While
the exact value of the thick disc lag is uncertain (cf. Chiba
& Beers 2000; Fuhrmann 2004; Lee et al. 2011), the posi-
tive gradient in @V�/@[Fe/H] we find has also been observed
in a number of previous studies (Lee et al. 2011; Kordopatis
et al. 2011; Adibekyan et al. 2013; Recio-Blanco et al. 2014).
Recio-Blanco et al. (2014) suggest that this positive trend in-
dicates a thick disc which is composed of thinner and thinner
layers with increasing metallicity. This picture agrees with
the results of Haywood et al. (2013) and Haywood et al.
(2016), where the inner thin disc formed with the proper-
ties of the most metal-rich thick disc layer, with quenching
of star formation causing the corresponding gap found in
the [↵/Fe]-[Fe/H] plane. The mechanisms behind this pause
in star formation at the end of the formation of the thick
disc is still debated, although a few scenarios have been pro-
posed (e.g., the formation of the bar (Haywood et al. 2016),
depletion of gas in the disc (Chiappini et al. 1997)). Star
formation is then assumed to resume, albeit at a lower rate,
in the thin disc (Just & Jahreiß 2010).

We find that our thin disc stars also lag the LSR, but
with a negative gradient in @V�/@[Fe/H]. We propose that
these thin disc stars have experienced changes in their or-
bital kinematics, with the SMR ([M/H] > 0.0) stars having
undergone the most significant changes. Although it is likely
that these metal-rich stars did not form locally, their origin
is not immediately obvious. In order to explain the pres-
ence of such stars, we consider various Galactic evolution
mechanisms.

(i) It has been suggested by Haywood et al. (2013) that a
turbulent ISM (Brook et al. 2004; Bournaud et al. 2009) in
the inner regions of the Galaxy could allow for gas enrich-
ment reaching solar metallicity values in the early history
of the thick disc (within a few Gyr of formation). Based
on the locally measured ISM abundance gradient (Genovali
et al. 2014), Kordopatis et al. (2015a) suggest such stars
have birth radii smaller than 5 kpc from the Galactic cen-
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Figure 4. Mean velocity as a function of metallicity for the chemical thin disc component (top row), and the chemical thick disc
component (bottom row). See text for a detailed description on how these populations are selected. Trend lines are computed by binning
the data into ⇠0.2 dex wide bins. The shaded regions correspond to the average errors for a given metallicity bin. Bins with less than 10
stars are not shown, and are not used to calculate the linear fit. Open circles denote bins which are not used in determining the linear
fit in panels c and d. The red lines in panels c and d show the linear fits for the thin and thick disc, respectively, with the shaded red
region corresponding to the error on the fit.

ing only the bins where we assume no significant contami-
nation, avoiding the two most metal-poor bins for the thin
disc, and the two most metal-rich bins for the thick disc. This
gives an e↵ective range of �0.27 < [Fe/H] < 0.38 for the
thin disc, and an e↵ective range of �1.36 < [Fe/H] < 0.16
for the thick disc. We also correct these velocity dispersions
for observational uncertainties using the following equation:

�R,�,Z =
q

�⇤2
R,�,Z� < eVR,�,Z >2 (9)

where �R,�,Z is our corrected velocity dispersion, �⇤
R,�,Z is

the measured velocity dispersion, and eVR,�,Z is the error on
the velocity component.

We find that our mean values for both the thin and
thick disc are in agreement with the well-known properties
�R > �� > �Z and �Z ' 0.5�R (Quillen & Garnett 2001;
Holmberg et al. 2007). In addition, we find a constant sep-
aration between the average thin and thick disc dispersions
of the order of ⇠ 15 km s�1. This is consistent with observed
values provided in Bensby et al. (2005), which were deter-
mined using a kinematically-selected high-resolution sample
of FGK dwarfs in the solar neighbourhood.

Having both the mean and the dispersions for each of
the velocity components, with the Jeans equation, these ve-
locity trends can also be used to estimate the radial scale
lengths (hR) of our chemical thin and thick discs. If we as-
sume a Galactic potential dominated by a centrally con-

centrated mass distribution (Gilmore et al. 1989), and a
local velocity ellipsoid pointing toward the Galactic center
(Siebert et al. 2008; Pasetto et al. 2012; Binney et al. 2014b),
we can write hR as:

hR =
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(10)

We estimate our chemical thin disc to have a scale
length of hRD = 4.8 ± 0.2 kpc, and our chemical thick disc
to have a scale length of hRTD = 3.4± 0.1 kpc. We find our
estimates to be consistent with the finding of (Bovy et al.
2012b), using a sample of local dwarfs from SEGUE, that the
scale length of the thin disc is more extended than that of
the thick disc. If we consider the scale length of the discs as a
function of metallicity, we find that the thin disc scale length
is negatively correlated with increasing metallicity (i.e., the
most metal-poor bins have the longest scale lengths, while
the most metal-rich bins have the shortest scale lengths). We
find the thick disc scale length is relatively constant, with
only a slight negative trend with increasing metallicity.

While we find our chemical thin disc to be much more
extended than other results in the literature (Jurić et al.
2008), it is still consistent within 2� of high-end estimates,
such as (Bovy et al. 2012b), who use a sample of dwarfs
with [↵/Fe] ⇠ 0 to measure a scale length of 4.3 ± 0.2 kpc.
Our thick disc measurements are also more extended than
other literature values, where the majority of other findings
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point to a much smaller thick disc scale length. Bensby et al.
(2011) find, using a handful of red giant stars, the scale
length of the thick disc to be ⇠ 2 kpc, and Bovy et al.
(2015) find 2.2 ± 0.2 for an ↵-high population. However,
we note that the values of the scale lengths for the thin
and thick discs depend sensitively on the adopted value for
the peculiar motion of the Sun (V�). A smaller V� (e.g.
the classical value of 5.25 km s�1 (Aumer & Binney 2009))
would result in much smaller scale length for both discs. For
a detailed discussion see Golubov et al. (2013).

Many of the previous studies cited use either dwarfs or
giants as their sample, with a tendency to select only dwarfs
for chemodynamical studies, as their atmospheres stay rel-
atively constant throughout their main sequence lifetimes.
Giants, on the other hand, experience a significant amount
of mixing in their atmospheres, which makes them less desir-
able for studies involving long dynamical timescales. As we
have an equal numbers of dwarfs and giants in our original
sample before the chemical disc selection, we investigated
if these observed trends are a↵ected when considering only
dwarfs, or only giants. For both the mean velocity and ve-
locity dispersion trends, we find no significant di↵erences in
our conclusions.

5 DISCUSSION

We find the primary di↵erence in the kinematics of our
chemical thin and thick disc components to be the trends
in mean rotational velocity as a function of metallicity. We
find opposite trends in @V�/@[Fe/H] for our two chemical
disc components: a positive trend for the thick disc, and a
negative trend for the thin disc (see panels c and d of Fig. 4).

The thick disc exhibits characteristics of the asymmet-
ric drift, with an increasing rotational velocity as a func-
tion of metallicity. In general, the thick disc is expected to
have a significant lag behind the LSR due to increased ran-
dom motions of stars (e.g. Bensby et al. 2005 find a lag of

46 km s�1 for the kinematically selected thick disc). While
the exact value of the thick disc lag is uncertain (cf. Chiba
& Beers 2000; Fuhrmann 2004; Lee et al. 2011), the posi-
tive gradient in @V�/@[Fe/H] we find has also been observed
in a number of previous studies (Lee et al. 2011; Kordopatis
et al. 2011; Adibekyan et al. 2013; Recio-Blanco et al. 2014).
Recio-Blanco et al. (2014) suggest that this positive trend in-
dicates a thick disc which is composed of thinner and thinner
layers with increasing metallicity. This picture agrees with
the results of Haywood et al. (2013) and Haywood et al.
(2016), where the inner thin disc formed with the proper-
ties of the most metal-rich thick disc layer, with quenching
of star formation causing the corresponding gap found in
the [↵/Fe]-[Fe/H] plane. The mechanisms behind this pause
in star formation at the end of the formation of the thick
disc is still debated, although a few scenarios have been pro-
posed (e.g., the formation of the bar (Haywood et al. 2016),
depletion of gas in the disc (Chiappini et al. 1997)). Star
formation is then assumed to resume, albeit at a lower rate,
in the thin disc (Just & Jahreiß 2010).

We find that our thin disc stars also lag the LSR, but
with a negative gradient in @V�/@[Fe/H]. We propose that
these thin disc stars have experienced changes in their or-
bital kinematics, with the SMR ([M/H] > 0.0) stars having
undergone the most significant changes. Although it is likely
that these metal-rich stars did not form locally, their origin
is not immediately obvious. In order to explain the pres-
ence of such stars, we consider various Galactic evolution
mechanisms.

(i) It has been suggested by Haywood et al. (2013) that a
turbulent ISM (Brook et al. 2004; Bournaud et al. 2009) in
the inner regions of the Galaxy could allow for gas enrich-
ment reaching solar metallicity values in the early history
of the thick disc (within a few Gyr of formation). Based
on the locally measured ISM abundance gradient (Genovali
et al. 2014), Kordopatis et al. (2015a) suggest such stars
have birth radii smaller than 5 kpc from the Galactic cen-
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Figure 4. Mean velocity as a function of metallicity for the chemical thin disc component (top row), and the chemical thick disc
component (bottom row). See text for a detailed description on how these populations are selected. Trend lines are computed by binning
the data into ⇠0.2 dex wide bins. The shaded regions correspond to the average errors for a given metallicity bin. Bins with less than 10
stars are not shown, and are not used to calculate the linear fit. Open circles denote bins which are not used in determining the linear
fit in panels c and d. The red lines in panels c and d show the linear fits for the thin and thick disc, respectively, with the shaded red
region corresponding to the error on the fit.

ing only the bins where we assume no significant contami-
nation, avoiding the two most metal-poor bins for the thin
disc, and the two most metal-rich bins for the thick disc. This
gives an e↵ective range of �0.27 < [Fe/H] < 0.38 for the
thin disc, and an e↵ective range of �1.36 < [Fe/H] < 0.16
for the thick disc. We also correct these velocity dispersions
for observational uncertainties using the following equation:

�R,�,Z =
q

�⇤2
R,�,Z� < eVR,�,Z >2 (9)

where �R,�,Z is our corrected velocity dispersion, �⇤
R,�,Z is

the measured velocity dispersion, and eVR,�,Z is the error on
the velocity component.

We find that our mean values for both the thin and
thick disc are in agreement with the well-known properties
�R > �� > �Z and �Z ' 0.5�R (Quillen & Garnett 2001;
Holmberg et al. 2007). In addition, we find a constant sep-
aration between the average thin and thick disc dispersions
of the order of ⇠ 15 km s�1. This is consistent with observed
values provided in Bensby et al. (2005), which were deter-
mined using a kinematically-selected high-resolution sample
of FGK dwarfs in the solar neighbourhood.

Having both the mean and the dispersions for each of
the velocity components, with the Jeans equation, these ve-
locity trends can also be used to estimate the radial scale
lengths (hR) of our chemical thin and thick discs. If we as-
sume a Galactic potential dominated by a centrally con-

centrated mass distribution (Gilmore et al. 1989), and a
local velocity ellipsoid pointing toward the Galactic center
(Siebert et al. 2008; Pasetto et al. 2012; Binney et al. 2014b),
we can write hR as:

hR =
2R�2

R

V 2
c � <V�>2 +2�2

R � �2
� � �2

Z

(10)

We estimate our chemical thin disc to have a scale
length of hRD = 4.8 ± 0.2 kpc, and our chemical thick disc
to have a scale length of hRTD = 3.4± 0.1 kpc. We find our
estimates to be consistent with the finding of (Bovy et al.
2012b), using a sample of local dwarfs from SEGUE, that the
scale length of the thin disc is more extended than that of
the thick disc. If we consider the scale length of the discs as a
function of metallicity, we find that the thin disc scale length
is negatively correlated with increasing metallicity (i.e., the
most metal-poor bins have the longest scale lengths, while
the most metal-rich bins have the shortest scale lengths). We
find the thick disc scale length is relatively constant, with
only a slight negative trend with increasing metallicity.

While we find our chemical thin disc to be much more
extended than other results in the literature (Jurić et al.
2008), it is still consistent within 2� of high-end estimates,
such as (Bovy et al. 2012b), who use a sample of dwarfs
with [↵/Fe] ⇠ 0 to measure a scale length of 4.3 ± 0.2 kpc.
Our thick disc measurements are also more extended than
other literature values, where the majority of other findings
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Figure 5. Velocity dispersion as a function of metallicity for the chemical thin disc component (blue circles), and the chemical thick
disc component (red triangles). See Section 3 for a detailed description on how these populations are selected. Trend lines are computed
by binning the data into ⇠0.2 dex width bins. The shaded regions correspond to average errors for a given metallicity bin. Bins with less
than 10 stars are not shown, and are not used to calculate the linear fit. Open symbols denote bins which are not used in determining
the linear fit in panels c and d of Fig. 4. The average �R,�,Z values are given in the top right corner, for both the thin and thick discs.
These averages are determined using only bins with filled symbols.

point to a much smaller thick disc scale length. Bensby et al.
(2011) find, using a handful of red giant stars, the scale
length of the thick disc to be ⇠ 2 kpc, and Bovy et al.
(2015) find 2.2 ± 0.2 for an ↵-high population. However,
we note that the values of the scale lengths for the thin
and thick discs depend sensitively on the adopted value for
the peculiar motion of the Sun (V�). A smaller V� (e.g.
the classical value of 5.25 km s�1 (Aumer & Binney 2009))
would result in much smaller scale length for both discs. For
a detailed discussion see Golubov et al. (2013).

Many of the previous studies cited use either dwarfs or
giants as their sample, with a tendency to select only dwarfs
for chemodynamical studies, as their atmospheres stay rel-
atively constant throughout their main sequence lifetimes.
Giants, on the other hand, experience a significant amount
of mixing in their atmospheres, which makes them less desir-
able for studies involving long dynamical timescales. As we
have an equal numbers of dwarfs and giants in our original
sample before the chemical disc selection, we investigated
if these observed trends are a↵ected when considering only
dwarfs, or only giants. For both the mean velocity and ve-
locity dispersion trends, we find no significant di↵erences in
our conclusions.

5 DISCUSSION

We find the primary di↵erence in the kinematics of our
chemical thin and thick disc components to be the trends
in mean rotational velocity as a function of metallicity. We
find opposite trends in @V�/@[Fe/H] for our two chemical
disc components: a positive trend for the thick disc, and a
negative trend for the thin disc (see panels c and d of Fig. 4).

The thick disc exhibits characteristics of the asymmet-
ric drift, with an increasing rotational velocity as a func-
tion of metallicity. In general, the thick disc is expected to
have a significant lag behind the LSR due to increased ran-
dom motions of stars (e.g. Bensby et al. 2005 find a lag of

46 km s�1 for the kinematically selected thick disc). While
the exact value of the thick disc lag is uncertain (cf. Chiba
& Beers 2000; Fuhrmann 2004; Lee et al. 2011), the posi-
tive gradient in @V�/@[Fe/H] we find has also been observed
in a number of previous studies (Lee et al. 2011; Kordopatis
et al. 2011; Adibekyan et al. 2013; Recio-Blanco et al. 2014).
Recio-Blanco et al. (2014) suggest that this positive trend in-
dicates a thick disc which is composed of thinner and thinner
layers with increasing metallicity. This picture agrees with
the results of Haywood et al. (2013) and Haywood et al.
(2016), where the inner thin disc formed with the proper-
ties of the most metal-rich thick disc layer, with quenching
of star formation causing the corresponding gap found in
the [↵/Fe]-[Fe/H] plane. The mechanisms behind this pause
in star formation at the end of the formation of the thick
disc is still debated, although a few scenarios have been pro-
posed (e.g., the formation of the bar (Haywood et al. 2016),
depletion of gas in the disc (Chiappini et al. 1997)). Star
formation is then assumed to resume, albeit at a lower rate,
in the thin disc (Just & Jahreiß 2010).

We find that our thin disc stars also lag the LSR, but
with a negative gradient in @V�/@[Fe/H]. We propose that
these thin disc stars have experienced changes in their or-
bital kinematics, with the SMR ([M/H] > 0.0) stars having
undergone the most significant changes. Although it is likely
that these metal-rich stars did not form locally, their origin
is not immediately obvious. In order to explain the pres-
ence of such stars, we consider various Galactic evolution
mechanisms.

(i) It has been suggested by Haywood et al. (2013) that a
turbulent ISM (Brook et al. 2004; Bournaud et al. 2009) in
the inner regions of the Galaxy could allow for gas enrich-
ment reaching solar metallicity values in the early history
of the thick disc (within a few Gyr of formation). Based
on the locally measured ISM abundance gradient (Genovali
et al. 2014), Kordopatis et al. (2015a) suggest such stars
have birth radii smaller than 5 kpc from the Galactic cen-
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Figure 4. Mean velocity as a function of metallicity for the chemical thin disc component (top row), and the chemical thick disc
component (bottom row). See text for a detailed description on how these populations are selected. Trend lines are computed by binning
the data into ⇠0.2 dex wide bins. The shaded regions correspond to the average errors for a given metallicity bin. Bins with less than 10
stars are not shown, and are not used to calculate the linear fit. Open circles denote bins which are not used in determining the linear
fit in panels c and d. The red lines in panels c and d show the linear fits for the thin and thick disc, respectively, with the shaded red
region corresponding to the error on the fit.

ing only the bins where we assume no significant contami-
nation, avoiding the two most metal-poor bins for the thin
disc, and the two most metal-rich bins for the thick disc. This
gives an e↵ective range of �0.27 < [Fe/H] < 0.38 for the
thin disc, and an e↵ective range of �1.36 < [Fe/H] < 0.16
for the thick disc. We also correct these velocity dispersions
for observational uncertainties using the following equation:

�R,�,Z =
q

�⇤2
R,�,Z� < eVR,�,Z >2 (9)

where �R,�,Z is our corrected velocity dispersion, �⇤
R,�,Z is

the measured velocity dispersion, and eVR,�,Z is the error on
the velocity component.

We find that our mean values for both the thin and
thick disc are in agreement with the well-known properties
�R > �� > �Z and �Z ' 0.5�R (Quillen & Garnett 2001;
Holmberg et al. 2007). In addition, we find a constant sep-
aration between the average thin and thick disc dispersions
of the order of ⇠ 15 km s�1. This is consistent with observed
values provided in Bensby et al. (2005), which were deter-
mined using a kinematically-selected high-resolution sample
of FGK dwarfs in the solar neighbourhood.

Having both the mean and the dispersions for each of
the velocity components, with the Jeans equation, these ve-
locity trends can also be used to estimate the radial scale
lengths (hR) of our chemical thin and thick discs. If we as-
sume a Galactic potential dominated by a centrally con-

centrated mass distribution (Gilmore et al. 1989), and a
local velocity ellipsoid pointing toward the Galactic center
(Siebert et al. 2008; Pasetto et al. 2012; Binney et al. 2014b),
we can write hR as:

hR =
2R�2

R

V 2
c � <V�>2 +2�2

R � �2
� � �2

Z

(10)

We estimate our chemical thin disc to have a scale
length of hRD = 4.8 ± 0.2 kpc, and our chemical thick disc
to have a scale length of hRTD = 3.4± 0.1 kpc. We find our
estimates to be consistent with the finding of (Bovy et al.
2012b), using a sample of local dwarfs from SEGUE, that the
scale length of the thin disc is more extended than that of
the thick disc. If we consider the scale length of the discs as a
function of metallicity, we find that the thin disc scale length
is negatively correlated with increasing metallicity (i.e., the
most metal-poor bins have the longest scale lengths, while
the most metal-rich bins have the shortest scale lengths). We
find the thick disc scale length is relatively constant, with
only a slight negative trend with increasing metallicity.

While we find our chemical thin disc to be much more
extended than other results in the literature (Jurić et al.
2008), it is still consistent within 2� of high-end estimates,
such as (Bovy et al. 2012b), who use a sample of dwarfs
with [↵/Fe] ⇠ 0 to measure a scale length of 4.3 ± 0.2 kpc.
Our thick disc measurements are also more extended than
other literature values, where the majority of other findings
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Figure 5. Velocity dispersion as a function of metallicity for the chemical thin disc component (blue circles), and the chemical thick
disc component (red triangles). See Section 3 for a detailed description on how these populations are selected. Trend lines are computed
by binning the data into ⇠0.2 dex width bins. The shaded regions correspond to average errors for a given metallicity bin. Bins with less
than 10 stars are not shown, and are not used to calculate the linear fit. Open symbols denote bins which are not used in determining
the linear fit in panels c and d of Fig. 4. The average �R,�,Z values are given in the top right corner, for both the thin and thick discs.
These averages are determined using only bins with filled symbols.

point to a much smaller thick disc scale length. Bensby et al.
(2011) find, using a handful of red giant stars, the scale
length of the thick disc to be ⇠ 2 kpc, and Bovy et al.
(2015) find 2.2 ± 0.2 for an ↵-high population. However,
we note that the values of the scale lengths for the thin
and thick discs depend sensitively on the adopted value for
the peculiar motion of the Sun (V�). A smaller V� (e.g.
the classical value of 5.25 km s�1 (Aumer & Binney 2009))
would result in much smaller scale length for both discs. For
a detailed discussion see Golubov et al. (2013).

Many of the previous studies cited use either dwarfs or
giants as their sample, with a tendency to select only dwarfs
for chemodynamical studies, as their atmospheres stay rel-
atively constant throughout their main sequence lifetimes.
Giants, on the other hand, experience a significant amount
of mixing in their atmospheres, which makes them less desir-
able for studies involving long dynamical timescales. As we
have an equal numbers of dwarfs and giants in our original
sample before the chemical disc selection, we investigated
if these observed trends are a↵ected when considering only
dwarfs, or only giants. For both the mean velocity and ve-
locity dispersion trends, we find no significant di↵erences in
our conclusions.

5 DISCUSSION

We find the primary di↵erence in the kinematics of our
chemical thin and thick disc components to be the trends
in mean rotational velocity as a function of metallicity. We
find opposite trends in @V�/@[Fe/H] for our two chemical
disc components: a positive trend for the thick disc, and a
negative trend for the thin disc (see panels c and d of Fig. 4).

The thick disc exhibits characteristics of the asymmet-
ric drift, with an increasing rotational velocity as a func-
tion of metallicity. In general, the thick disc is expected to
have a significant lag behind the LSR due to increased ran-
dom motions of stars (e.g. Bensby et al. 2005 find a lag of

46 km s�1 for the kinematically selected thick disc). While
the exact value of the thick disc lag is uncertain (cf. Chiba
& Beers 2000; Fuhrmann 2004; Lee et al. 2011), the posi-
tive gradient in @V�/@[Fe/H] we find has also been observed
in a number of previous studies (Lee et al. 2011; Kordopatis
et al. 2011; Adibekyan et al. 2013; Recio-Blanco et al. 2014).
Recio-Blanco et al. (2014) suggest that this positive trend in-
dicates a thick disc which is composed of thinner and thinner
layers with increasing metallicity. This picture agrees with
the results of Haywood et al. (2013) and Haywood et al.
(2016), where the inner thin disc formed with the proper-
ties of the most metal-rich thick disc layer, with quenching
of star formation causing the corresponding gap found in
the [↵/Fe]-[Fe/H] plane. The mechanisms behind this pause
in star formation at the end of the formation of the thick
disc is still debated, although a few scenarios have been pro-
posed (e.g., the formation of the bar (Haywood et al. 2016),
depletion of gas in the disc (Chiappini et al. 1997)). Star
formation is then assumed to resume, albeit at a lower rate,
in the thin disc (Just & Jahreiß 2010).

We find that our thin disc stars also lag the LSR, but
with a negative gradient in @V�/@[Fe/H]. We propose that
these thin disc stars have experienced changes in their or-
bital kinematics, with the SMR ([M/H] > 0.0) stars having
undergone the most significant changes. Although it is likely
that these metal-rich stars did not form locally, their origin
is not immediately obvious. In order to explain the pres-
ence of such stars, we consider various Galactic evolution
mechanisms.

(i) It has been suggested by Haywood et al. (2013) that a
turbulent ISM (Brook et al. 2004; Bournaud et al. 2009) in
the inner regions of the Galaxy could allow for gas enrich-
ment reaching solar metallicity values in the early history
of the thick disc (within a few Gyr of formation). Based
on the locally measured ISM abundance gradient (Genovali
et al. 2014), Kordopatis et al. (2015a) suggest such stars
have birth radii smaller than 5 kpc from the Galactic cen-
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Figure 4. Mean velocity as a function of metallicity for the chemical thin disc component (top row), and the chemical thick disc
component (bottom row). See text for a detailed description on how these populations are selected. Trend lines are computed by binning
the data into ⇠0.2 dex wide bins. The shaded regions correspond to the average errors for a given metallicity bin. Bins with less than 10
stars are not shown, and are not used to calculate the linear fit. Open circles denote bins which are not used in determining the linear
fit in panels c and d. The red lines in panels c and d show the linear fits for the thin and thick disc, respectively, with the shaded red
region corresponding to the error on the fit.

ing only the bins where we assume no significant contami-
nation, avoiding the two most metal-poor bins for the thin
disc, and the two most metal-rich bins for the thick disc. This
gives an e↵ective range of �0.27 < [Fe/H] < 0.38 for the
thin disc, and an e↵ective range of �1.36 < [Fe/H] < 0.16
for the thick disc. We also correct these velocity dispersions
for observational uncertainties using the following equation:

�R,�,Z =
q

�⇤2
R,�,Z� < eVR,�,Z >2 (9)

where �R,�,Z is our corrected velocity dispersion, �⇤
R,�,Z is

the measured velocity dispersion, and eVR,�,Z is the error on
the velocity component.

We find that our mean values for both the thin and
thick disc are in agreement with the well-known properties
�R > �� > �Z and �Z ' 0.5�R (Quillen & Garnett 2001;
Holmberg et al. 2007). In addition, we find a constant sep-
aration between the average thin and thick disc dispersions
of the order of ⇠ 15 km s�1. This is consistent with observed
values provided in Bensby et al. (2005), which were deter-
mined using a kinematically-selected high-resolution sample
of FGK dwarfs in the solar neighbourhood.

Having both the mean and the dispersions for each of
the velocity components, with the Jeans equation, these ve-
locity trends can also be used to estimate the radial scale
lengths (hR) of our chemical thin and thick discs. If we as-
sume a Galactic potential dominated by a centrally con-

centrated mass distribution (Gilmore et al. 1989), and a
local velocity ellipsoid pointing toward the Galactic center
(Siebert et al. 2008; Pasetto et al. 2012; Binney et al. 2014b),
we can write hR as:

hR =
2R�2

R

V 2
c � <V�>2 +2�2

R � �2
� � �2

Z

(10)

We estimate our chemical thin disc to have a scale
length of hRD = 4.8 ± 0.2 kpc, and our chemical thick disc
to have a scale length of hRTD = 3.4± 0.1 kpc. We find our
estimates to be consistent with the finding of (Bovy et al.
2012b), using a sample of local dwarfs from SEGUE, that the
scale length of the thin disc is more extended than that of
the thick disc. If we consider the scale length of the discs as a
function of metallicity, we find that the thin disc scale length
is negatively correlated with increasing metallicity (i.e., the
most metal-poor bins have the longest scale lengths, while
the most metal-rich bins have the shortest scale lengths). We
find the thick disc scale length is relatively constant, with
only a slight negative trend with increasing metallicity.

While we find our chemical thin disc to be much more
extended than other results in the literature (Jurić et al.
2008), it is still consistent within 2� of high-end estimates,
such as (Bovy et al. 2012b), who use a sample of dwarfs
with [↵/Fe] ⇠ 0 to measure a scale length of 4.3 ± 0.2 kpc.
Our thick disc measurements are also more extended than
other literature values, where the majority of other findings
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Figure 5. Velocity dispersion as a function of metallicity for the chemical thin disc component (blue circles), and the chemical thick
disc component (red triangles). See Section 3 for a detailed description on how these populations are selected. Trend lines are computed
by binning the data into ⇠0.2 dex width bins. The shaded regions correspond to average errors for a given metallicity bin. Bins with less
than 10 stars are not shown, and are not used to calculate the linear fit. Open symbols denote bins which are not used in determining
the linear fit in panels c and d of Fig. 4. The average �R,�,Z values are given in the top right corner, for both the thin and thick discs.
These averages are determined using only bins with filled symbols.

point to a much smaller thick disc scale length. Bensby et al.
(2011) find, using a handful of red giant stars, the scale
length of the thick disc to be ⇠ 2 kpc, and Bovy et al.
(2015) find 2.2 ± 0.2 for an ↵-high population. However,
we note that the values of the scale lengths for the thin
and thick discs depend sensitively on the adopted value for
the peculiar motion of the Sun (V�). A smaller V� (e.g.
the classical value of 5.25 km s�1 (Aumer & Binney 2009))
would result in much smaller scale length for both discs. For
a detailed discussion see Golubov et al. (2013).

Many of the previous studies cited use either dwarfs or
giants as their sample, with a tendency to select only dwarfs
for chemodynamical studies, as their atmospheres stay rel-
atively constant throughout their main sequence lifetimes.
Giants, on the other hand, experience a significant amount
of mixing in their atmospheres, which makes them less desir-
able for studies involving long dynamical timescales. As we
have an equal numbers of dwarfs and giants in our original
sample before the chemical disc selection, we investigated
if these observed trends are a↵ected when considering only
dwarfs, or only giants. For both the mean velocity and ve-
locity dispersion trends, we find no significant di↵erences in
our conclusions.

5 DISCUSSION

We find the primary di↵erence in the kinematics of our
chemical thin and thick disc components to be the trends
in mean rotational velocity as a function of metallicity. We
find opposite trends in @V�/@[Fe/H] for our two chemical
disc components: a positive trend for the thick disc, and a
negative trend for the thin disc (see panels c and d of Fig. 4).

The thick disc exhibits characteristics of the asymmet-
ric drift, with an increasing rotational velocity as a func-
tion of metallicity. In general, the thick disc is expected to
have a significant lag behind the LSR due to increased ran-
dom motions of stars (e.g. Bensby et al. 2005 find a lag of

46 km s�1 for the kinematically selected thick disc). While
the exact value of the thick disc lag is uncertain (cf. Chiba
& Beers 2000; Fuhrmann 2004; Lee et al. 2011), the posi-
tive gradient in @V�/@[Fe/H] we find has also been observed
in a number of previous studies (Lee et al. 2011; Kordopatis
et al. 2011; Adibekyan et al. 2013; Recio-Blanco et al. 2014).
Recio-Blanco et al. (2014) suggest that this positive trend in-
dicates a thick disc which is composed of thinner and thinner
layers with increasing metallicity. This picture agrees with
the results of Haywood et al. (2013) and Haywood et al.
(2016), where the inner thin disc formed with the proper-
ties of the most metal-rich thick disc layer, with quenching
of star formation causing the corresponding gap found in
the [↵/Fe]-[Fe/H] plane. The mechanisms behind this pause
in star formation at the end of the formation of the thick
disc is still debated, although a few scenarios have been pro-
posed (e.g., the formation of the bar (Haywood et al. 2016),
depletion of gas in the disc (Chiappini et al. 1997)). Star
formation is then assumed to resume, albeit at a lower rate,
in the thin disc (Just & Jahreiß 2010).

We find that our thin disc stars also lag the LSR, but
with a negative gradient in @V�/@[Fe/H]. We propose that
these thin disc stars have experienced changes in their or-
bital kinematics, with the SMR ([M/H] > 0.0) stars having
undergone the most significant changes. Although it is likely
that these metal-rich stars did not form locally, their origin
is not immediately obvious. In order to explain the pres-
ence of such stars, we consider various Galactic evolution
mechanisms.

(i) It has been suggested by Haywood et al. (2013) that a
turbulent ISM (Brook et al. 2004; Bournaud et al. 2009) in
the inner regions of the Galaxy could allow for gas enrich-
ment reaching solar metallicity values in the early history
of the thick disc (within a few Gyr of formation). Based
on the locally measured ISM abundance gradient (Genovali
et al. 2014), Kordopatis et al. (2015a) suggest such stars
have birth radii smaller than 5 kpc from the Galactic cen-

MNRAS 000, 1–10 (2015)

Interpretation thin disk
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outer disk: low Fe/H

inner disk: high Fe/H

outward scattered stars:  
•high-end tail of  

eccentricity  
distribution 

•near apocenter of  
their orbit  
⇒ lower velocity

Wojno et al., 2017



The [Fe/H]-[O/Fe] relation
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Ramírez et al. (2013)
Thick disk
Thin disk



Higher spectral resolution (APOGEE)

Clear chemical separation into a thin and thick disk

19 Hayden et al, 2015



2010s, 2020s

•Chemo-chrono-dynamics
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Astrometry: Positions,  
Distance & Velocities
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Getting the data
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Astrometry: Positions,  
Distance & Velocities

Spectroscopy: 
Abundances & Velocities

Astroseismology: 
Ages

Simulations: 
Theory backbone



Astroseismic vs spectro/astrometric log g (Gaia+K2)
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K2 vs RAVE+Gaia



Minchev et al. (2015)

Formation of galactic thick disks

NGC 891



Simulation by Scannapieco/Aumer

Disk flaring in inside-out 
galaxy formation
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NGC 891

Thick disks result from the nested flares 
of mono-age stellar populations

13 billion years old

11 billion years old

9 billion years old

7 billion years old

5 billion years old

2 billio
n years old

Disk thickness fro
m all stars

Minchev et al. (2015)

Formation of galactic thick disks

NGC 891

Thick disks result from the nested flares of 
mono-age stellar populations



Recovering the migration history of the Milky Way
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HARPS sample Minchev et al. (2018)
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HARPS sample Minchev et al. (2018)

age, [Fe/H]
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HARPS sample Minchev et al. (2018)

ISM [Fe/H](r, t)  
+ 

Migration history  
= 

chemical evolution model 
constrained directly by the data!

age, [Fe/H]



Recovering the migration history of the Milky Way
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HARPS sample Minchev et al. (2018)

ISM [Fe/H](r, t)  
+ 

Migration history  
= 

chemical evolution model 
constrained directly by the data!

age, [Fe/H]

Model, no uncertainties

[Mg/Fe]



We can try different possibilities for the ISM [Fe/H](r, t)
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Starting to look 
good

Time evolution
of [Fe/H] at Rsol

Time evolution
of [Fe/H] slope

Birth radii of mono-age populations


