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The Milky Way has two disk populations

(Gilmore & Reid, 1983, MNRAS, 202, 102) 

Thin disk:
scale height: 250 pc
normalisation: 98%

Thick disk:
scale height: 1400 pc

normalisation: 2%



Thick disks in external galaxies

Burstein et al. (1979, ApJ, 234, 829)

Bulge and thin disk profiles shown, however a third diffuse 
component is needed to fit the luminosity distribution 
perpendicular to the plane, named the “Thick disk”.



The Milky Way as a benchmark galaxy

Why does the

Milky Way have

two disk populations?


Need to characterize 
them in terms of


• velocities

• abundances

• ages


Not only in the solar 

neighbourhood, but 

throughout the 

Milky Way galaxy


?

?



Nearby stars - no selection

Fuhrmann (1998, 2000, 2004, 2008, 2011)

• Fuhrmann’s study is 
85% volume complete 
for all mid-F type to 
early K-type stars down 
to Mv=6.0, north of 
dec=-15o, within a radius 
d<25pc from the Sun 


• Two types of stars: 
 
1. Old stars with high  
    [Mg/Fe] ratios 
 
2. Young stars with low                     
     [Mg/Fe] ratios



Two types of stars - high-alpha & low-alpha
“No” selection

Our calculations for Fuhrmann’s stars   

Appears that the distribution of ecc. and Jz differ
for low- and high-α stars

Jzecc.

Talk given at Milky Way in 3D, Heidelberg, 2012, S Feltzing

tisdag den 19 juni 2012

(data from Fuhrmann’s papers) 

Two very different distributions of eccentricity and 
Jz for low- and high-α stars



Metallicities
“No” selection

d<25 pc
δ>–15°

δTeff

Fuhrmann (several papers + priv comm)  
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Thin disk – very narrow MDF

low-α stars

high-α

Talk given at Milky Way in 3D, Heidelberg, 2012, S Feltzing

tisdag den 19 juni 2012

(data from Fuhrmann’s papers) 

Thin disk: 

<[Fe/H]> = 0


(see also, e.g., Nordtström et al., 2004, 
Casagrande et al. 2011)


Thick disk: 

<[Fe/H]> = -0.6


(see also, e.g., Gilmore, Wyse, Jones, 1995; 
Carollo et al 2010)




Kinematical criteria to select nearby thick disk stars

Probability ratios:  P(TD/D)>1 

is more likely to be a thick disk star

Gaussian velocity 
distributions, X is 

normalisation in solar 
neighbourhood


(~90% thin, ~10% thick)



Kinematics

A&A 562, A71 (2014)

Fig. 17. Generalised abundance ratio histograms for the O, Mg, Si, Ca,
and Ti for stars in the interval −0.7 < [Fe/H] < −0.35. Shaded his-
tograms show stars with Teff > 5400 K. The red dash-dotted lines show
the fraction of rejected stars when selecting stars with Teff < 5400 K.

the “bad” stars with Teff < 5400 K are located in the gap area
and that the potential bimodality becomes clearer when discard-
ing the stars that are more prone to uncertainties. For all abun-
dance trends there is a large fraction of “bad” stars at the lower
and upper limits of the abundance ratios, i.e. these stars increase
the dispersion in the plots. This demonstrates that uncertainties
potentially can wash out differences between stellar populations
(see also Lindegren & Feltzing 2013, for a quantitative analysis).

6.2. The abundance pattern of the Sun

Several studies give opposing results regarding the Sun’s abun-
dance pattern relative to what is seen for the Galactic disk (e.g.
Meléndez et al. 2009; Ramírez et al. 2010). In Fig. 18 we show
the abundance ratios for young disk stars in a narrow metallic-
ity range around that of the Sun (±0.05 dex) that have upper age
estimates below 7 Gyr, and discarding stars that are more suscep-
tible to uncertainties (i.e. only keeping stars with Teff > 5400 K,
see 5.6). For most of the abundance ratios the Sun appears to be
“normal”, i.e. the lines showing the median values in the box-
plots are close to zero. For the few abundance ratios where the
central 50% fall either above or below a value of zero, the me-
dian line is still within 0.05 dex of the Sun. Based on this, the
Sun appears not to be too different from the bulk of young disk
stars in the immediate Solar neighbourhood.

6.3. Statistical definitions of stellar populations based
on kinematics

Many recent studies of the stellar disk in the Milky Way have
aimed to characterise the elemental abundances for stars that are
thought to belong to the thick and thin disks. It thus became
important to select stars that likely belong, respectively, to the
two disks. An expedient way to do this is to use kinematical
criteria such as the one from Bensby et al. (2003, 2005), and
which is outlined in Appendix A.

Fig. 18. Boxplots showing the distribution of abundance ratios
for 16 stars with Teff > 5400 K and an upper age limit of 7 Gyr, in a
narrow metallicity range around that of the Sun (±0.03 dex). Because
of large NLTE effects for Ba at higher temperatures, the Ba box has
been restricted to stars with Teff < 6000 K as well. In the boxplots the
central horizontal line represents the median value. The lower and up-
per quartiles are represented by the outer edges of the boxes, i.e. the
box encloses 50% of the sample. The whiskers extend to the farthest
data point that lies within 1.5 times the inter-quartile distance. Those
stars that do not fall within the reach of the whiskers are regarded as
outliers and are marked by dots.

Fig. 19. [Ti/Fe] as a function of [Fe/H] selected on TD/D as indicated
in each panel for stars with Teff > 5400 K. To guide the eye, the red
lines outline the thick disk abundance plateau and the decrease in the
thin disk abundance ratio, respectively.

Figure 19 shows the [Ti/Fe] – [Fe/H] abundance trends for
five different cuts in the thick disk-to-thin disk probability ratios
(TD/D) that indicate how much more likely it is that a star be-
longs to the thick disk than the thin disk. The top panel shows
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Kinematics:


Using Gaussian velocity ellipsoids to 
calculate probabilities that the stars 

belong to either the thin or the 
thick disks


TD/D = 1, equal probabilities

TD/D>1, more likely to be thick disk

TD/D<1, more likely to be thin disk

714 nearby dwarfs from Bensby et al, (2014)



Chemistry of the Solar neighbourhood
Bensby et al. (2014, A&A, 562, A71)


712 F and G dwarf stars in the Solar neighbourhood

Similar dichotomy seen in many other Solar neighbourhood studies, e.g.,

Reddy+2003,2006, Adibekyan+2012, Fuhrmann 1998,2001,2004,2008,2011, and others…..

A clear dichotomy:


• An old and alpha-
enhanced 
population 

• Less alpha-
enhanced young 
population



Kinematic confusion
T. Bensby et al.: 714 dwarf stars in the solar neighbourhood

Fig. 20. Left-hand side plots show the [Fe/Ti] versus [Ti/H] abundance trends when using the kinematical criteria as defined in Bensby et al.
(2003, 2005). Stars have been colour- and size-coded depending on their ages. Right-hand side plots shows the abundance trends when splitting
the sample according to their ages (as indicated). For all plots we have only included stars whose ages have been better determined than 4 Gyr
(difference between upper and lower age estimates).

the stars that are at least ten times more likely to be thick disk
stars, while the bottom panel shows stars that are at least ten
times more likely to be thin disk stars. The three panels in the
middle show probabilities in between, with the middle one con-
taining stars that cannot easily be classified as either thin disk
or thick disk. What we see is that even with these very extreme
definitions of the samples there is a significant overlap in the
sense that there are stars with either classification that fall on the
abundance trend normally associated with the other population
(see also e.g. Fuhrmann 1998; Bensby et al. 2003; Reddy et al.
2006). This is an obvious consequence of this kinematical classi-
fication, as stars from the low-velocity tail of the thick disk will
be classified as thin disk stars, while stars from the high-velocity
tail of the thin disk will be classified as thick disk stars (assuming
that there are two distinct trends for the elemental abundances).

To further investigate the mixing of populations when using
kinematical selection criteria we show in the upper panel on the
left-hand side of Fig. 20 the [Fe/Ti] – [Ti/H] abundance trends
for two kinematically selected samples: one where the probabil-
ities of being a thin disk star are at least twice that of being a
thin disk star (i.e. TD/D < 0.5); and one where the probabili-
ties of being a thick disk star are at least twice that of being a
thick disk star (i.e. TD/D > 2). This time we have coded the
sizes of the markers by the ages of the stars and include only
stars with good age estimates (∆Age < 4 Gyr). It is evident that
the “second”, weaker, abundance signature in each sample has
the same age structure as the main signature in the other sam-
ple. The Toomre diagrams for the two subsamples in the bottom
panel on the left-hand side of Fig. 20 shows that the two samples
are kinematically very different, with little overlap. Hence, it is
apparent that there are kinematically cold stars that are old and

α-enhanced, as well as kinematically hot stars that are young and
less α-enhanced.

What about stellar age? Could this be a better discriminator
between the thin and thick disks? The [Fe/Ti] – [Ti/H] abun-
dance trends for two samples, one old sample with stars that
have estimated ages greater than 9 Gyr, and one young sample
with stars that have estimated age less than 7 Gyr, are shown
in the upper part on the right-hand side of Fig. 20. Once again
we see two very different chemical signatures, similar to the
ones on the left-hand-side when the selection of the samples was
based on kinematics. However, the difference is now that the two
abundance trends are somewhat “cleaner”, with less “mirroring”
between them. Looking at the Toomre diagrams for these two
age-selected subsamples (bottom panel on the right-hand side of
Fig. 20), there is a large kinematical overlap, i.e. there are many
young stars with hot kinematics and many old stars with cold
kinematics.

In summary, we note that there appears to be no perfect way
of selecting thin and thick disk stars. While velocities and dis-
tances can be pinpointed to rather high accuracies there seem
to be a large kinematical overlap between the two populations.
Ages on the other hand appear to be better, but as good ages are
notoriously difficult to obtain, there is also a significant overlap
(due to the errors). However, it appears as if stellar ages might
be a somewhat better discriminator when selecting thin and thick
disk stars from nearby stellar samples. In kinematically selected
thin disk samples we are prone to be contaminated by the low-
velocity tail of the thick disk, and especially so at lower metal-
licities, and for kinematically selected thick disk samples we are
prone to be contaminated by the high-velocity tail of the thin
disk, and especially so at higher metallicities.
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Two well-defined, but not perfectly clear trends

714 nearby dwarfs from Bensby et al, (2014)



Ages

Bensby et al, (2014)

Haywood et al, (2011)



Kinematic confusion
T. Bensby et al.: 714 dwarf stars in the solar neighbourhood

Fig. 20. Left-hand side plots show the [Fe/Ti] versus [Ti/H] abundance trends when using the kinematical criteria as defined in Bensby et al.
(2003, 2005). Stars have been colour- and size-coded depending on their ages. Right-hand side plots shows the abundance trends when splitting
the sample according to their ages (as indicated). For all plots we have only included stars whose ages have been better determined than 4 Gyr
(difference between upper and lower age estimates).

the stars that are at least ten times more likely to be thick disk
stars, while the bottom panel shows stars that are at least ten
times more likely to be thin disk stars. The three panels in the
middle show probabilities in between, with the middle one con-
taining stars that cannot easily be classified as either thin disk
or thick disk. What we see is that even with these very extreme
definitions of the samples there is a significant overlap in the
sense that there are stars with either classification that fall on the
abundance trend normally associated with the other population
(see also e.g. Fuhrmann 1998; Bensby et al. 2003; Reddy et al.
2006). This is an obvious consequence of this kinematical classi-
fication, as stars from the low-velocity tail of the thick disk will
be classified as thin disk stars, while stars from the high-velocity
tail of the thin disk will be classified as thick disk stars (assuming
that there are two distinct trends for the elemental abundances).

To further investigate the mixing of populations when using
kinematical selection criteria we show in the upper panel on the
left-hand side of Fig. 20 the [Fe/Ti] – [Ti/H] abundance trends
for two kinematically selected samples: one where the probabil-
ities of being a thin disk star are at least twice that of being a
thin disk star (i.e. TD/D < 0.5); and one where the probabili-
ties of being a thick disk star are at least twice that of being a
thick disk star (i.e. TD/D > 2). This time we have coded the
sizes of the markers by the ages of the stars and include only
stars with good age estimates (∆Age < 4 Gyr). It is evident that
the “second”, weaker, abundance signature in each sample has
the same age structure as the main signature in the other sam-
ple. The Toomre diagrams for the two subsamples in the bottom
panel on the left-hand side of Fig. 20 shows that the two samples
are kinematically very different, with little overlap. Hence, it is
apparent that there are kinematically cold stars that are old and

α-enhanced, as well as kinematically hot stars that are young and
less α-enhanced.

What about stellar age? Could this be a better discriminator
between the thin and thick disks? The [Fe/Ti] – [Ti/H] abun-
dance trends for two samples, one old sample with stars that
have estimated ages greater than 9 Gyr, and one young sample
with stars that have estimated age less than 7 Gyr, are shown
in the upper part on the right-hand side of Fig. 20. Once again
we see two very different chemical signatures, similar to the
ones on the left-hand-side when the selection of the samples was
based on kinematics. However, the difference is now that the two
abundance trends are somewhat “cleaner”, with less “mirroring”
between them. Looking at the Toomre diagrams for these two
age-selected subsamples (bottom panel on the right-hand side of
Fig. 20), there is a large kinematical overlap, i.e. there are many
young stars with hot kinematics and many old stars with cold
kinematics.

In summary, we note that there appears to be no perfect way
of selecting thin and thick disk stars. While velocities and dis-
tances can be pinpointed to rather high accuracies there seem
to be a large kinematical overlap between the two populations.
Ages on the other hand appear to be better, but as good ages are
notoriously difficult to obtain, there is also a significant overlap
(due to the errors). However, it appears as if stellar ages might
be a somewhat better discriminator when selecting thin and thick
disk stars from nearby stellar samples. In kinematically selected
thin disk samples we are prone to be contaminated by the low-
velocity tail of the thick disk, and especially so at lower metal-
licities, and for kinematically selected thick disk samples we are
prone to be contaminated by the high-velocity tail of the thin
disk, and especially so at higher metallicities.
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Ages seem to better discriminator between thin and thick disk, but

ages are rarely available and very difficult to determine

714 nearby dwarfs from Bensby et al, (2014)



Lithium in the Galactic disk

Bensby & Lind (2018)

Disk separation based on ages



Lithium in the Galactic disk

Bensby & Lind (2018)

Thick disk definition based on kinematics (left) or alpha-enhancement (right)



A bit further away

Bensby,  Alves-Brito, 
Oey, Yong, & 

Melendez, 2011, ApJ, 
735, L46

Alves-Brito et al. (2010)Bensby, Alves-Brito, 
Oey, Yong,  & 

Melendez, 2010, A&A, 
516, L13

Inner disk 

4 < Rg < 7 kpc Solar neighbourhood

No alpha-enhanced stars in the outer disk


=> Short scale-length for the thick disk !


See also, e.g., Cheng et al. (2012), Bovy et al. (2012)

Outer disk 

9 < Rg < 13 kpc



Further away and larger samples - APOGEE

• Hayden et al. (2015), based on red giants from APOGEE DR12

Abundance gradient in the thin disk

No alpha-enhanced stars!



Scalelengths based on APOGEE and Gaia

Kushniruk & Bensby (in prep)



Scalelengths based on APOGEE and Gaia

Kushniruk & Bensby (in prep)

Very preliminary numbers!



Scale-lengths in external galaxies

Thin disk scale-length
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Comeron et al. (2012, ApJ, 759, 98)

Luminosity profile fitting

Thick disk

scale-lengths  are 

longer than thin 

disk scale-lengths!



Ivan’s mono-age populations

https://www.pas.rochester.edu/~iminchev/NGC891.html

Minchev et al. (2017)



Ivan’s mono-age populations

https://www.pas.rochester.edu/~iminchev/NGC891.html

Minchev et al. (2017)



The thick disk in the Galactic bulge?

Bensby et al. (2021)

A short thick disk scale-length implies that it becomes the dominating disk 
population in the inner region of the Galaxy………

Microlensed bulge dwarfs in great 
agreement with the Solar neighbourhood 

thin and thick disks



The thick disk vs Galactic bulge

Griffith et al. (2021)APOGEE DR-17 data



Summary

• No matter if we use kinematical, chemical, or age criteria, 
Milky Way appears to have two distinct disk populations.  

• While there is some kinematical and chemical confusion, 
the two disks appear to show the cleanest separation using 
ages


• The thick disk has a short scale-length (based on chemistry)


• Scale-lengths in external galaxies, based on morphology, can 
be understood in terms of mono-abundance populations, and 
might not be contradictory……




Summary

• Revise how we see the MW populations 
 

• The thick (old) and thin (young) disks could be seen as 
evolutionary sequences in the history of the MW and shows 
a lot of overlap in terms of abundances and kinematics 

• The bulge maybe should be considered to be a region 
rather than a population, where the other MW populations 
reside, perhaps together with a small classical bulge 
component


 



Congratulations Ken!

In the Coonabarabran Bowling Club in northwest NSW during an event the Science in the Pub — a special session held as part of 
Coonabarabran’s annual Starfest, a celebration of matters astronomical.

When discussion got under way, two of the participants claimed to be the Prince of Darkness. They both had pretty good grounds.

Found on the internet: https://blog.csiro.au/three-astronomers-walked-into-a-pub/


