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Boring introduction: the 
galactic coordinate system

We use galactocentric coordinates to measure positions in the MW
longitude direction l: the angle from the line between the Sun and the 
Galactic Center (GC) to an object, with the direction of the Sun’s rotation 
around the MW at l=90º 
latitude direction b: angle from the Galactic plane towards “North Galactic 
Pole” (NGP), the pole of the MW seen from the Northern hemisphere (note 
that the MW’s spin direction is 120º away from the Earth’s!)
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Boring introduction: the 
galactic coordinate system

If we need to specify three-dimensional positions of objects, 
we use Galactic cylindrical coordinates (R,ϕ,z)

R is distance from GC
ϕ is angle Sun-GC-object, positive towards l=90º
z is distance away from Galactic plane, positive towards 
NGP
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Boring introduction: the 
galactic coordinate system

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

x: radially outwards (away from GC)
y: in direction of Sun’s rotation around MW
z: out of Galactic plane, positive towards NGP

GC⊙x

yz
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How can we determine the 
shape and structure of MW?

We want to know the structure of the MW

What are its components?

We want to uncover the density distribution and 
characteristic scales in each component

Need large number of stars in each component!

How do these component relate to each other and 
the formation of MW?

Couple density info to ages, compositions
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A rough sketch of the MW
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The Milky Way as seen by 
COBE in the infrared
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The most obvious structure in all of these pictures is the thin disk 
of the MW

How “big” and “thick” is the thin disk?

For disk galaxies, we can approximate the stellar density in the 
disk as

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 
(BM call these Rd and z0, respectively) for some population S

The disk(s) of the MW

n(R, z, S) = n(0, 0, S) exp[�R/hR(S)] exp[�|z|/hZ(S)]
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By examining pictures like the COBE image and 
correcting for the extinction by dust (which is important 
even in the infrared), it is possible to estimate these 
sizes:

on average, it appears that hR≈2.5–3.5 kpc and 
hz≈165 pc — so the ratio, hR/hz~18 — i.e., the disk is 
very thin!

Using these numbers, you can show that the total 
luminosity of the disk is Ld~1.5x1010 LV,⊙
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Even more interesting is the variation of scale height 
with stellar type in the disk

Dynamically interesting!

The motions of stars perpendicular to the disk tell us 
about the gravitational potential of the disk: how 
much mass is there? Is there more mass per unit 
light than we see in the stars?

Distribution perpendicular to 
the plane
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We measure the distribution of stars perpendicular to 
the disk by first measuring trigonometric parallaxes of a 
subset of (nearby) stars to determine MV as a function 
of color – say, V–I

Then we measure the apparent magnitudes V for stars 
as a function of V–I to determine their distances

this is called “photometric parallax”

works well if all the stars are main-sequence stars 
– not always true, but works well for stars earlier 
than late G and for late M dwarfs
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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

Why is there this run of scale 
height with spectral type?

Note the increasing mean 
age with spectral type: G 
dwarfs are typically much 
older than A stars
This implies that there is an 
effect relating stellar age to 
scale height

the Galactic disk is 
lumpy — giant 
molecular clouds scatter 
stars as they pass by, 
increasing the scale 
height
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This effect can be seen in the distribution of the 
motions of (F and G) stars in the z direction

older stars have a larger vertical velocity dispersion:

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

�2
z � �v2

z � �vz�2�
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An interesting thing 
happens when measuring 
the density of stars far 
away from the Galactic 
plane

Distribution cannot be fit 
by single exponential 
curve!

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. 15



Two possibilities:

1. Functional form 
(exponential) is incorrect

2. 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!

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. 16



It appears that this is the case!

Thick disk (red lines above) stars have distinctly 
higher [α/Fe] at a given [Fe/H] and extend to lower 
[Fe/H] than the thin disk (blue lines) 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 di!erentially 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 di!erences 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 di!erent 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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Thin disk stars make up ~90% of the stars near the 
Sun

integrated over the z direction, the thick disk has 
~1/3 of the surface density of the thin disk
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Where do the disks come from?

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

Another possibility is that radial migration of stars 
from the inner disk, combined with scattering off of 
giant molecular clouds, may cause an apparent thick 
disk that is really just the central thin disk extending 
outwards
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Finally, the young stars (<30 Myr) – and the 
associations and clusters in which they’re born – 
appear to live in a (partial) ring called “Gould’s Belt” that 
is tilted by ~20º from the Galactic plane, with stars 
closer to the center lying off the plane
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What about the structure in 
the Galactic plane?

If we map the locations of 
young stellar associations and 
clusters and the HII regions 
that surround hot, massive 
young stars, we find that they 
trace three (or four) spiral 
arms in the disk

given the brightnesses and 
blue colors of young stars, 
they are easy to get 
distances to – excellent 
tracers!

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
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The bulge of the MW

The other obvious feature in the COBE image is the 
central light concentration, which is usually called the 
bulge

Recall that early-type spiral galaxies (Sa, Sb) have 
large bulges – how big is the bulge of the MW?

And is the MW barred, like the SB galaxies?
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A brief tangent: bulge classification and surface 
brightness distributions

“Classical” bulges are those that look like elliptical 
galaxies, with surface brightness profiles that follow a 
de Vaucouleurs profile:

“Pseudobulges” are those that have surface 
brightness profiles that follow an exponential 
distribution, like disks, but with smaller scale lengths:

I(R) = Ie � 10�3.33[(R/Re)1/4�1]

I(R) = Id exp(�R/Rd)
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Can unify these two distributions with the “Sérsic 
law”:

here, n=1 is an exponential profile, while n=4 is a 
de Vaucouleurs profile

I(R) = Ie � 10�bn[(R/Re)1/n�1]
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The bulge of the MW appears to have an exponential 
profile, not a de Vaucouleurs profile, and therefore can 
be considered a “pseudobulge”

Unfortunately, the extinction in the direction of the bulge 
is large

So studies of the bulge as a whole need to made in 
the IR

From near-IR photometry, LK~1010 L⊙ and it has a 
scale length Rb~0.7 kpc (on average; we’ll come 
back to this!)
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The MW bulge from Spitzer 
in the near-to-mid IR
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Luckily, a few low-extinction patches can be found to 
observe bulge fields in the optical (still with some 
extinction)

The most famous and important is Baade’s Window 
at (l,b)=(1º,–3.9º), which has 1.3<AV<2.8, low enough 
to observe stars in the optical

Most of our understanding of the age and chemical 
composition of the bulge comes from BW

BW is (apparently) old, age > 9 Gyr, and metal-rich 
(we’ll come back to this later!)
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The very center of the MW 
– the nucleus – is invisible 
in the visible: the extinction 
AV=31 mag!

There is a stellar cluster with 
a mass of ~3x107 M⊙

Strangely, all of these 
stars are very young: 2–7 
Myr!

The Galactic nucleus and its 
black hole
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By studying the motions 
of these stars with 
adaptive optics 
observations, it is possible 
to measure the distance 
and the mass of the 
central object – which is 
almost certainly a black 
hole – precisely
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Between 1995 and 2009, 
the star S2 was seen to 
make a complete orbit

Using the observed 
motions and angular scale, 
Gillisen et al. (2009) could 
infer R0=8.38±0.15 kpc 
and MBH=4.3±0.3x106 M⊙
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The bar of the MW
Looking carefully at the 
COBE images of the disk 
near the bulge, it appears 
that one side of the disk is 
brighter than the other

This is the most obvious 
clue – along with stellar 
velocities and distances 
of individual stars in BW 
– that the MW has a bar
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Models have shown that a 
bar can form and puff up 
the center of the galaxy, 
resulting in a “bulge” and 
bar that looks strikingly 
like the observations

But does this get the 
age and composition 
right?

2 Inma Martinez-Valpuesta & Ortwin Gerhard

Fig. 1.— Top panel: Face-on view of the simulation at time
T ! 1.9 Gyr. The bar rotates clockwise and its ends bend towards
the leading side, connecting to the spiral arms further out. The
model has been scaled to the MW and is oriented such that the
long axis of the bulge is seen at an angle ! = 25! by the observer
at (0,-8 kpc). A second line at 43! as inferred for the long-bar in
the MW is also shown. The two circles correspond to radii of 3 and
4.5 kpc. The dotted lines show lines-of-sight for longitudes of 0!,
10!, 20! and 30! from the observer. Lower panel: edge-on view of
the same snapshot, as viewed from the Sun. The boxy structure is
noticeable. Higher densities correspond to brighter colors.

with those from the COBE data (Bissantz et al. 1997;
Bissantz & Gerhard 2002). Also both the boxy bulge
and the disk are vertically more extended in the model.
The Sun is placed at 8 kpc.
In the face-on view we can easily identify the curved,

leading ends of the stellar bar. Over a period of
1.2 Gyr, the model shows oscillations from leading
through straight to trailing ends and back. The bar
spends 40% of this time in the leading phases. Simi-
lar morphology can be seen in other barred simulations
in the literature (e.g. Fux 1997, model m08) and also
in some observed galaxies such as NGC 3124 (Efremov
2011) and NGC 3450 (Buta et al. 2007). The oscillations
between trailing and leading ends of the bar could be re-
lated to the oscillations seen in the bar growth in N-body
simulations (e.g. Dubinski et al. 2009) and may be due
to non-linear coupling modes between the bar and spiral
arms (Tagger et al. 1987). This topic is beyond the scope
of this paper. For comparison we show a snapshot at a
later time in this simulation where the ends of the bar
are straight and the spiral arms appear to emerge from
them (Figure 2).

Fig. 2.— A snapshot from the same simulation, but at this par-
ticular time the ends of the bar are aligned with the bar’s inner
part. This snapshot is used to illustrate the volume e!ect but is
not as good a representation of the MW as that in Figure 1; see
Section 2.1.

2.1. Quantitative analysis: no separate ’long bar’ is
needed

We apply a similar technique as was used to iden-
tify two di!erent barred structures in the MW from star
count data (B05,C07,C08,C09). We view the projected
model as an observer in the disk at 8 kpc distance from
the center would see it. To increase the particle resolu-
tion, we symmetrize the model vertically and divide the
(longitude, latitude)-(l, b)-space into bins of !l = 3! and
!b = 2!, respectively. Then we count particles in each
of the corresponding cones and bin these particles in dis-
tance modulus, with !µ = 0.1. The distance modulus is
given by µ = !5.+ 5." log(D[pc]).
In Figure 3 we show histograms in µ for several lines-

of-sight. To quantify the distribution of particles with µ
and to assign a distance value to the maximum number
counts, we fit a Gaussian to the left-most peak, i.e., the
one nearest to the observer. In the histogram obtained
when looking towards the ends of the bar in the Galac-
tic plane (Figure 3a) we can identify three main peaks,
one corresponding to the bar, one to a spiral arm in the
back, and one to the end of the disk. The µ-value of the
fitted maximum corresponds to the end of the bar, where
the bar is flat. The second histogram for (l, b) = (9!, 8!)
(Figure 3b) shows the distribution of stars in a field well
above the plane where the boxy bulge dominates. The
fitted maximum corresponds to a position on the thick
line in Figure 1 at " = 25!. In the first panel we can
clearly identify the particles in the disk, but in the sec-
ond showing the higher latitude field, disk particles are
absent. We also show the histogram for (9!, 0!) (Fig-
ure 3c), where we can see the increment in the number
of particles with respect to those at (27!, 2!), and the
displacement of the maximum towards larger distance in
comparison with (9!, 8!). In the last panel we show one
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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”

these stars are all metal-
poor

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

n(r) = n0(r/r0)�3.5
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Interestingly, the metal-poor globular clusters trace 
the same density distribution!
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Properties of the Galactic stellar halo:

extends to (at least) 80 kpc

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

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

very concentrated: half-light radius ~3 kpc
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The stellar halo is very important for understanding the 
formation of the MW:

stars are generally very old and metal-poor

The stellar halo preserves the formation history of the 
Galaxy – in fact, we can even see the process at 
work today!

37



These are in general the remnants of objects 
(satellites, GCs) being disrupted by the gravitational 
potential of the Galaxy
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Note that we often refer to the bulge and stellar halo 
together as the spheroid of the Galaxy, given their 
(roughly!) spherical distribution

more true of the stellar halo than the bulge...
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