
Our Milky Way (MW) Galaxy 
L*, M* but not SFR*

(SFR is less than 5 solar mass per year)
(Our galaxy is  revered as “Galaxy” and others are merely “galaxy” ;-) .)



MW Structure Diagram 

• Midplane 
• molecular layer 
• HI layer



MW Structure Diagram 

• GC == galactic centre 
• Bar 
• thin and thick stellar disks



MW Structure Diagram 

• Bulge 
• Spheroid  
• GC == globular clusters



MW Structure Diagram 

• Satellite galaxies 
• Large and Small Magellanic Clouds (LMC, SMC) 



MW Structure Diagram 

• Tidal material between Magellanic Clouds 
(MC) and between MW



MW Structure Diagram 

• HVC == High Velocity Clouds 
• VPOS == Vast Polar Structure of dwarf satellites



MW Structure Diagram 

• DM == Dark Matter Halo
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Fig. 2.3. The histogram shows the luminosity function !(MV ) for nearby stars: solid
dots from stars of Figure 2.2, open circles from Reid et al. 2002 AJ 124, 2721. Lines
with triangles show LV !(MV ), light from stars in each magnitude bin; the dotted curve
is for main-sequence stars alone, the solid curve for the total. The dashed curve gives
M!MS(MV ), the mass in main-sequence stars. Units are L⊙ or M⊙ per 10 pc cube;
vertical bars show uncertainty, based on numbers of stars in each bin.

Problem 2.3 Show that the volume in Equation 2.3 is Vmax(M) ≈ 4πd3
max/3,

where dmax is the smaller of 100 pc and 10 pc × 100.2(8−M). Using Table 1.4 for
MV , find dmax for an M4 dwarf. Why are you surprised to see such faint stars in
Figure 2.2?

It is quite difficult to determine the faint end of the luminosity function, since
dim stars are hard to find. The bright end of !(MV ) also presents problems;
because luminous stars are rare, we will not find enough of them unless we survey
a volume larger than our 100 pc sphere. But stars are not spread out uniformly in
space. For example, their density falls as we go further out of the Milky Way’s
disk in the direction of the Galactic poles. So, if we look far afield for luminous
stars, the average density in our search region is lower than it is near the Sun’s
position. Finally, many stars are in binary systems so close that they are mistaken
for a brighter single star. Despite these uncertainties, it is clear that dim stars are
overwhelmingly more numerous than bright ones.

Figure 2.3 also shows how much of the V -band light is emitted by stars
of each luminosity: stars in the range from MV to MV + #MV contribute an
amount LV !(MV )#MV of the total. Almost all the light comes from the brighter
stars, mainly A and F main-sequence stars and K giants. Rare luminous stars
such as main-sequence O and B stars, and bright supergiants, contribute more
light than all the stars dimmer than the Sun; so the total luminosity of a galaxy
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Light versus Mass contribution to Observations of MW
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The distance 
required while 

moving parallel to 
the galactic plane 
within the disk for 

the density of stars 
to fall by a factor of 

e.

n(R,z,S) = n(0,0,S)exp[−R/hR(S)]exp[−|z|/hz(S)] 

An approximation of the density of stars, n, of a given type, 
S, at a location R, z, defined by galactic co-ordinates.

The sun lies about 8kpc from the 
center of the Milky Way. The 

scale length of the Milky Way is 
about 3kpc.

(h_R == scale length; h_z == scale height)
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Fig. 2.8. Looking toward the south Galactic pole, filled circles show the density of stars
with 5< MV <6; these are late G and early K dwarfs. Sloping dashed lines show n(z) ∝
exp(−z/300 pc) (thin disk) and n(z) ∝ exp(−z/1 kpc) (thick disk); the solid curve is their
sum. At z ∼> 2 kpc, most stars belong to the metal-poor halo. A dwarfs (star symbols) lie
in a very thin layer – N. Reid and J. Knude.

Gas in the disk, and the dust that is mixed with it, is confined to an even thinner
layer. Near the Sun, hz < 150 pc for most of the neutral hydrogen gas, and no
more than 60–70 pc for the cold clouds of molecular gas from which stars are
born. Table 2.1 lists values of the scale height hz for various types of stars and
for gas; these are only approximate, since the density does not exactly follow
Equation 2.8. The scale length is probably in the range 2.5 kpc ∼< h R ∼< 4.5 kpc.

Problem 2.8 By integrating Equation 2.8, show that at radius R the number of
stars per unit area (the surface density) of type S is !(R, S) = 2n(0, 0, S)hz(S)
exp[−R/h R(S)]. If each has luminosity L(S), the surface brightness I (R, S) =
L(S)!(R, S). Assuming that h R and hz are the same for all types of star, show
that the disk’s total luminosity L D = 2π I (R = 0)h2

R.
For the Milky Way, taking L D = 1.5 × 1010L⊙ in the V band and h R =

4 kpc, show that the disk’s surface brightness at the Sun’s position 8 kpc from the
center is ∼20L⊙ pc−2. We will see in Section 3.4 that the mass density in the disk
is about (40–60)M⊙ pc−2, so we have M/LV ∼ 2−3. Why is this larger than
M/LV for stars within 100 pc of the Sun? (Which stars are found only close to
the midplane?)

Assuming that the solar neighborhood is a typical place, we can estimate how
fast the Milky Way’s disk is currently making stars. Taking M/LV ≈ 2, the
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Table 2.1 Scale heights and velocities of gas and stars in the disk and halo

hz or σx = σR σy = σφ σz ⟨vy⟩ Fraction of
Galactic component shape (km s−1) (km s−1) (km s−1) (km s−1) local stars

HI gas near the Sun 130 pc ≈5 ≈7 Tiny
Local CO, H2 gas 65 pc 4 Tiny

Thin disk: Z > Z⊙/4 (Figure 2.9) 90%
τ < 3 Gyr ≈280 pc 27 17 13 −10
3 < τ < 6 Gyr ≈300 pc 32 23 19 −12
6 < τ < 10 Gyr ≈350 pc 42 24 21 −19
τ > 10 Gyr 45 28 23 −30

Thick disk 0.75–1 kpc 5%–15%
τ > 7 Gyr, Z < Z⊙/4 (Figure 2.9) 68 40 32 −32
0.2 ∼< Z/Z⊙ ∼< 0.6 63 39 39 −51

Halo stars near Sun b/a ≈ 0.5–0.8 ∼0.1%
Z ∼< Z⊙/50 140 105 95 −190

Halo at R ∼ 25 kpc Round 100 100 100 −215

Note: gas velocities are measured looking up out of the disk (σz of HI), or at the tangent point (σφ for
HI and CO); velocities for thin-disk stars refer to Figure 2.9. For thick disk and halo, abundance Z ,
shape, and velocities refer to particular samples of stars. Velocity ⟨vy⟩ is in the direction of Galactic
rotation, relative to the local standard of rest, a circular orbit at the Sun’s radius R0, assuming
vy,⊙ = 5.2 km s−1.

disk’s luminosity LV ∼ 1.5 × 1010L⊙ corresponds to 3 × 1010M⊙ in stars. If
stars are produced with the same initial mass function that we measure locally,
roughly half of their material is returned to the interstellar gas as they age. So,
to build the disk over 10 Gyr, the Milky Way must produce (3−5)M⊙ of new
stars each year. We will see in Section 2.4 that there is (5−10) × 109M⊙ of
cool gas in the disk – so this rate of starbirth can be sustained for at least a few
gigayears.

Even if we cannot measure enough stars to find their distribution in space, we
can still use the volume Vmax of Equation 2.3 to test whether they are uniformly
spread: this is the V/Vmax test. Suppose that we choose a sample of stars by some
well-determined rule (e.g., all brighter than a given apparent magnitude), and find
their distance d and absolute magnitude MV (equivalently, the luminosity LV ).
For each one, we find the largest distance dmax and volumeVmax to which we could
have included it in our sample, and compare that with V(<d), the volume closer
to us than the star. If the stars are equally common everywhere, then on average
V(<d) = Vmax/2: the star is equally likely to be in the nearer or the further half of
the volume Vmax. A smaller value for this average indicates that the stars become
less common further away from us.

Problem 2.9 Suppose that we look at G dwarfs brighter than mV = 15 within 5◦

of the north Galactic pole. Assuming that they all have MV = 5, to what height
zmax can we see them? Then Vmax = $z3

max/3, where $/(4π ) is the fraction of

The distance 
required while 

moving 
perpendicular 
to the galactic 
plane for the 

density of stars 
to fall by a 
factor of e.
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2.4 Milky Way meteorology: the interstellar gas 101

Table 2.4 A ‘zeroth-order’ summary of the Milky Way’s interstellar medium (after J. Lequeux)

Density Temperature Pressure Vertical Mass Filling
Component Description (cm−3) (K) (p/kB) extent (M⊙) factor

Dust grains 107–108 Tiny
large ∼< 1 µm Silicates, soot ∼20 150 pc
small ∼ 100 Å Graphitic C 30–100
PAH < 100 atoms Big molecules 80 pc

Cold clumpy gas Molecular: H2 >200 <100 Big 80 pc (2) × 109 <0.1%
Atomic: HI 25 50–100 2 500 100 pc 3 × 109 2%–3%

Warm diffuse gas Atomic: HI 0.3 8 000 2 500 250 pc 2 × 109 35%
Ionized: HII 0.15 8 000 2 500 1 kpc 109 20%

HII regions Ionized: HII 1–104 ∼10 000 Big 80 pc 5 × 107 Tiny
Hot diffuse gas Ionized: HII ∼0.002 ∼106 2 500 ∼5 kpc (108) 45%
Gas motions 3

2 ⟨ρHI⟩σ 2
r ⟨nH⟩ ∼ 0.5 10 km s−1 8 000

Cosmic rays Relativistic 1 eV cm−3 8 000 ∼3 kpc Tiny
Magnetic field B ∼ 5 µG 1 eV cm−3 8 000 ∼3 kpc
Starlight ⟨νhP⟩ ∼ 1 eV 1 eV cm−3 ∼500 pc
UV starlight 11–13.6 eV 0.01 eV cm−3

Note: ( ) denotes a very uncertain value. Pressures and filling factors refer to the disk midplane near the Sun;
notice that the pressures from cosmic rays, in magnetic fields, and the turbulent motions of gas clouds are
roughly equal.

then photoionizes the gas to create an HII region. The zone where this happens
is called the photodissociation region. As the newly-ionized gas is heated to
∼10 000 K, its pressure suddenly shoots up to roughly 1000 times that of the
surrounding cloud. The HII region expands, pushing the cold gas outward super-
sonically. It often pierces the molecular cloud, escaping as a champagne flow.

The Milky Way’s entire gas layer is also threaded by a tangled magnetic
field. Its strength is about 0.5 nT or 5 µG near the Sun; it is higher at smaller
Galactocentric radii and falls to about half its local value at 2R0. All but the
coldest dense gas is sufficiently ionized to be a good electrical conductor, so the
field is frozen into it, moving along with the gas.

The expanding remnant of a supernova explosion sweeps up this magnetic
field along with the gas, and the moving field accelerates protons and heavier
atomic nuclei to near-light speeds, as cosmic rays. Cosmic rays with energy above
109 GeV or 109mpc2 can escape from the Galaxy’s magnetic field, while those
of lower energy are trapped within it. Cosmic rays penetrate into even dense
molecular clouds, keeping them partially ionized. Both cosmic rays and magnetic
field resist attempts to squeeze the gas, effectively adding to the gas pressure.

Expanding supernova remnants also accelerate electrons to relativistic speeds.
We observe their synchrotron radiation at radio wavelengths, as they spiral in the
Galactic magnetic field. This emission is brightest near the Galactic plane, but the
topmost image on the front cover shows that a diffuse radio halo extends many
kiloparsecs above and below it. This shows that both field and fast particles can
escape from the dense disk gas.

S+G Sec. 2.4.2  
A physical picture



Kinematics:  
- rotation 
- features

S+G:  Sec. 2.3
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Fig. 2.18. Galactic rotation: stars closer to the Galactic center (GC) pull ahead of us in
their orbits, while those further out are left behind. A star at the same Galactocentric radius
moves sideways relative to us.

Further reading: F. Melia, 2003, The Black Hole at the Center of our Galaxy
(Princeton University Press, Princeton, New Jersey) is written for the general
reader.

2.3 Galactic rotation

To a good approximation, the stars and gas in the disk of our Milky Way move in
near-circular paths about the Galactic center. We can take advantage of this orderly
motion to map out the distribution of galactic gas, from its measured velocities
in each direction. From the observed speeds, we can calculate how much inward
force is needed to keep the gas of the outer Galaxy in its orbit; it turns out to be
far more than expected. Additional mass, the dark matter, is required in addition
to that of the luminous stars and gas.

Stars closer to the Galactic center complete their orbits in less time than do
those further out. This differential rotation was first discovered by considering
the proper motions of nearby stars. Looking inward, we see stars passing us in
their orbits; their motion relative to us is in the same direction as the Sun’s orbital
velocity V0. Looking outward, we see stars falling behind us, so they have proper
motions in the opposite direction (Figure 2.18). Stars at the same Galactocentric
radius orbit at the same rate as the Sun, so they maintain a fixed distance and have
a ‘sideways’ motion. So, for stars close to the Sun, the proper motion µ has a
component that varies with Galactic longitude l as µ ∝ cos(2l). This pattern had
been noticed already by 1900; Dutch astronomer Jan Oort explained it in 1927
as an effect of Galactic rotation. By the 1920s, photographic plates had become
more sensitive, and could record stellar spectra well enough to determine radial
velocities accurately; these are now more useful for measuring differential rotation
in the Galaxy.

Differential Rotation



NASA/JPL-Caltech/ESO/R. Hurt

Galactic 
Coordinates: 
l == longitude 
b == latitude 

Degrees on image 
are “l”.



Canadian Galactic Plane Survey (CGPS)

Data cubes available at the 
Canadian Astronomy Data Centre 

http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/search/?
collection=CGPS&noexec=true#resultTableTab 
 

Show stepping through cube. 

(Outreach example at http://www.ucalgary.ca/ras/
CGPSpress/shell)

http://www.ucalgary.ca/ras/CGPSpress/shell
http://www.ucalgary.ca/ras/CGPSpress/shell
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Fig. 2.20. In the plane of the disk, the intensity of 21 cm emission from neutral hydrogen
gas moving toward or away from us with velocity VLSR, measured relative to the local
standard of rest – D. Hartmann and W. Burton.

precisely, the local standard of rest) orbits with speed V0, while a star P at radius
R has orbital speed V (R). The star moves away from us at speed

Vr = V cos α − V0 sin l. (2.10)

Using the sine rule, we have sin l/R = sin(90◦ + α)/R0, and so

Vr = R0 sin l
(

V
R

− V0

R0

)
. (2.11)

If the Milky Way rotated rigidly like a turntable, the distances between the
stars would not change, and Vr would always be zero. In fact, stars further from
the center take longer to complete their orbits; the angular speed V/R drops
with radius R. Then Equation 2.11 tells us that Vr is positive for nearby objects
in directions 0 < l < 90◦, becoming negative for stars on the other side of the
Galaxy that are so distant that R > R0. For 90◦ < l < 180◦, Vr is always negative,
while for 180◦ < l < 270◦ it is always positive; in the sector 270◦ < l < 360◦,
the pattern of the first quadrant is repeated with the sign of Vr reversed. Figure 2.20
shows the intensity of 21 cm line emission from neutral hydrogen gas in the disk
of the Galaxy: as expected, there is no gas with positive velocities in the second
quadrant (90◦ < l < 180◦), or with negative velocities in the third quadrant. The

Transpose the cube and do a moment 0 along “b”.  
Why does it look like this? 
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Fig. 2.19. Galactic rotation: a star or gas cloud at P with longitude l and Galactocentric
radius R, at distance d from the Sun, orbits with speed V (R). The line of sight to P is
closest to the Galactic center at the tangent point T.

The Sun does not lie exactly in the Galactic midplane, but about 15 pc above it,
and its path around the Galactic center is not precisely circular. The local standard
of rest is defined as the average motion of stars near the Sun, after correcting for
the asymmetric drift ⟨vy⟩ of Table 2.1. Relative to this average, the Sun is moving
‘in’ toward the Galactic center at 10 km s−1, and travels faster in the direction of
rotation by about 5 km s−1; its ‘upward’ speed toward the north Galactic pole is
7–8 km s−1. Published velocities of stars and gas are frequently given with respect
to this standard.

Usually (but not always; see Problem 2.16 below), we assume that the local
standard of rest follows a circular orbit around the Galactic center. In 1985 the
International Astronomical Union (IAU) recommended the values R0 = 8.5 kpc,
for the Sun’s distance from the Galactic center, and V0 = 220 km s−1, for its
speed in that circular orbit. To allow workers to compare their measurements,
astronomers often compute the distances and speeds of stars by using the IAU
values, although current estimates are closer to R0 ≈ 8 kpc and V0 ≈ 200 km s−1.

Problem 2.14 Using the IAU values for R0 and V0, show that it takes the Sun
about 240 Myr to complete one orbit about the Galactic center. This period is
sometimes called a ‘Galactic year’.

2.3.1 Measuring the Galactic rotation curve

We can calculate the radial velocity Vr of a star or gas cloud, assuming that it
follows an exactly circular orbit; see Figure 2.19. At radius R0 the Sun (or more
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Fig. 2.20. In the plane of the disk, the intensity of 21 cm emission from neutral hydrogen
gas moving toward or away from us with velocity VLSR, measured relative to the local
standard of rest – D. Hartmann and W. Burton.

precisely, the local standard of rest) orbits with speed V0, while a star P at radius
R has orbital speed V (R). The star moves away from us at speed

Vr = V cos α − V0 sin l. (2.10)

Using the sine rule, we have sin l/R = sin(90◦ + α)/R0, and so

Vr = R0 sin l
(

V
R

− V0

R0

)
. (2.11)

If the Milky Way rotated rigidly like a turntable, the distances between the
stars would not change, and Vr would always be zero. In fact, stars further from
the center take longer to complete their orbits; the angular speed V/R drops
with radius R. Then Equation 2.11 tells us that Vr is positive for nearby objects
in directions 0 < l < 90◦, becoming negative for stars on the other side of the
Galaxy that are so distant that R > R0. For 90◦ < l < 180◦, Vr is always negative,
while for 180◦ < l < 270◦ it is always positive; in the sector 270◦ < l < 360◦,
the pattern of the first quadrant is repeated with the sign of Vr reversed. Figure 2.20
shows the intensity of 21 cm line emission from neutral hydrogen gas in the disk
of the Galaxy: as expected, there is no gas with positive velocities in the second
quadrant (90◦ < l < 180◦), or with negative velocities in the third quadrant. The

— —— ——

Via some algebra.
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Fig. 2.20. In the plane of the disk, the intensity of 21 cm emission from neutral hydrogen
gas moving toward or away from us with velocity VLSR, measured relative to the local
standard of rest – D. Hartmann and W. Burton.

precisely, the local standard of rest) orbits with speed V0, while a star P at radius
R has orbital speed V (R). The star moves away from us at speed

Vr = V cos α − V0 sin l. (2.10)

Using the sine rule, we have sin l/R = sin(90◦ + α)/R0, and so

Vr = R0 sin l
(

V
R

− V0

R0

)
. (2.11)

If the Milky Way rotated rigidly like a turntable, the distances between the
stars would not change, and Vr would always be zero. In fact, stars further from
the center take longer to complete their orbits; the angular speed V/R drops
with radius R. Then Equation 2.11 tells us that Vr is positive for nearby objects
in directions 0 < l < 90◦, becoming negative for stars on the other side of the
Galaxy that are so distant that R > R0. For 90◦ < l < 180◦, Vr is always negative,
while for 180◦ < l < 270◦ it is always positive; in the sector 270◦ < l < 360◦,
the pattern of the first quadrant is repeated with the sign of Vr reversed. Figure 2.20
shows the intensity of 21 cm line emission from neutral hydrogen gas in the disk
of the Galaxy: as expected, there is no gas with positive velocities in the second
quadrant (90◦ < l < 180◦), or with negative velocities in the third quadrant. The
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Fig. C.1. Radial velocity Vr of gas on four rings, at radii R = 4, 6, 10, and 12 kpc, with
circular speed V (R) = 220 km s−1. The Sun ⊙ is at R0 = 8 kpc.

Problem 2.7 See astro-ph/0309416.

Problem 2.11 Because of the Malmquist bias, the stars in your sample are brighter than
the average for the whole sky. If you do not correct for the bias, and simply assume that
the stars of your sample are an average selection of those in the sky, you will overestimate
their distances. The average values that you infer for any other properties that are linked
to the luminosity will also be wrong.

Problem 2.12 Blue stars with mV = 20 must be far from the midplane, where disk stars
are rare. The red stars are dim nearby dwarfs; at this apparent magnitude, a red giant would
be halfway to M31!

Problem 2.13 Leye = 0.08L⊙, corresponding via Equation 1.6 to Meye ≈ 0.6M⊙. After
3 Gyr, only stars below Mu ≈ 1.5M⊙ are still on the main sequence. Between Ml =
0.2M⊙ andMu, 6.08ξ0 stars were made; their total mass is 2.54ξ0M⊙, so ξ0 = 3.95×106.
There are Neye = 1.05ξ0 ≈ 4 × 106 main-sequence stars with Meye ∼< M ∼< Mu.

Table 1.1 shows that, for low-mass stars, the red giant phase lasts about a third as long
as the main-sequence life. There are 0.1ξ0 stars that live between 2.25 and 3 Gyr on the
main sequence (1.5M⊙ ∼< M ∼< 1.8M⊙); adding them makes little difference to Neye. A
star with L < Leye can be seen only to rmax = 3 pc(L/Leye)0.5 ≈ 3 pc(M/Meye)2.5. The
number of stars between M and M+ "M within the sphere rmax(M) is proportional to
(M/Meye)7.5−2.35, decreasing rapidly as M < Meye.

Problem 2.15 See Figure C.1. At (l = 120◦, V > 0) we see local motions in gas near
the Sun, not Galactic rotation.

Problem 2.20 Near the center where the density is close to ρH(0), Equation 2.19 gives
V (r ) → r VH/(

√
3aH). At large radius V (R) → VH: see Figure 5.19. Far beyond aH,

the mass M(r ) rises linearly with radius. In a real galaxy, the dark halo does not extend
forever; at some radius its density must start to fall below that of Equation 2.19. But
Equation 2.18 tells us that, in a spherical halo, the orbital speed at radius r depends only
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dark narrow bands extending across many degrees in longitude show where gas
has been piled up, and its velocity changed, by gravitational forces in the spiral
arms.

Problem 2.15 For a simple model of the Galaxy with R0 = 8 kpc and
V (R) = 220 km s−1 everywhere, find Vr(l) for gas in circular orbit at R =
4, 6, 10, and 12 kpc. Do this by varying the Galactocentric azimuth φ around
each ring; find d for each (φ, R), and hence the longitude l and Vr. Make a plot
similar to Figure 2.20 showing the gas on these rings. In Figure 2.20 itself, explain
where the gas lies that corresponds to (l ∼ 50◦, V > 0); (l ∼ 50◦, V < 0); (l ∼
120◦, V < 0); (l ∼ 240◦, V > 0); (l ∼ 300◦, V > 0); and (l ∼ 300◦, V < 0).
Where is the gas at (l ∼ 120◦, V > 0)?

Problem 2.16 Suppose that gas in the Galaxy does not follow exactly circular
orbits, but in addition has a velocity U (R, l) radially outward from the Galactic
center; stars near the Sun have an outward motion U0. Show that gas at point P
in Figure 2.19 recedes from us at speed

Vr = R0 sin l
(

V
R

− V0

R0

)
− R0 cos l

(
U
R

− U0

R0

)
+ d

U
R

. (2.12)

Suppose now that the Sun is moving outward with speed U0 > 0, but that gas
in the rest of the Galaxy follows circular orbits; how should velocities measured
in the direction l = 180◦ differ from zero? For gas at a given radius R, in
which direction are the extrema (maxima or minima) of VR shifted away from
l = 90◦ and l = 270◦? Use Figure 2.20 to show that the Sun and the local
standard of rest are probably moving outward from the Galactic center.

When our star or gas cloud is close to the Sun, so that d ≪ R, we can neglect
terms in d2; using the cosine rule for triangle S–P–GC then gives R ≈ R0−d cos l.
The radial velocity of Equation 2.11 becomes

Vr ≈ R0 sin l
(

V
R

)′
(R − R0) ≈ d sin(2l)

[
− R

2

(
V
R

)′]

R0

≡ d A sin(2l), (2.13)

where we use the prime for differentiation with respect to R. The constant A,
named after Oort, is measured as 14.8 ± 0.8 km s−1 kpc−1.

The proper motion of a star at P relative to the Sun can be calculated in a
similar way. From Figure 2.19, the tangential velocity is

Vt = V sin α − V0 cos l. (2.14)
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Fig. 2.20. In the plane of the disk, the intensity of 21 cm emission from neutral hydrogen
gas moving toward or away from us with velocity VLSR, measured relative to the local
standard of rest – D. Hartmann and W. Burton.

precisely, the local standard of rest) orbits with speed V0, while a star P at radius
R has orbital speed V (R). The star moves away from us at speed

Vr = V cos α − V0 sin l. (2.10)

Using the sine rule, we have sin l/R = sin(90◦ + α)/R0, and so

Vr = R0 sin l
(

V
R

− V0

R0

)
. (2.11)

If the Milky Way rotated rigidly like a turntable, the distances between the
stars would not change, and Vr would always be zero. In fact, stars further from
the center take longer to complete their orbits; the angular speed V/R drops
with radius R. Then Equation 2.11 tells us that Vr is positive for nearby objects
in directions 0 < l < 90◦, becoming negative for stars on the other side of the
Galaxy that are so distant that R > R0. For 90◦ < l < 180◦, Vr is always negative,
while for 180◦ < l < 270◦ it is always positive; in the sector 270◦ < l < 360◦,
the pattern of the first quadrant is repeated with the sign of Vr reversed. Figure 2.20
shows the intensity of 21 cm line emission from neutral hydrogen gas in the disk
of the Galaxy: as expected, there is no gas with positive velocities in the second
quadrant (90◦ < l < 180◦), or with negative velocities in the third quadrant. The





Tangent point method can be used in inner region. 

To form the rotation curve we need R which in general is 
hard to know. 

To get R, one 
needs d 
between sun 
and cloud at p. 

ROTATION CURVE
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Fig. 2.19. Galactic rotation: a star or gas cloud at P with longitude l and Galactocentric
radius R, at distance d from the Sun, orbits with speed V (R). The line of sight to P is
closest to the Galactic center at the tangent point T.

The Sun does not lie exactly in the Galactic midplane, but about 15 pc above it,
and its path around the Galactic center is not precisely circular. The local standard
of rest is defined as the average motion of stars near the Sun, after correcting for
the asymmetric drift ⟨vy⟩ of Table 2.1. Relative to this average, the Sun is moving
‘in’ toward the Galactic center at 10 km s−1, and travels faster in the direction of
rotation by about 5 km s−1; its ‘upward’ speed toward the north Galactic pole is
7–8 km s−1. Published velocities of stars and gas are frequently given with respect
to this standard.

Usually (but not always; see Problem 2.16 below), we assume that the local
standard of rest follows a circular orbit around the Galactic center. In 1985 the
International Astronomical Union (IAU) recommended the values R0 = 8.5 kpc,
for the Sun’s distance from the Galactic center, and V0 = 220 km s−1, for its
speed in that circular orbit. To allow workers to compare their measurements,
astronomers often compute the distances and speeds of stars by using the IAU
values, although current estimates are closer to R0 ≈ 8 kpc and V0 ≈ 200 km s−1.

Problem 2.14 Using the IAU values for R0 and V0, show that it takes the Sun
about 240 Myr to complete one orbit about the Galactic center. This period is
sometimes called a ‘Galactic year’.

2.3.1 Measuring the Galactic rotation curve

We can calculate the radial velocity Vr of a star or gas cloud, assuming that it
follows an exactly circular orbit; see Figure 2.19. At radius R0 the Sun (or more
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Tangent point method can be used in inner region. 

ROTATION CURVE
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• Pick an l. 
• vr will be max at tangent to an orbit. 
• vr will be zero on sun’s orbit  

(v/r== angular speed and is same on same orbit).

 In outer region R keeps increasing and V/R smaller than V0/R0 —> negative slope. 

Goes to larger 
distances

M+B P. 471



Distance d —> R from GC —> rotation curve.



Mid-plane (b=-3.6 to +5.6) 

Anticentre

Canadian Galactic Plane Survey

W4 “Chimney”
—> Material and 
energy into Halo

Features of the MW.



High Velocity Clouds

• Velocity differs from rotation curve velocity.  
• LMC, SMC bridge — tidal.  
• Others origin: outflow and subsequent inflow? 



“Fossils”

The goals of Galactic Archaeology are to find signatures or fossils from the epoch of Galaxy 
assembly. 
• identify observationally how important mergers and accretion events were in building up the 

Galactic disk, bulge and halo of the Milky Way. 
• reconstruct the star-forming aggregates (clouds that formed stars; globular clusters) and 

accreted galaxies that built up the the Galaxy. 
• recognize aggregates:

•  kinematically as stellar moving groups. 
•  by their chemical signatures (chemical tagging)

https://ned.ipac.caltech.edu/level5/Sept15/Freeman/Freeman5.html

NASA

https://ned.ipac.caltech.edu/level5/Sept15/Freeman/Freeman5.html


Satellite Galaxies
• about 2 dozen

ATCA plus Parkes image in HI by S. Kim, L. Staveley-Smith, M. 
Dopita, K. Freeman, R. Sault, M. Kesteven, D. McConnell, M. 
Calabretta and R

Large Magellanic Cloud 
(face-on disk)



Satellite Galaxies
Is the VPOS a serious problem for ΛCDM? 3

year data release (Spergel et al. 2007): ΩM = 0.238, ΩΛ =
0.762, H0 = 73 km s−1 Mpc−1, n = 0.951, and σ8 = 0.74.
The host halo suffered no major mergers after z = 1.7 and
had a host halo mass of Mhalo = 1.77 × 1012M⊙ within a
radius of rvir = 389 kpc, making it a good candidate for a
Milky Way-like disc galaxy at the present day. VLII has a
sub-halo mass resolution limit of Msub = 4 × 106M⊙ and
is therefore capable of resolving all the classical Milky Way
dwarfs.

We also compare the Milky Way distribution to the
simulations performed by Garrison-Kimmel et al. (2014):
Exploring the Local Volume in Simulations (ELVIS). The
ELVIS simulations were performed using GADGET-3 and
GADGET-2 (Springel 2005), both of which are tree-SPH
codes that follow the dissipationless component with the N-
body method. ELVIS is a dissipationless cosmological sim-
ulation with adopted ΛCDM parameters from WMAP -7
(Larson et al. 2011): ΩM = 0.266, ΩΛ = 0.734, H0 = 71 km
s−1 Mpc−1, n = 0.963, and σ8 = 0.801. Simulations were
chosen to be good analogues of the Local Group and had to
meet a specific set of criteria based on host mass, total mass,
separation, radial velocity, and isolation. In total, 12 pairs
of galaxies were simulated to model the Milky Way – M31
system; these 24 haloes were then simulated again in isola-
tion. The isolated simulations were shown to have similar
subhalo counts and mass functions. However, sub-haloes in
paired simulations were shown to have substantially higher
tangential velocities. For the comparisons made in this pa-
per, we choose to compare the Milky Way dwarf population
to the high resolution, isolated simulations referred to as iS-
cylla and iHall. These two simulations have a subhalo mass
resolution of Msub ∼ 2×105M⊙, while all of the other ELVIS
simulations have a mass resolution of Msub > 2 × 107M⊙

and therefore are not capable of resolving all the classical
Milky Way dwarfs. These haloes have similar properties to
the Milky Way and are good analogues. The properties of
the realized haloes from both simulations are given in Table
1.

2.2 Plane fitting: the dwarf galaxies at the

present day

The method used to fit planes to distributions of dwarf
galaxies in both simulations and the Milky Way is the
method of principal component analysis (PCA). The best-
fitting plane is n̂ • x = n̂xX + n̂yY + n̂zZ = 0, where n̂

is the normal vector of the best-fitting plane and X,Y, Z
are the coordinate points for a satellite. Note that our so-
lution forces a best-fitting plane to go through the centre
since an off-centre solution would not be meaningful. To per-
form PCA, we evaluate the covariance matrix and perform
an eigenvalue analysis. The resulting eigenvector associated
with the smallest eigenvalue is the normal of the plane, n̂,
which passes through the origin and ensures that the found
plane is the best solution. In other words, a vector pointing
along the direction of least variance will be perpendicular to
the direction of greatest variance and therefore represents
the normal vector of a best-fitting plane.

The distance that the i-th dwarf out of N dwarfs lies
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DES (Koposov et al. 2015)

Ultrafaints

Chakrabarti et al. (2016)

MW Disc

Figure 1. All known dwarf galaxies surrounding the Milky Way
are displayed (including those that are not spectroscopically con-
firmed) and the VPOS is shown via the solid blue line. The solid
horizontal line in the centre represents the Milky Way galactic
disc, and the dotted lines bordering the VPOS represent the
rms distance, Drms = 21.3 kpc, of the dwarfs from the fitted
plane. The system is viewed from infinity and rotated by angle
φ = 158.0◦ so that the VPOS is viewed edge on.

above the plane is determined, and the total rms distance of
the distribution is calculated as a measure of planarity:

Drms =

√

√

√

√

1
N

N
∑

i

(n̂ • xi)2. (1)

However, this comparison is not sufficient to give a
full understanding of the distribution as it does not take
into account the compactness of the distributions as a
more compact distribution will naturally lead to a small
Drms regardless of the actual distribution (Kang et al. 2005;
Zentner et al. 2005; Metz et al. 2007). This effect can be
nullified by normalizing Drms by the median radial dis-
tance, Rmed. We define this measure of compactness as
Zentner et al. (2005) have defined:

δ =
Drms

Rmed
. (2)

At the current time, the positions of every Milky Way
dwarf (both confirmed and unconfirmed) and the best-fitting
plane are shown in Fig. 1. The hypothetical plane is fitted
only to the 11 ‘classical’ dwarfs or those dwarfs for which
we have proper motion measurements. The data plotted in
Fig. 1 are rotated by an angle of φ = 158.0◦ about the z-
axis so that the best-fitting plane is viewed edge-on. Using a
clockwise rotation matrix, the rotated coordinates are found
by xrot = x cos φ+ y sinφ and yrot = −x sinφ+ y cos φ.

The same plane-fitting analysis is also performed on the
dark matter simulations described above. To make an accu-
rate comparison to the Milky Way, we perform a series of

MNRAS 000, 1–14 (2016)

“… bolsters the standard cosmological model, 
or the Cold Dark Matter paradigm, by showing 
that the vast polar structure formed well after 
the Milky Way and is an unstable structure.”

http://www.rit.edu/news/story.php?id=60486

Andrew Lipnicky and Sukanya Chakrabarti

Vast Polar Structure (VPOS)

If the VPOS instead lasted a dynamical 
time it could be a problem for Lambda 
CDM cosmology (Lambda == Dark 
Energy; Cold Dark Matter).  However 
using HST proper motion measurements 
and simulations indicates that  
• planar structures in Lambda CDM are 

not that rare (e.g. 1 in 10 probability) 
• the VPOS is transient, having existed 

for less than a Gyr (e.g. timescale of 
mergers).

News this week!

http://www.rit.edu/news/story.php?id=60486
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