
Lecture notes 12:

The Milky Way i: Morphology

A brief history

The word galaxy is derived from the greek word for milk, and hence our Galaxy
is named the Milky Way system. The band of light associated with the Milky
Way is comprised of stars and is actually our view of the galactic disk from a
vantage point more or less in the mid-plane of the disk.

The true structure of the Milky Way was not been known until recently:
William Herschel was the first to attempt to discern the dimensions of the
Galaxy and the Sun’s place in it by the method of star counting. Later, in the
latter nineteenth century, Kapteyn did the same in a much more systematic
manner. Both concluded that the number of stars fell of rapidly with distance
from the Sun and that the evidence pointed to a model where the Sun was placed
more or less centrally in an oblong universe with a ration between the axes of
roughly 1/5. However, both were misled by the presence of great quantities of
dust in the galactic mid-plane where the Sun resides.

Star counts. Even so, the technique of star counting is an important one,
which has many uses as soon as one learns how to compensate for dust absorp-
tion. Let us quote some useful definitions: nL(L, S, Ω, r) – the number density
of stars with attribute S, in solid angle Ω, at distance r, that have luminosities
between L and L + dL.

NL(L, S, Ω, d) =

[

∫ d

0

nL(L, S, Ω, r)Ωr2dr

]

is the total number of stars in the cone that stretches from the Sun to distance
d, remembering that the volume element is dV = Ωr2dr. What is observed is
the total number of stars with fluxes f greater than a certain value, rather than
the number of stars at distances smaller than a certain value. This function is
written N̄L(L, S, Ω, f).

An important special case is the total number of stars at all angles with
fluxes greater than some limit — f > f0 — when the density of stars with
attribute S is constant. It is given by

N̄L(L, S, f > f0) =
n(L)L3/2

3(4π)1/2
f
−3/2
0 ,

which is left as a proof for the reader.
Cepheids and the size of the Galaxy. It was Harlow Shapley who

discovered the true dimensions of the Milky Way in the early 1920’s. Henrietta
Leavitt had previously discovered that Cepheids — the first of which, δ Cephei,
was discovered to be variable by John Goodricke in 1784 — follow a period–

luminosity relationship by studying examples of these stars in the Magellenic
clouds which are all at roughly the same distance from us. The calibration of
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such a relationship allows one to find the distance to the star; the observed flux
f is related to the luminosity L and distance r via L = 4πr2f .

Cepheids are very luminous yellow supergiants of spectral class F6 or so
with periods found between P = 1 − 50 dy, but usually 6 to 7 days. The
amplitude of the variations is roughly a factor 2.5 and the stars are visible to
several Mpc. There are approximately 700 cepheids in the Galaxy. The cepheids
are population i, related variable stars that also follow a period–luminosity
relationship are the W Virginis type variables, which are population ii, as
are the RR Lyra stars commonly found in globular clusters and also known
as cluster variables. It was the latter type that Harlow Shapley calibrated the
period-luminosity relationship for. Studying examples of these stars in several
globular clusters (there are more than 200 in the Galaxy), Shapley concluded
that they orbit a point some 8 000 pc from the Sun, a point Shapley identified
as the center of the Galaxy (actually Shapley found a distance of 15 000 pc,
having incorrectly calibrated for dust.

Galactic Morphology

The Milky Way is comprised of several elements as summarized in table 1. As
implied there the galactic disk is actually composed of several components: The
young thin disk and the old thin disk constitute the majority and have a number
density of

n(z, R) = n0

(

e−z/zthin + 0.02e−z/zthick

)

e−R/hR ,

where z is the vertical height above the mid-plane of the galaxy, R is the radial
distance from the galactic centre (GC), hR = 3.5 kpc is the disk scale length,
and n0 ' 0.02 stars/pc3. The number density of the thick disk is only 0.02 of
the combined thin disks.

Disks. The site of current star formation is the young thin disk. The age
of stars is often classified according to the amount of metals (i.e. materials
heavier than He) in their atmospheres. Population i stars are the youngest with
metal fractions on the order Z ≈ 0.02, population ii stars are much older with
Z ≈ 0.001. Of course, stars with metal contents in between these exist and it is
perhaps more precise to use the iron content [Fe/H] as an age indicator. This
ratio is defined so that

[

Fe

H

]

≡ log10(
NFe

NH
) − log10(

NFe

NH
)S

The ratio is -4.5 for the oldest stars, 0 for the Sun, and +1 for the youngest
stars. The derivation of the age-metallicity relation is not as easy as one
may think; the proportion of Fe in the Galaxy stems mainly from supernova of
type SN Ia which need roughly 109 yr to start exploding. Thus, the ratio of
Fe in stellar atmospheres may be misleading for the oldest stars. Perhaps using
the ratio [O/H] is better? Oxygen is produced in supernova of type SN ii which
start to explode already after 107 yr.
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Disks

Neutral Thin Thick
Gas Disk Disk

M(1010MS)a 0.5b 6 0.2 to 0.4
LB(1010LS)c — 1.8 0.02
M/LB(MS/LS) — 3 —
Diameter (kpc) 50 50 50

Form e−hz/z e−hz/z e−hz/z

Scale height (kpc) 0.16 0.325d 1.4
σw (km s−1) 5 20 60
[Fe/H] > +0.1 -0.5 to +0.3 -1.6 to -0.4

Spheroids

Central Stellar Dark Matter
Bulge Halo Halo

M(1010MS)a 1 0.1 55a

LB(1010LS)c 0.3 0.1 0
M/LB(MS/LS) 3 ∼ 1 —
Diameter (kpc) 2 100 > 200a

Form bar? r−3.5 (a2 + r2)−1

Scale height (kpc) 0.4 3 2.8
σw (km s−1) 120 90 —
[Fe/H] -1 to +1 -4.5 to -0.5 —
a The total mass may reach 1.3 × 1012 MS within r = 230 kpc.
bMdust/Mgas ' 0.007.
c The total luminosity of the Galaxy is LB,tot2.3 ± 0.6 × 1010 LS .
d The scale height of the young thin disk is 50 pc.

Table 1: Approximate values for various parameters describing components of
the Milky Way Galaxy.
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The formation of stars in the thin disk has perhaps not been continuous but
rather occurred in bursts.

The mass to light ratio (M/L measured relative the Sun MS/LS) measures
the efficiency of the Galactic material in producing light. It has been observed
to be of order 3; combined with the mass-luminosity relation

L

LS
= (

M

MS
)4 and

M

L
' 3

MS

LS

gives an average stellar mass of 〈M〉 = 31/(1−4)MS ≈ 0.7MS. Considering that
this is representative of the Galaxy shows that the amount of He we find —
roughly 10% by number — can not have been produced in stars during the
lifetime of the Galaxy (1010 yr). It must have been produced in some other way
. . . .

Spiral structure, gas and dust When mapping the location of neutral
H, molecular clouds, O and B stars, H ii regions, and open clusters one finds
that the Milky Way displays spiral structure as do many other disk galaxies.
When observed in the redder light typical of older stars the spiral structure is
still discernible but less obvious. The Sun lies close to the Orion arm.

Neutral hydrogen (H i) and CO are tracers of molecular hydrogen (H2). One
finds that the in the region 3 – 8 kpc from the galactic center (GC) of the disk
H2 and cold dust dominate, H i is present in copious amounts from 3 – 25 kpc
from the GC.

In the solar neighborhood the density of gas and dust is n ' 0.04 MS/pc3,
of which 77% is neutral hydrogen, 17% is H2, and ionized hydrogen 6%. The
scale height of the gas disk increases with distance R from the GC and is 800 pc
at 12 pc. It is not only confined to the galactic plane; at far distances there is
a definite warp, a feature also found in other galaxies.

There are also clouds found at high galactic latitudes, most of these appear
to be falling towards the disk with velocities on the order of 400 km/s, perhaps
this is gas driven away from the disk by supernova explosions and now falling
back.

In addition there is a hot tenuous gas at distances of up to 50 kpc from the
galaxy, and a stream of gas following the Large Magellenic Cloud (LMC), the
latter perhaps a result of a near encounter between the LMC and the Milky
Way.

The Galactic Bulge stretches out to 1 kpc from the GC, perhaps in the
form of a bar (some say peanut shaped). It is difficult to see into this portion
of the Galaxy from the Sun’s position, but at certain locations the amount of
dust is less. One such location is Baade’s window in which the globular cluster
NGC 6522 is visible. This globular cluster is on the other side of the GC and
the line of sight to it passes within 550 pc of the GC. The stars in the bulge are
both very old and very young; there is certainly ongoing star formation in the
bulge. It is estimated that there are clouds totaling 108 MS of molecular gas in
the bulge, but one also finds extremely metal poor RR Lyra stars.

Stellar Halo is comprised of globular clusters (there are estimated to be
230 in the galaxy, of which 110 are known) and single field stars (also known as
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high velocity stars). The population of globular clusters seems split in two, one
older population with [Fe/H ] < −0.8 and a younger one with [Fe/H] > −0.8.
The latter may be associated with the thick disk.

The sum of the luminous components is on the order 9× 109 MS , kinematic
studies of the Galaxy seem to require more mass as we will later see.

Dark matter halo The total mass of the dark Galaxy should be on the
order 1.9×1011 MS within 25 kpc, which gives a total mass of 1.9×1011 MS with
a 70% dark matter fraction. It is believed that this fraction approaches 90%
further out from the GC.

This material is not in the form of dim stars, brown dwarfs, black holes
or other baryonic matter (MACHO’s), but rather in the form of exotic weakly
interacting particles (WIMP’s). More on this later as we discuss cosmology.

The Milky Way ii: Kinematics and the galactic core

Disk rotation & the local standard of rest

In the galactic disk the mean orbital speed of the stars is much greater than
the stars random speeds, and the stars orbit the galactic center (GC) clockwise
when viewing the galaxy from the north. In the halo the stars random speeds are
much greater than the mean orbital speed (which is nearly 0). When speaking
of galactic motions it is therefore convenient to define the local standard of

rest (LSR) as follows: It is the point that is instantaneously centered on the
Suns location and which orbits the GC on a perfectly circular orbit confined to
directions parallel to the galactic plane. It is also convenient to define cylindrical
co-ordinates (R,θ,z) with basis in the LSR.

The peculiar velocities are set up relative the motion of the local standard
of rest such that

u = Π − ΠLSR = Π where Π =
dR

dt

v = Θ − ΘLSR = Θ − Θ0 where Θ = R
dθ

dt

w = Z − ZLSR = Z whereZ =
dz

dt

When looking at a large sample of stars we expect that the components u and
w will average to zero; i.e. 〈u〉 = 0 and 〈w〉 = 0. The component w is not quite
as simple, since there is a gradient in the number of stars from the direction
of the GC and outwards as well as in the speed of the orbits themselves; a
non-linear average different from zero results. However, after some fairly deep
statistical/mathematical arguments it is possible to define the Sun’s peculiar
motion to be

uS = −9 km/s

vS = 12 km/s
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wS = 7 km/s

The Sun is moving inward towards the GC, rotates slightly faster than the LSR
and is on its way north out of the galactic plane; the Sun’s motion is towards
a point in the constellation Hercules with a velocity of roughly 20 km/s. With
the Sun’s motion relative the LSR in place one can start measuring the velocity
of other stars relative the LSR. Studies of this sort lead to a orbital speed of
the the LSR of

Θ0 = 220 km/s

The same velocity is derived if one measures the velocity of the Sun relative a
large number of external galaxies. Since the distance to the GC is known to be
8 000 pc we immediately find a period for the Sun’s orbit (actually the LSR,
but the difference is small) around the Galaxy of

PLSR = 2πR0/Θ0 = 230 Myr

which with the help of Keplers third law gives a mass of material inside the
Sun’s orbit of

MLSR =
4πR3

0

GPLSR
= 8.8 × 1010 MS

The next obvious step is to construct a curve of the velocity of the disk as
a function of R, this is not as simple as it sounds, as it requires an accurate
knowledge of the distance d to the object that serves as a marker for the orbital
motion at distance R from the GC.

Figure 1: The Milky Way’s rotation. Source: Clemens, ApJ, 295, 422, 1985

One method of achieving these observations is by using the 21 cm line from
neutral hydrogen in the radio part of the spectrum that is caused by a spin flip
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transition of the electron in the ground state. This method allows one to build
up a rotation map of the Galaxy for angles 0o < l < 90o and 2700 < l < 360o,
but not 90o < l < 2700; there is also a gap at around 20o of the GC. To measure
the speed Θ(R) for R > R0 one must instead use observations of the motion of
cepheids or equivalent standard candles that allows a determination of the true
velocities from the apparent motions on the celestial sphere.

When this is done as shown in figure 1 it is found that Θ does not decrease
with distance from the GC as one would expect if mass of the Galaxy where
mainly concentrated within R0. In that case the orbital speed should decrease
with Θ ∝ R−1/2: There must be more mass than that observed as

luminous matter in the Galaxy!.
The galaxy rotates as a rigid body

Θ ∝ R ⇒ Ω = Θ/R = constant

inside R ≈ 1 kpc. This implies a spherical density distribution in which ρ ≈
constant. At distances further from the GC we find a roughly constant velocity
V ≈ 220 km/s. With a constant V we have

mV 2

r
=

GMrm

r2
or

Mr =
V 2r

G
or

dMr

dr
=

V 2

G

But if we a a spherical distribution of mass, then also dMr/dr = 4πr2ρ. Com-
bining these, we find that the density ρ must follow

ρ(R) =
V 2

4πGr2

i.e. the density must decrease with the square of the distance from the GC. This
is very different from the exponent we find from star counts of r−3.5. Of course
the mass of the Galaxy does not diverge towards the center, and we write that
the unseen, or dark, mass must follow

ρ(r) =
C0

(a2 + r2)

where, C0 = 4.6 × 108 MS/kpc and a = 2.8 kpc fit the rotational observations
well.

The Galactic Centre

The Sun is moving northward at 7 km/sand will be some 85 pc above the galactic
plane in 15 Myr, at which time any remaining humans will have spectacular view
of the Galaxy’s nucleus. For the time being this nucleus is obscured by dust
at visible wavelengths and must be observed in the infra-red, at µ-wave or at
radio wavelengths. Alternately one can view phenomena in the GC in γ-rays or
in X-rays.
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The density of stars in the core goes roughly as ρ ∝ r−1.8 down to between
1 pc to 0.1 pc from GC. This implies that the density of stars is high enough that
stars feel each others gravitational field; they “collide” exchange momentum,
and may be treated as an isothermal gas of particles (particles of stellar size!).
This is true from approximately 100 pc to roughly 1 pc.

Figure 2: The central region of the Milky Way appear in this radio telescope
image made at 90 cm. Note Sgr A, the supernova remnants (SNRs) and the
arc. Source: NASA

Inside this radius the density increases even faster, as ρ ∝ r−2.7, and studies
of the velocity here indicate that a mass of 3 − 4 × 106 MS is found inside a
sphere of radius 0.5 pc centered on the GC.

We find a nuclear disk of neutral gas in the region 100 pc to 1 kpc. Inside
this disk we find a molecular circum-nuclear ring with inner radius at 2 pc and
outer radius at 8 pc. This ring rotates at 110 km/sand has a mass of some
1 − 3 × 104 MS , it is quite dense by galactic standards. There is ionized gas
within the inner radius of the molecular circum-nuclear ring. The radio source
Sgr A∗ send out 2 × 1027 W in region with radius 20 AU and is probably the
GC. An X-ray source which is estimated to have temperature of 108 K sends
out 1028 W in the 2 − 6 keV band and 1031 W in the harder 10 keV to 10 Mev
band. The ct size of this source is on the order 0.1 pc. The speeds of the gas
orbiting this region indicate a mass of ∼ 106 MS .

The only object that can make sense of these observations is a super-massive
black hole. The size of a black hole of mass 4 × 106 MS is

RSchw = 2GMBH/c2 = 16RS
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much smaller than what is observable today. The observed luminosity of the
gas orbiting the black hole — UV radiation from a gas with a temperature of
roughly 35 000 K is L ∼ 107 LS . Where does this energy come from? The
potential energy released when gas of mass M falls from a height ri to a height
rf is according to the virial theorem

E =
1

2
(
GMBHM

rf
−

GMBHM

ri
)

=
1

2

GMBHM

RSchw

If we now set L = dE/dt and substitute for RSchw we find

L =
1

4

dM

dt
c2,

an expression that is independent of the mass MBH and the Schwarzschild radius
RSchw! Setting in values we find that a mass of dM/dt = 2.7 × 10−6 MS/yr is
required, much less than the observed loss rate of some 10−3 to 10−2 MS/ry.

Exercises: Interstellar Matter & the Milky Way

1. A rough estimate of the mass fraction of dust in the Galaxy proceeds
as follows: Approximate a spherical dust grain of radius R to have a
cross sectional area πR2 for blocking visual light. (This “shadow” formula
breaks down if R is comparable to or smaller than the wavelength of
visual light, but is good enough for our purposes here.) A photon mean-
free-path l is defined to be the length between successive encounters with
dust grains. If the number density of dust grains is n, show that

l = 1/nπR2

If a beam of photons from a star travels a distance l towards an observer,
the beam will suffer an extinction in intensity by a factor of e = 2.718 . . .
Extinction observations indicate that at the position of the Sun in the
Galaxy, l ≈ 1 kpc. Given the estimate R = 10−7 m, calculate the value of n
in units of m−3. Solid material typically has a mass density of 2000 kg/m3.
Estimate the mass m of a typical interstellar dust grain. Let V be the
volume in which one typically finds one solar mass of stars in the Galaxy.
If V = 10 pc3, what is the mass M = mV m of dust grains in the same
volume? What, then is the mass fraction of dust compared to stars at the
solar position in the Galaxy?

2. A Strömgren sphere is the part of a H ii region where the ultraviolet
output of the central star is able to keep a balance between recombination
and ionization. To calculate the size of the Strömgren sphere, idealize
the problem by considering a pure hydrogen gas of uniform density which
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surrounds a single hot star. Let N? be the number of ultraviolet photons
beyond the Lyman limit (photons that can ionize hydrogen in the ground
state) which leave the star per unit time. Assume that each such photon
will ultimately ionize one and only one hydrogen atom. Let R be the
number of recombinations of protons and electrons into hydrogen atoms
per unit time and unit volume. In a steady state, the total number of
recombinations in the Strömgren sphere of radius r must balance the the
total number of ionizations:

R(4πr3/3) = N?

Given R and N?, this equation would allow us to find r. To obtain R, let
us note that recombination at interstellar densities is a two-body process
(involving for each recombination one proton and one electron). Thus
the number of recombinations per unit volume R must be proportional
to the product of the number densities protons and electrons npne. The
proportionality factor is denoted by α, and is called the “recombination
coefficient”. Thus

R = αnpne = αn2
e

where we require np = ne for overall charge neutrality.

(a) Find the Strömgren radius r.

(b) The recombination coefficient is a function of the temperature of the
hydrogen plasma. For temperatures characteristic of Galactic H ii

regions, α ≈ 3 × 10−13cm3s−1. Assume ne = 10 cm−3; compute r
when N? = 3× 1049 s−1 (O5 V star), N? = 4× 1046 s−1 (B0 V star),
N? = 1039 s−1 (G2 V star). Convert your answer to light-years.
What types of main sequence stars have appreciable H ii regions?

3. We have proved a virial theorem of form 2U + W = 0, where U and W
are the thermal and self gravitational energies of the gas mass. For a
gaseous sphere which is partially confined by an external pressure Pext,
the right hand side of the corresponding equation is not zero, but equal to
the radius r times the product of the surface area 4πr2 and the external
pressure Pext.

2U + W = 4πr3Pext

For and isothermal non-degenerate gas, U = 3NkT/2, where N equals the
total number of particles in the cloud. For a total mass M and a mean
molecular weight m, N = M/m. The self gravitational energy of the cloud
can be expected to be of the form W = −αGM2/r, where α is a number
of order unity whose value depends on how concentrated the center of the
globule is.

(a) Eliminate r in favor of V = 4πr3/3 and show that the virial theorem
can be written

Pext =
MkT

mV
−

βGM2

V 4/3
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where β ≡ (4π/3)1/3α/3. Further define the non-dimensional vol-
ume v = V (GMm/kT )−3 and the non-dimensional pressure p =
Pext[G

3M2(m/kT )4], and show that the above equation becomes

p =
1

v
−

β

v4/3
.

(b) Plot p versus v under the assumption β = 0.45, and show that p has
a maximum value of 1.1 at v = 0.22.

(c) The external pressure on a globule in an H ii region might be on the
order Pext = 10−16N/m2. What is the critical mass M required to
produce gravitational collapse in a globule of temperature T = 10 K
under these circumstances? What is the radius r of such a globule?
Assume the globule to be made of pure molecular hydrogen.

4. A star of luminosity L at a distance r0 will have an apparent brightness
f0 = L/4πr2

0. All stars of the same luminosity but with distances r < r0

will have apparent brightnesses greater than f0. Suppose that the number
density of stars of luminosity L, n(L, S, Ω, r), where S is some stellar
attribute, Ω the solid angle, and r the distance, does not depend on r,
or Ω. Show that the number of stars of intrinsic brightness L which have
f > f0 is given by

NL(f > f0) = n(L)4πr3
0/3 =

n(L)L3/2

3(4π)1/2
f
−3/2
0

Show that the amount of light in an infinite universe of constant stellar
number density and no interstellar extinction arriving at Earth from a
cone of solid angle Ω diverges exponentially as r tends to infinity (or
equivalently f0 → 0).

5. Approximately how many times has the Sun circled the center of the
Galaxy since the star’s formation?

6. (a) From the data given in table 1 of the lecture notes, and using a
typical temperature of 15 K for hydrogen in the interstellar medium,
estimate the thermal energy density of hydrogen gas in the disk of
the Galaxy. For this problem assume that the disk has a radius of
8.0 kpc and a height of 160 pc.

(b) A typical magnetic field strength in the Galaxy’s spiral arms is 4 ×
10−10 T. Using

Em =
B2

2µ0

estimate the energy density of the magnetic field in the spiral arms.
Compare your answer with the thermal energy density of the gas.
Would you expect the magnetic field to play a significant role in the
structure of the Galaxy?
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