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The internal view



An optical view of the Milky Way

Picture credit: D. Talent @ Cerro Tololo



The Multi-wavelength view

Picture credit: https://mwmw.gsfc.nasa.gov/mmw_images.html

https://mwmw.gsfc.nasa.gov/mmw_images.html


The components of the MWAn overview of the Milky Way

Figure 1.8,   Sparke & Gallagher (2nd edition)

The Galactic coordinate system

We use Galacto-centric coordinates to measure positions in the Milky Way	

Galactic longitude l is measured in the plane of the disc from the Sun-GC line, towards the 
direction of the Sun's rotation.	

The Galactic latitude b is the angle of the star from the Galactic plane towards “North 
Galactic Pole” (NGP)

Figure 1.10,   Sparke & Gallagher (2nd edition)

To specify the positions of stars in three-dimensional space, we use Galactic cylindrical 
coordinates (R,ϕ,z)	

The radius, R, is the distance from the Galactic Centre in the disc-plane of the Galaxy	

The azimuthal angle ϕ is angle from the Sun-Galactic Centre line.	

The height above the midplane, z, is positive towards North Galactic Pole

The Galactic coordinate system

Figure 1.10,   Sparke & Gallagher (2nd edition)

For motions near the Sun, we use Cartesian x, y, z coordinates	

x: radially outwards (away from Galactic Centre)	

y: in direction of Sun’s rotation around Milky Way	

z: out of Galactic plane, positive towards North Galactic Pole

GC⊙x

yz

The Galactic coordinate system

Thin disk ~ 400 pc

Thick disk ~ 1 kpc

MW diam ~ 30 kpc



The Celestial Sphere

Lecture Seven: 

The Milky Way: Structure

Sparke & Gallagher, chapter 1,2
4th May 2016 

http://www.astro.rug.nl/~etolstoy/pog16

Galactic Dynamics

The behaviour of galaxies is determined by mass, so the most important laws are: 
Newton’s laws of motion and Newton’s law of gravity

Many of the mathematical tools that have been developed to study stellar systems 
are borrowed from classical statistical mechanics and plasma physics, which also 
involve the study of large numbers of particles interacting via long-range forces.

Binney & Tremaine, Galactic Dynamics (2nd edition)

How we see the Milky Way The Celestial Sphere

We use equatorial coordinates to determine the positions of stars in the sky.	

A stars declination (like latitude on the Earth) is the angle between its position and the 
celestrial equator.

Figure 1.9,   Sparke & Gallagher (2nd edition)

celestial



Galactic coordinates

Galactic Coordinates

Binney & Tremaine, Galactic Dynamics (2nd edition)

Mapping the Milky Way - as we see it

Lund Observatory

Optical Light

Mapping the Milky Way - 		 	
seeing through the dust

The Milky Way as seen by COBE satellite in the infrared



Galactic coordinates II
An overview of the Milky Way

Figure 1.8,   Sparke & Gallagher (2nd edition)

The Galactic coordinate system

We use Galacto-centric coordinates to measure positions in the Milky Way	

Galactic longitude l is measured in the plane of the disc from the Sun-GC line, towards the 
direction of the Sun's rotation.	

The Galactic latitude b is the angle of the star from the Galactic plane towards “North 
Galactic Pole” (NGP)

Figure 1.10,   Sparke & Gallagher (2nd edition)

To specify the positions of stars in three-dimensional space, we use Galactic cylindrical 
coordinates (R,ϕ,z)	

The radius, R, is the distance from the Galactic Centre in the disc-plane of the Galaxy	

The azimuthal angle ϕ is angle from the Sun-Galactic Centre line.	

The height above the midplane, z, is positive towards North Galactic Pole

The Galactic coordinate system

Figure 1.10,   Sparke & Gallagher (2nd edition)

For motions near the Sun, we use Cartesian x, y, z coordinates	

x: radially outwards (away from Galactic Centre)	

y: in direction of Sun’s rotation around Milky Way	

z: out of Galactic plane, positive towards North Galactic Pole

GC⊙x

yz

The Galactic coordinate system



The MW in cylindrical coordinates

An overview of the Milky Way

Figure 1.8,   Sparke & Gallagher (2nd edition)

The Galactic coordinate system

We use Galacto-centric coordinates to measure positions in the Milky Way	

Galactic longitude l is measured in the plane of the disc from the Sun-GC line, towards the 
direction of the Sun's rotation.	

The Galactic latitude b is the angle of the star from the Galactic plane towards “North 
Galactic Pole” (NGP)

Figure 1.10,   Sparke & Gallagher (2nd edition)

To specify the positions of stars in three-dimensional space, we use Galactic cylindrical 
coordinates (R,ϕ,z)	

The radius, R, is the distance from the Galactic Centre in the disc-plane of the Galaxy	

The azimuthal angle ϕ is angle from the Sun-Galactic Centre line.	

The height above the midplane, z, is positive towards North Galactic Pole

The Galactic coordinate system

Figure 1.10,   Sparke & Gallagher (2nd edition)

For motions near the Sun, we use Cartesian x, y, z coordinates	

x: radially outwards (away from Galactic Centre)	

y: in direction of Sun’s rotation around Milky Way	

z: out of Galactic plane, positive towards North Galactic Pole

GC⊙x

yz

The Galactic coordinate system



The MW in Cartesian coordinates

An overview of the Milky Way

Figure 1.8,   Sparke & Gallagher (2nd edition)

The Galactic coordinate system

We use Galacto-centric coordinates to measure positions in the Milky Way	

Galactic longitude l is measured in the plane of the disc from the Sun-GC line, towards the 
direction of the Sun's rotation.	

The Galactic latitude b is the angle of the star from the Galactic plane towards “North 
Galactic Pole” (NGP)

Figure 1.10,   Sparke & Gallagher (2nd edition)

To specify the positions of stars in three-dimensional space, we use Galactic cylindrical 
coordinates (R,ϕ,z)	

The radius, R, is the distance from the Galactic Centre in the disc-plane of the Galaxy	

The azimuthal angle ϕ is angle from the Sun-Galactic Centre line.	

The height above the midplane, z, is positive towards North Galactic Pole

The Galactic coordinate system

Figure 1.10,   Sparke & Gallagher (2nd edition)

For motions near the Sun, we use Cartesian x, y, z coordinates	

x: radially outwards (away from Galactic Centre)	

y: in direction of Sun’s rotation around Milky Way	

z: out of Galactic plane, positive towards North Galactic Pole

GC⊙x

yz

The Galactic coordinate system



The MW’s shape and structure
How can we determine the shape and 

structure of Milky Way?
It has more than one component, and so we need to determine the density distribution and 
characteristic scales of each component. This means we need to observe the properties of 
a large number of stars in each component.

We can then ask - how do these components relate to each other and the formation of 
Milky Way? This requires the coupling of density info with ages, compositions, etc.

The Milky Way as seen by COBE in the infrared

An overview of the Milky Way

Galaxies contain disks for the same basic reason that planetary systems, 
planetary rings, accretion disks, and many other astrophysical systems are flat: 
gas can radiate energy but not angular momentum, and for a given distribution 
of angular momentum along an axis, the state of lowest energy is a flat disk 
perpendicular to that axis.	

Binney & Tremaine, Galactic Dynamics (2nd edition)

For disc galaxies, we can approximate the stellar density in the disc as double exponential:	

!

where hR  is the scale length of the disk – the length over which the density falls by a factor 
of e – and hz is the scale height of the disk – again, the height over which the  density falls 
by e for some population S

n(R, z, S) = n(0, 0, S) exp[�R/hR(S)] exp[�|z|/hZ(S)]

Stellar Density

mid-plane: hz ~ 300-350pc           
for K-dwarfs

for more massive shorter lived    
A-dwarfs, hz < 200pc

Figure 2.8,   Sparke & Gallagher (2nd edition)

thin disc; thick disc

The stars within about 400 pc of the mid-plane belong mainly to the thin disk of the Galaxy. 	

At greater heights, the density of K dwarfs does not decrease as fast as predicted; these ‘extra’ 
stars belong to the thick disk. 	

The density of the thick disk is often described by hz ≈ 1 kpc, but the true vertical distribution 
is not very well known.

thick disc ~10% of total near the Sun

thick disc ~30% of stellar density in 
thin disc

thick disc contains no O, B or A stars, 
it is not still forming stars - this also 

means a higher M/L

Figure 2.8,   Sparke & Gallagher (2nd edition)



Stellar density in the MW

How can we determine the shape and 
structure of Milky Way?

It has more than one component, and so we need to determine the density distribution and 
characteristic scales of each component. This means we need to observe the properties of 
a large number of stars in each component.

We can then ask - how do these components relate to each other and the formation of 
Milky Way? This requires the coupling of density info with ages, compositions, etc.

The Milky Way as seen by COBE in the infrared

An overview of the Milky Way

Galaxies contain disks for the same basic reason that planetary systems, 
planetary rings, accretion disks, and many other astrophysical systems are flat: 
gas can radiate energy but not angular momentum, and for a given distribution 
of angular momentum along an axis, the state of lowest energy is a flat disk 
perpendicular to that axis.	

Binney & Tremaine, Galactic Dynamics (2nd edition)

For disc galaxies, we can approximate the stellar density in the disc as double exponential:	

!

where hR  is the scale length of the disk – the length over which the density falls by a factor 
of e – and hz is the scale height of the disk – again, the height over which the  density falls 
by e for some population S

n(R, z, S) = n(0, 0, S) exp[�R/hR(S)] exp[�|z|/hZ(S)]

Stellar Density

mid-plane: hz ~ 300-350pc           
for K-dwarfs

for more massive shorter lived    
A-dwarfs, hz < 200pc

Figure 2.8,   Sparke & Gallagher (2nd edition)

thin disc; thick disc

The stars within about 400 pc of the mid-plane belong mainly to the thin disk of the Galaxy. 	

At greater heights, the density of K dwarfs does not decrease as fast as predicted; these ‘extra’ 
stars belong to the thick disk. 	

The density of the thick disk is often described by hz ≈ 1 kpc, but the true vertical distribution 
is not very well known.

thick disc ~10% of total near the Sun

thick disc ~30% of stellar density in 
thin disc

thick disc contains no O, B or A stars, 
it is not still forming stars - this also 

means a higher M/L

Figure 2.8,   Sparke & Gallagher (2nd edition)



The MW’s discs

How can we determine the shape and 
structure of Milky Way?

It has more than one component, and so we need to determine the density distribution and 
characteristic scales of each component. This means we need to observe the properties of 
a large number of stars in each component.

We can then ask - how do these components relate to each other and the formation of 
Milky Way? This requires the coupling of density info with ages, compositions, etc.

The Milky Way as seen by COBE in the infrared

An overview of the Milky Way

Galaxies contain disks for the same basic reason that planetary systems, 
planetary rings, accretion disks, and many other astrophysical systems are flat: 
gas can radiate energy but not angular momentum, and for a given distribution 
of angular momentum along an axis, the state of lowest energy is a flat disk 
perpendicular to that axis.	

Binney & Tremaine, Galactic Dynamics (2nd edition)

For disc galaxies, we can approximate the stellar density in the disc as double exponential:	

!

where hR  is the scale length of the disk – the length over which the density falls by a factor 
of e – and hz is the scale height of the disk – again, the height over which the  density falls 
by e for some population S

n(R, z, S) = n(0, 0, S) exp[�R/hR(S)] exp[�|z|/hZ(S)]

Stellar Density

mid-plane: hz ~ 300-350pc           
for K-dwarfs

for more massive shorter lived    
A-dwarfs, hz < 200pc

Figure 2.8,   Sparke & Gallagher (2nd edition)
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The stars within about 400 pc of the mid-plane belong mainly to the thin disk of the Galaxy. 	

At greater heights, the density of K dwarfs does not decrease as fast as predicted; these ‘extra’ 
stars belong to the thick disk. 	

The density of the thick disk is often described by hz ≈ 1 kpc, but the true vertical distribution 
is not very well known.

thick disc ~10% of total near the Sun
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Age versus scale height

age vs. scale height

n(R,z,S) = n(0,0,S) exp(-R/HR(S)) exp(-z/Hz(S))

HR(S) is the scale-length of the disk
Hz(S) is the scale-height

Strong dependence on spectral type

There is an effect relating stellar age to scale 
height.	

This is caused by giant molecular clouds 
scattering stars as they pass by, increasing 
the scale height, and this effect increases 
with time.

Age

Figure 2.10,   Sparke & Gallagher (2nd edition)

The distribution with age

From Nordström et al. (2004), the Geneva-Copenhagen survey

The distribution of the motions of (F and G) stars in the z direction, shows that older stars 
have a larger vertical velocity dispersion:

�2
z � �v2

z � �vz�2�
the Sun moves upwards at ~ 7 km/s

Open circles show stars with less than a quarter of the Sun’s iron abundance

This is caused by giant 
molecular clouds 
scattering stars as they 
pass by, increasing the 
scale height, and this 
effect increases with 
time.

Figure 2.9,   Sparke & Gallagher (2nd edition)

Stellar Orbits in the Milky way
• Stars in the disc all orbit the Galactic 

centre: 
• in the same direction 
• in the same plane (like planets do) 
• they “wobble” up and down 

• this is due to gravitational pull from the 
disk 

• this gives the disk its thickness 

• Stars in the bulge and halo all orbit 
the Galactic center: 
• in different directions 
• at various inclinations to the disk 
• they have higher velocities 

• they are not slowed by disk as they 
plunge through it 

• nearby example: Barnard’s Star

Venn et al. 2004

Disentangling the Milky Way

W

V 

U

Rot.

G.C.

NGP

T=(U2 + W2)1/2



Stellar velocity distributions vs. age

age vs. scale height

n(R,z,S) = n(0,0,S) exp(-R/HR(S)) exp(-z/Hz(S))

HR(S) is the scale-length of the disk
Hz(S) is the scale-height

Strong dependence on spectral type

There is an effect relating stellar age to scale 
height.	

This is caused by giant molecular clouds 
scattering stars as they pass by, increasing 
the scale height, and this effect increases 
with time.

Age

Figure 2.10,   Sparke & Gallagher (2nd edition)

The distribution with age

From Nordström et al. (2004), the Geneva-Copenhagen survey

The distribution of the motions of (F and G) stars in the z direction, shows that older stars 
have a larger vertical velocity dispersion:

�2
z � �v2

z � �vz�2�
the Sun moves upwards at ~ 7 km/s

Open circles show stars with less than a quarter of the Sun’s iron abundance

This is caused by giant 
molecular clouds 
scattering stars as they 
pass by, increasing the 
scale height, and this 
effect increases with 
time.

Figure 2.9,   Sparke & Gallagher (2nd edition)

Stellar Orbits in the Milky way
• Stars in the disc all orbit the Galactic 

centre: 
• in the same direction 
• in the same plane (like planets do) 
• they “wobble” up and down 

• this is due to gravitational pull from the 
disk 

• this gives the disk its thickness 

• Stars in the bulge and halo all orbit 
the Galactic center: 
• in different directions 
• at various inclinations to the disk 
• they have higher velocities 

• they are not slowed by disk as they 
plunge through it 

• nearby example: Barnard’s Star

Venn et al. 2004

Disentangling the Milky Way
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Stellar velocity distributions vs. age

age vs. scale height

n(R,z,S) = n(0,0,S) exp(-R/HR(S)) exp(-z/Hz(S))

HR(S) is the scale-length of the disk
Hz(S) is the scale-height

Strong dependence on spectral type

There is an effect relating stellar age to scale 
height.	

This is caused by giant molecular clouds 
scattering stars as they pass by, increasing 
the scale height, and this effect increases 
with time.

Age
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The distribution with age
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The distribution of the motions of (F and G) stars in the z direction, shows that older stars 
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Stellar orbits in the MW

age vs. scale height

n(R,z,S) = n(0,0,S) exp(-R/HR(S)) exp(-z/Hz(S))

HR(S) is the scale-length of the disk
Hz(S) is the scale-height

Strong dependence on spectral type

There is an effect relating stellar age to scale 
height.	

This is caused by giant molecular clouds 
scattering stars as they pass by, increasing 
the scale height, and this effect increases 
with time.

Age

Figure 2.10,   Sparke & Gallagher (2nd edition)

The distribution with age

From Nordström et al. (2004), the Geneva-Copenhagen survey

The distribution of the motions of (F and G) stars in the z direction, shows that older stars 
have a larger vertical velocity dispersion:
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the Sun moves upwards at ~ 7 km/s

Open circles show stars with less than a quarter of the Sun’s iron abundance

This is caused by giant 
molecular clouds 
scattering stars as they 
pass by, increasing the 
scale height, and this 
effect increases with 
time.

Figure 2.9,   Sparke & Gallagher (2nd edition)
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centre: 
• in the same direction 
• in the same plane (like planets do) 
• they “wobble” up and down 

• this is due to gravitational pull from the 
disk 

• this gives the disk its thickness 

• Stars in the bulge and halo all orbit 
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• in different directions 
• at various inclinations to the disk 
• they have higher velocities 

• they are not slowed by disk as they 
plunge through it 
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Analysis of MW components

age vs. scale height

n(R,z,S) = n(0,0,S) exp(-R/HR(S)) exp(-z/Hz(S))

HR(S) is the scale-length of the disk
Hz(S) is the scale-height

Strong dependence on spectral type

There is an effect relating stellar age to scale 
height.	

This is caused by giant molecular clouds 
scattering stars as they pass by, increasing 
the scale height, and this effect increases 
with time.

Age

Figure 2.10,   Sparke & Gallagher (2nd edition)

The distribution with age

From Nordström et al. (2004), the Geneva-Copenhagen survey

The distribution of the motions of (F and G) stars in the z direction, shows that older stars 
have a larger vertical velocity dispersion:
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z � �v2

z � �vz�2�
the Sun moves upwards at ~ 7 km/s

Open circles show stars with less than a quarter of the Sun’s iron abundance

This is caused by giant 
molecular clouds 
scattering stars as they 
pass by, increasing the 
scale height, and this 
effect increases with 
time.

Figure 2.9,   Sparke & Gallagher (2nd edition)
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Properties of different components
Properties of different components

Venn et al. 2004

!

• One idea is that there was originally a thin disc that was puffed up by a collision with a 
small satellite galaxy; this became the thick disc, while remaining gas settled into a new thin 
disc

The thick disc stars have distinctly different chemical properties from thin disc stars.
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The Galactic Plane, in depth and across the spectrum
XXVIIth IAU General Assembly, August 2009
Janet Drew, Melvin Hoare, Nicholas Walton, eds.
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Abundance structure and chemical evolution

of the Galactic disc

Thomas Bensby1 and Sofia Feltzing2

1European Southern Observatory, Alonso de Cordova 3107, Vitacura, Santiago, Chile
email: tbensby@eso.org

2Lund Observatory, Box 43, SE-221 00 Lund, Sweden
email: sofia@astro.lu.se

Abstract. We have obtained high-resolution, high signal-to-noise spectra for 899 F and G
dwarf stars in the Solar neighbourhood. The stars were selected on the basis of their kinematic
properties to trace the thin and thick discs, the Hercules stream, and the metal-rich stellar
halo. A significant number of stars with kinematic properties ’in between’ the thin and thick
discs were also observed in order to in greater detail investigate the dichotomy of the Galactic
disc. All stars have been homogeneously analysed, using the exact same methods, atomic data,
model atmospheres, etc., and also truly differentially to the Sun. Hence, the sample is likely to
be free from internal errors, allowing us to, in a multi-dimensional space consisting of detailed
elemental abundances, stellar ages, and the full three-dimensional space velocities, reveal very
small differences between the stellar populations.

Keywords. stars: abundances, stars: kinematics, Galaxy: disk, Galaxy: evolution,

Compared to our previous studies of the Galactic thin and thick discs (Bensby et al.
2003, 2005) the current stellar sample is larger by a factor of ∼ 8. The figure above shows
the thin and thick disc abundance trends based on kinematical selection criteria only. The
red full line in each plot is the running median from the thick disc stars, and the dashed
blue line the running median from the thin disc stars. It is clear that there is separation
between the two discs up to at least solar metallicities, signaling the dichotomy of the
Galactic stellar disc, and that the two discs have had very different chemical histories.
First results, based on this enlarged sample, regarding the origin of the Hercules stream
and the metal-rich limit of the thick disc were published in Bensby et al. (2007a,b). The
full data set will be published in the fourth quarter of 2009 where we in great detail will
investigate the abundance structure and chemical evolution of the Galactic stellar disc.
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The Milky Way disc(s)

Thin disc stars make up ~90% of the stars near the Sun.

Integrated over the z direction, the thick disk has ~1/3 the surface density of the thin disc

• Another possibility is that radial migration of stars from the inner disc, combined with 
scattering off of giant molecular clouds, may cause an apparent thick disc that is really just 
the central thin disc extending outwards

The vertical distribution of stars in the 
Milky cannot be fit by single exponential 
curve. There is only a good fit with two 
exponentials: z0=300 pc (close to plane) 
and z0=1350 pc (farther from plane)

The thick disk

The space density of stars cannot be fitted by a single exponential!

Good fit from superposition of two exponentials with different scale-
heights: z0 = 300 pc and z0' = 1350 pc.

The Milky Way disc(s)

Two possibilities:	

• Functional form (exponential) is incorrect	

• There are two physically distinct components of the disk of the Galaxy: a thin and a thick disk	

For the second possibility to be correct, need to conclusively demonstrate that they have 
different and distinct properties!

Figure 2.8,   Sparke & Gallagher (2nd edition)

HI gas (mixed with dust) in the disc is even thinner than young stellar distribution near the 
Sun hz < 150pc. For cold molecular clouds this even less, hz < 60-70pc.

If stars are produced with the standard IMF then to build the disc over 10Gyr the Milky 
Way must produce 3-5 M⊙ of new stars every year.

The Milky Way  
gas disc(s)

Assuming the M/L~2, it can be shown that the total luminosity of the disc is Ld~1.5x1010 L⊙  

corresponding to Md ~ 3x1010 M⊙

for neutral HI gas, hz < 150pc

for molecular gas, hz < 60-70pc

Ask class: what do you think about the 
origin of the retrograde component?




The MW discs (stars)
Properties of different components

Venn et al. 2004

!

• One idea is that there was originally a thin disc that was puffed up by a collision with a 
small satellite galaxy; this became the thick disc, while remaining gas settled into a new thin 
disc

The thick disc stars have distinctly different chemical properties from thin disc stars.
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2003, 2005) the current stellar sample is larger by a factor of ∼ 8. The figure above shows
the thin and thick disc abundance trends based on kinematical selection criteria only. The
red full line in each plot is the running median from the thick disc stars, and the dashed
blue line the running median from the thin disc stars. It is clear that there is separation
between the two discs up to at least solar metallicities, signaling the dichotomy of the
Galactic stellar disc, and that the two discs have had very different chemical histories.
First results, based on this enlarged sample, regarding the origin of the Hercules stream
and the metal-rich limit of the thick disc were published in Bensby et al. (2007a,b). The
full data set will be published in the fourth quarter of 2009 where we in great detail will
investigate the abundance structure and chemical evolution of the Galactic stellar disc.
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1

The Milky Way disc(s)

Thin disc stars make up ~90% of the stars near the Sun.

Integrated over the z direction, the thick disk has ~1/3 the surface density of the thin disc

• Another possibility is that radial migration of stars from the inner disc, combined with 
scattering off of giant molecular clouds, may cause an apparent thick disc that is really just 
the central thin disc extending outwards

The vertical distribution of stars in the 
Milky cannot be fit by single exponential 
curve. There is only a good fit with two 
exponentials: z0=300 pc (close to plane) 
and z0=1350 pc (farther from plane)

The thick disk

The space density of stars cannot be fitted by a single exponential!

Good fit from superposition of two exponentials with different scale-
heights: z0 = 300 pc and z0' = 1350 pc.

The Milky Way disc(s)

Two possibilities:	

• Functional form (exponential) is incorrect	

• There are two physically distinct components of the disk of the Galaxy: a thin and a thick disk	

For the second possibility to be correct, need to conclusively demonstrate that they have 
different and distinct properties!

Figure 2.8,   Sparke & Gallagher (2nd edition)

HI gas (mixed with dust) in the disc is even thinner than young stellar distribution near the 
Sun hz < 150pc. For cold molecular clouds this even less, hz < 60-70pc.

If stars are produced with the standard IMF then to build the disc over 10Gyr the Milky 
Way must produce 3-5 M⊙ of new stars every year.

The Milky Way  
gas disc(s)

Assuming the M/L~2, it can be shown that the total luminosity of the disc is Ld~1.5x1010 L⊙  

corresponding to Md ~ 3x1010 M⊙

for neutral HI gas, hz < 150pc

for molecular gas, hz < 60-70pc



The MW discs (stars II)

Properties of different components

Venn et al. 2004

!

• One idea is that there was originally a thin disc that was puffed up by a collision with a 
small satellite galaxy; this became the thick disc, while remaining gas settled into a new thin 
disc

The thick disc stars have distinctly different chemical properties from thin disc stars.
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Abstract. We have obtained high-resolution, high signal-to-noise spectra for 899 F and G
dwarf stars in the Solar neighbourhood. The stars were selected on the basis of their kinematic
properties to trace the thin and thick discs, the Hercules stream, and the metal-rich stellar
halo. A significant number of stars with kinematic properties ’in between’ the thin and thick
discs were also observed in order to in greater detail investigate the dichotomy of the Galactic
disc. All stars have been homogeneously analysed, using the exact same methods, atomic data,
model atmospheres, etc., and also truly differentially to the Sun. Hence, the sample is likely to
be free from internal errors, allowing us to, in a multi-dimensional space consisting of detailed
elemental abundances, stellar ages, and the full three-dimensional space velocities, reveal very
small differences between the stellar populations.

Keywords. stars: abundances, stars: kinematics, Galaxy: disk, Galaxy: evolution,

Compared to our previous studies of the Galactic thin and thick discs (Bensby et al.
2003, 2005) the current stellar sample is larger by a factor of ∼ 8. The figure above shows
the thin and thick disc abundance trends based on kinematical selection criteria only. The
red full line in each plot is the running median from the thick disc stars, and the dashed
blue line the running median from the thin disc stars. It is clear that there is separation
between the two discs up to at least solar metallicities, signaling the dichotomy of the
Galactic stellar disc, and that the two discs have had very different chemical histories.
First results, based on this enlarged sample, regarding the origin of the Hercules stream
and the metal-rich limit of the thick disc were published in Bensby et al. (2007a,b). The
full data set will be published in the fourth quarter of 2009 where we in great detail will
investigate the abundance structure and chemical evolution of the Galactic stellar disc.
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The Milky Way disc(s)

Thin disc stars make up ~90% of the stars near the Sun.

Integrated over the z direction, the thick disk has ~1/3 the surface density of the thin disc

• Another possibility is that radial migration of stars from the inner disc, combined with 
scattering off of giant molecular clouds, may cause an apparent thick disc that is really just 
the central thin disc extending outwards

The vertical distribution of stars in the 
Milky cannot be fit by single exponential 
curve. There is only a good fit with two 
exponentials: z0=300 pc (close to plane) 
and z0=1350 pc (farther from plane)

The thick disk

The space density of stars cannot be fitted by a single exponential!

Good fit from superposition of two exponentials with different scale-
heights: z0 = 300 pc and z0' = 1350 pc.

The Milky Way disc(s)

Two possibilities:	

• Functional form (exponential) is incorrect	

• There are two physically distinct components of the disk of the Galaxy: a thin and a thick disk	

For the second possibility to be correct, need to conclusively demonstrate that they have 
different and distinct properties!

Figure 2.8,   Sparke & Gallagher (2nd edition)

HI gas (mixed with dust) in the disc is even thinner than young stellar distribution near the 
Sun hz < 150pc. For cold molecular clouds this even less, hz < 60-70pc.

If stars are produced with the standard IMF then to build the disc over 10Gyr the Milky 
Way must produce 3-5 M⊙ of new stars every year.

The Milky Way  
gas disc(s)

Assuming the M/L~2, it can be shown that the total luminosity of the disc is Ld~1.5x1010 L⊙  

corresponding to Md ~ 3x1010 M⊙

for neutral HI gas, hz < 150pc

for molecular gas, hz < 60-70pc



The MW discs (gas)

Properties of different components

Venn et al. 2004

!

• One idea is that there was originally a thin disc that was puffed up by a collision with a 
small satellite galaxy; this became the thick disc, while remaining gas settled into a new thin 
disc

The thick disc stars have distinctly different chemical properties from thin disc stars.

ar
X

iv
:0

90
8.

24
45

v1
  [

as
tro

-p
h.

G
A

]  
17

 A
ug

 2
00

9

The Galactic Plane, in depth and across the spectrum
XXVIIth IAU General Assembly, August 2009
Janet Drew, Melvin Hoare, Nicholas Walton, eds.

c⃝ 2009 International Astronomical Union
DOI: 00.0000/X000000000000000X

Abundance structure and chemical evolution

of the Galactic disc

Thomas Bensby1 and Sofia Feltzing2

1European Southern Observatory, Alonso de Cordova 3107, Vitacura, Santiago, Chile
email: tbensby@eso.org

2Lund Observatory, Box 43, SE-221 00 Lund, Sweden
email: sofia@astro.lu.se

Abstract. We have obtained high-resolution, high signal-to-noise spectra for 899 F and G
dwarf stars in the Solar neighbourhood. The stars were selected on the basis of their kinematic
properties to trace the thin and thick discs, the Hercules stream, and the metal-rich stellar
halo. A significant number of stars with kinematic properties ’in between’ the thin and thick
discs were also observed in order to in greater detail investigate the dichotomy of the Galactic
disc. All stars have been homogeneously analysed, using the exact same methods, atomic data,
model atmospheres, etc., and also truly differentially to the Sun. Hence, the sample is likely to
be free from internal errors, allowing us to, in a multi-dimensional space consisting of detailed
elemental abundances, stellar ages, and the full three-dimensional space velocities, reveal very
small differences between the stellar populations.

Keywords. stars: abundances, stars: kinematics, Galaxy: disk, Galaxy: evolution,

Compared to our previous studies of the Galactic thin and thick discs (Bensby et al.
2003, 2005) the current stellar sample is larger by a factor of ∼ 8. The figure above shows
the thin and thick disc abundance trends based on kinematical selection criteria only. The
red full line in each plot is the running median from the thick disc stars, and the dashed
blue line the running median from the thin disc stars. It is clear that there is separation
between the two discs up to at least solar metallicities, signaling the dichotomy of the
Galactic stellar disc, and that the two discs have had very different chemical histories.
First results, based on this enlarged sample, regarding the origin of the Hercules stream
and the metal-rich limit of the thick disc were published in Bensby et al. (2007a,b). The
full data set will be published in the fourth quarter of 2009 where we in great detail will
investigate the abundance structure and chemical evolution of the Galactic stellar disc.
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The Milky Way disc(s)

Thin disc stars make up ~90% of the stars near the Sun.

Integrated over the z direction, the thick disk has ~1/3 the surface density of the thin disc

• Another possibility is that radial migration of stars from the inner disc, combined with 
scattering off of giant molecular clouds, may cause an apparent thick disc that is really just 
the central thin disc extending outwards

The vertical distribution of stars in the 
Milky cannot be fit by single exponential 
curve. There is only a good fit with two 
exponentials: z0=300 pc (close to plane) 
and z0=1350 pc (farther from plane)

The thick disk

The space density of stars cannot be fitted by a single exponential!

Good fit from superposition of two exponentials with different scale-
heights: z0 = 300 pc and z0' = 1350 pc.

The Milky Way disc(s)

Two possibilities:	

• Functional form (exponential) is incorrect	

• There are two physically distinct components of the disk of the Galaxy: a thin and a thick disk	

For the second possibility to be correct, need to conclusively demonstrate that they have 
different and distinct properties!

Figure 2.8,   Sparke & Gallagher (2nd edition)

HI gas (mixed with dust) in the disc is even thinner than young stellar distribution near the 
Sun hz < 150pc. For cold molecular clouds this even less, hz < 60-70pc.

If stars are produced with the standard IMF then to build the disc over 10Gyr the Milky 
Way must produce 3-5 M⊙ of new stars every year.

The Milky Way  
gas disc(s)

Assuming the M/L~2, it can be shown that the total luminosity of the disc is Ld~1.5x1010 L⊙  

corresponding to Md ~ 3x1010 M⊙

for neutral HI gas, hz < 150pc

for molecular gas, hz < 60-70pc
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Structure of the Galactic Plane

The locations of young stellar OB associations 
and clusters and the HII regions that surround 
hot, massive young stars trace three (or four) 
spiral arms in the disc.

Good Tracers of spiral arms:

- known to be associated with spiral arms in external galaxies 
- young: not drifted away from their birthplace

- intrinsically luminous: seen at large distances 

- intrinsic brightness known: to derive reddening and true spatial structure 

=O-B associations, HII regions, Cepheids, young clusters...

The most recent studies suggest that the Milky Way has four 
spiral arms

Structure in the Galactic plane.

The youngest stars (<30 Myr) – and the associations and clusters in which they form are 
found in a (partial) ring called “Gould’s Belt” that is tilted by ~20º from the Galactic plane, 
with stars closer to the centre lying further off the plane

The Youngest stars in the Milky Way disc

Figure 2.10,   Sparke & Gallagher (2nd edition)

within 500pc

The Galactic stellar halo

Looking even farther out from the plane of 
the Galaxy, it appears that there is a sort of 
“truncation” of the disk into a much more 
tenuous stellar “halo”	

The density profile of these stars is

Spatial distribution of stars in the spheroid: 
halo and bulge

Metal-poor stars in the Galaxy located in a spheroidal halo

Star counts show that density D(r) 
D(r) = D0 (r/r0)-3.5

i.e. very rapidly declining 
function of distance

The same distribution is seen 
for the (metal-poor) globular 
clusters

Properties of the Galactic stellar halo:	

• extends to (at least) 80 kpc	

• L~109 L⊙ – about 1% of the total luminosity of the MW	

• 0.2% of the thin disk’s central density in the Solar neighborhood	

• very concentrated: half-light radius ~3 kpc

n(r) = n0(r/r0)�3.5≈

The mapping the Galactic halo

Numbers of stars at each B − V color with apparent V magnitude 19 < m V < 20, per square degree at the north 
Galactic pole. The solid line shows the prediction of a model where 0.15% of stars near Sun belong to metal-poor halo: 
thin-disk stars (triangles) are red, halo stars (stars) are blue, and thick-disk stars (green squares) have intermediate 
colors – N. Reid.

Looking in a range of directions shows a slightly flattened but basically round stellar halo

Figure 2.16,   Sparke & Gallagher (2nd edition)



Young stars on the MW discs

The locations of young stellar OB associations 
and clusters and the HII regions that surround 
hot, massive young stars trace three (or four) 
spiral arms in the disc.

Good Tracers of spiral arms:

- known to be associated with spiral arms in external galaxies 
- young: not drifted away from their birthplace

- intrinsically luminous: seen at large distances 

- intrinsic brightness known: to derive reddening and true spatial structure 

=O-B associations, HII regions, Cepheids, young clusters...

The most recent studies suggest that the Milky Way has four 
spiral arms

Structure in the Galactic plane.

The youngest stars (<30 Myr) – and the associations and clusters in which they form are 
found in a (partial) ring called “Gould’s Belt” that is tilted by ~20º from the Galactic plane, 
with stars closer to the centre lying further off the plane

The Youngest stars in the Milky Way disc

Figure 2.10,   Sparke & Gallagher (2nd edition)

within 500pc

The Galactic stellar halo

Looking even farther out from the plane of 
the Galaxy, it appears that there is a sort of 
“truncation” of the disk into a much more 
tenuous stellar “halo”	

The density profile of these stars is

Spatial distribution of stars in the spheroid: 
halo and bulge

Metal-poor stars in the Galaxy located in a spheroidal halo

Star counts show that density D(r) 
D(r) = D0 (r/r0)-3.5

i.e. very rapidly declining 
function of distance

The same distribution is seen 
for the (metal-poor) globular 
clusters

Properties of the Galactic stellar halo:	

• extends to (at least) 80 kpc	

• L~109 L⊙ – about 1% of the total luminosity of the MW	

• 0.2% of the thin disk’s central density in the Solar neighborhood	

• very concentrated: half-light radius ~3 kpc

n(r) = n0(r/r0)�3.5≈

The mapping the Galactic halo

Numbers of stars at each B − V color with apparent V magnitude 19 < m V < 20, per square degree at the north 
Galactic pole. The solid line shows the prediction of a model where 0.15% of stars near Sun belong to metal-poor halo: 
thin-disk stars (triangles) are red, halo stars (stars) are blue, and thick-disk stars (green squares) have intermediate 
colors – N. Reid.

Looking in a range of directions shows a slightly flattened but basically round stellar halo

Figure 2.16,   Sparke & Gallagher (2nd edition)
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and clusters and the HII regions that surround 
hot, massive young stars trace three (or four) 
spiral arms in the disc.

Good Tracers of spiral arms:

- known to be associated with spiral arms in external galaxies 
- young: not drifted away from their birthplace

- intrinsically luminous: seen at large distances 

- intrinsic brightness known: to derive reddening and true spatial structure 

=O-B associations, HII regions, Cepheids, young clusters...

The most recent studies suggest that the Milky Way has four 
spiral arms

Structure in the Galactic plane.

The youngest stars (<30 Myr) – and the associations and clusters in which they form are 
found in a (partial) ring called “Gould’s Belt” that is tilted by ~20º from the Galactic plane, 
with stars closer to the centre lying further off the plane
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Stars in the MW halo



Mapping the MW halo
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and clusters and the HII regions that surround 
hot, massive young stars trace three (or four) 
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- intrinsic brightness known: to derive reddening and true spatial structure 
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The most recent studies suggest that the Milky Way has four 
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Structure in the Galactic plane.
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found in a (partial) ring called “Gould’s Belt” that is tilted by ~20º from the Galactic plane, 
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colors – N. Reid.
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The MW stellar halo

Interestingly, the metal-poor globular clusters trace the halo distribution!

The Galactic stellar halo

Figure 2.15,   Sparke & Gallagher (2nd edition)

[Fe/H] < -0.8

The stellar halo is very important for understanding the formation of the Milky Way, as the 
stars are generally very old and metal-poor. The stellar halo preserves the early formation 
history of the Galaxy, and we can see similar processes at work today.

The Galactic stellar halo

The Field of Streams

Credit: S. Koposov and the SDSS-III collaboration

The Galactic stellar halo

These are the remnants of objects (satellites, GCs) being 
disrupted by the gravitational potential of the Milky Way.

Belokurov et al. 2006
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Credit: S. Koposov and the SDSS-III collaboration

The Galactic stellar halo

These are the remnants of objects (satellites, GCs) being 
disrupted by the gravitational potential of the Milky Way.

Belokurov et al. 2006



The ‘field of streams’

Interestingly, the metal-poor globular clusters trace the halo distribution!

The Galactic stellar halo

Figure 2.15,   Sparke & Gallagher (2nd edition)
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disrupted by the gravitational potential of the Milky Way.
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The ‘field of streams’

Interestingly, the metal-poor globular clusters trace the halo distribution!

The Galactic stellar halo

Figure 2.15,   Sparke & Gallagher (2nd edition)

[Fe/H] < -0.8

The stellar halo is very important for understanding the formation of the Milky Way, as the 
stars are generally very old and metal-poor. The stellar halo preserves the early formation 
history of the Galaxy, and we can see similar processes at work today.

The Galactic stellar halo

The Field of Streams

Credit: S. Koposov and the SDSS-III collaboration

The Galactic stellar halo

These are the remnants of objects (satellites, GCs) being 
disrupted by the gravitational potential of the Milky Way.

Belokurov et al. 2006

A map of stars in the outer regions of the Milky Way Galaxy, derived from the SDSS images of the northern sky, shown in a 
Mercator-like projection. The color indicates the distance of the stars, while the intensity indicates the density of stars on the sky. 
Structures visible in this map include streams of stars torn from the Sagittarius dwarf galaxy, a smaller 'orphan' stream crossing the 
Sagittarius streams, the 'Monoceros Ring' that encircles the Milky Way disk, trails of stars being stripped from the globular cluster 
Palomar 5, and excesses of stars found towards the constellations Virgo and Hercules. Circles enclose new Milky Way companions 
discovered by the SDSS; two of these are faint globular star clusters, while the others are faint dwarf galaxies. 
Credit: V. Belokurov and the Sloan Digital Sky Survey.



New Gaia maps of the MW

interstellar dust 

stellar number density 

1.7 billion stars in the 2nd data release (2018)

stellar total brightness


