
Phenomenology of Galaxies 
PHYS 4230

… To Explore Strange New Worlds



Big Questions: How universe formed;  
How it will die; All this dark energy and dark matter… 
Need to know about galaxies and their evolution to 
get reasonable ideas. 



Beautiful plot describing the variation of 𝐻0 as we look back in time.  The slopes of each line 
describe the expansion of the universe.  Dashed lines are possible expansion descriptions, and 
the solid line reflects actual observations. 
Airey, 2017, MS Paint

Ben:

• What if the redshift isn’t always due to cosmic 
expansion?

• Consider all types of velocity

𝑉𝑟 = 𝐻0𝑑 + 𝑉𝑃

• 𝑉𝑃 is peculiar motion
• Galaxies tend to move towards regions of high 

density → peculiar motion

Large Scale Structure and Cosmology



Clustering of different morphological types.
S+G, Fig. 8.5, p. 321

Elliptical, S0 Spirals, Irregulars

Large Scale Structure intertwined with cosmology 
and galaxy evolution. 
Including gas flowing in along the cosmic web into galaxies.



GALAXY CLASSIFICATION 

By	Antonio	Ciccolella	/	M.	De	Leo	-	h5ps://en.wikipedia.org/wiki/File:Hubble-Vaucouleurs.png,	CC	BY	3.0,	retrieved	January	19,	2017,	from	h5ps://
commons.wikimedia.org/w/index.php?curid=50260841	
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Keagan:  
Review  
• stars (blackbody; spectra; photometry) 
• Magnitudes; colour indices; filters 
• less historic galaxy classification



Christie: Spectral Energy Distribution M82

NASA/IPAC Extragalactic Database
The STScI Digitized Sky Survey

Spectral Energy Distribution M104

NASA/IPAC Extragalactic Database
The STScI Digitized Sky Survey

• Continuum and 
Line emission 

• Not Blackbody

Bulge!



Surface Brightness

❏ The surface brightness (I(x)) of a galaxy is the amount of light per square 
arcsecond on the sky at a particular point.
❏ I(x) = F/ḇ =(L/4ᶢd²)/(D²/d²) = L/(4ᶢD²) (1.23)

❏ Units: mag arcsec¯² (the apparent magnitude of a star that appears as bright as 
one square arcsecond of the galaxy’s image) or L๏ pc¯²

❏ The surface brightness at any point does not depend on distance d unless a 
galaxy is so far away that the expansion of the Universe reduces I(x).

Sparke & Gallagher (2007, p. 42)

Stellar Mass-to-Light Ratio



The Schechter Function

❏ The Schechter function 
overestimates the density of very 
faint galaxies, however most of the 
light comes from galaxies close to L*.

Sparke & Gallagher (2007, p. 45)

Luminosity Function: L* and M* galaxies

• Malmquist Bias (Kate; Assignment) error 



AN ALTERNATE HUBBLE DIAGRAM 

Retrieved from Sparke & Gallagher 
 “Galaxies in the Universe” 2nd ed.  p. 38  

Kate:  Photometry of Spirals
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Mug: 



SPIRAL STRUCTURE (CONT.) 

•  Barred 
•  The bars are elliptically shaped 
•  Often contain rings or lenses 
•  Often lopsided – the bar and bulge not necessarily at the 

center of the galaxy’s light distribution 

Information taken from Binney and Merrifield “Galactic Astronomy” 1998 

Barred spiral galaxy example 
NGC 1300 
 
Image retrieved from APOD Feb 1 2017: 
https://apod.nasa.gov/apod/
ap160109.html 

 
 



Bars and Rings? 



LUMINOSITY PROFILE

• Very little absorption by dust
• SB of ellipticals highly concentrated in centre
• Can use Sersic’s formula to model SB, with 

modifications:

𝐼 𝑅 = 𝐼(𝑅𝑒)𝑒
−𝑏 𝑅

𝑅𝑒

1
𝑛−1

• 𝑅𝑒 is the radius of circle enclosing half the light
• For large galaxies, we take 𝑛 = 4, 𝑏 ≅ 1.999𝑛 − 0.327
• For small ones, we just use the exponential:

𝐼 𝑅 = 𝐼(𝑅𝑒)𝑒
−𝑅
𝑅𝑒

(S+G, pp. 242-4, 2007)

Ben: Photometry of Ellipticals 

LUMINOSITY VS CENTRAL 
BRIGHTNESS

KFCB (2009)

• Cusp  
• Core







Milky Way Composition
Jordan: 



Observations
• HI from the 21 cm line 

• 12CO from the 2.6mm and 
1.3mm line

• Total gas amount can be determined 
from the amount of cosmic rays 
detected vs the amount of gamma 
rays that we see from the same area



Using the gas…



Data – Moment Maps 

•  ’Moment	Zero’	Map	gives	NHI	(column	
density)	

•  Summing	globally	gives	gas	mass	
•  We	also	get	density	vs.	radius	

NGC	7331	Moment	zero	map	(lee)	and	
velocity	field	map	(right)	–	Data	from	VLA	
[S&G	pg.	210]		Density	vs.	radius	

[S&G	pg.	211	

Dan:   Cold gas; Telescopes; analysis (moment maps, channel maps)



Craft Time! 

Congratula?ons	to	Wolfgang	who	actually	finished	his!	The	extra	decora?ons	
are	in	OPUS	if	anyone	would	like	to	bedazzle	their	antenna.	



RELATING MASS TO LIGHT

TULLEY-FISHER RELATION

▸ The width of the HI 
distribution, ΔV, can be 
seen to correlate well with 
absolute magnitude 

▸ This works even though the 
rotation velocity is dictated 
largely by non-visible mass 

▸ This can be used to 
measure the distance to 
galaxies, by calculating a 
distance modulus

Tully, R. B. and Fisher, J. R., "A new method of determining distances to galaxies". Astronomy and Astrophysics, vol. 54, no. 3, Feb. 1977, pp. 661–673

5

Wolfgang: 



▸ Dynamical mass is the mass calculated from the observed dynamics 
of the system, the line at the top 

▸ The predicted rotation curve due to luminous mass is shown below, 
and is insufficient to account for the total mass.  The dashed line 
must be added

MEASURING MASS

RADIO HI

Sparke & Gallagher, p.217

13

Galaxy Mass-to-light Ratio; Mass Modelling  —-> Dark Matter



20

Don’t need Newton’s Laws — still get DM with Gravitational Lensing



MEASURING MASS

MASS-TO-LIGHT RATIOS IN THE UNIVERSE

▸ The larger scale we look at, the more M/L begins to look 
like the number derived by cosmological models

Image: lecture given by James Schombert

21





CONVERSION FROM CO TO H2

• RELATIONSHIP BETWEEN CO LINE STRENGTH AND
H2  DENSITY FOR THE J = 1 → 0 TRANSITION

• X IS THE CONVERSION FACTOR

• STANDARD X FOR THE MILKY WAY IS
X = (2.3 → 2.8) X 1020 CM-2 (K KM S-1)-1

• X VARIES BASED ON METALLICITY AND GALACTIC
MORPHOLOGY

X = (0.6 → 10) X 1020 CM-2 (K KM S-1)-1

7

Cole:
Molecular Gas



ACTUAL PROPERTIES OF EARLY-TYPE GALAXIES

• STILL DO NOT EXHIBIT MUCH ACTIVE STAR
FORMATION

• DO CONTAIN GAS AND DUST: CO IS QUITE
PROMINENT

• STARS CAN FOLLOW AN ORDERLY ORBIT

18



27



Galaxy Interactions – Major and Minor
• Major interactions are interactions in which the interacting galaxies 

have similar (i.e. within an order of magnitude) masses
• Causes significant tidal disruption of both galaxies

• Minor interactions involve galaxies with significantly different 
masses
• Parent (larger galaxy) not significantly affected
• Includes satellite interactions

Robert: 

Toomre Sequence
• Peculiar galaxies are transient phenomena
• Colliding spirals generally produce an elliptical galaxy

• Note that this is the opposite of the Hubble tuning fork

• Will deal more with this on the assignment

Interactions, Mergers, Starburst, AGN

Starburst Galaxies
• Starbursts are typically quite 

blue in optical because of a 
burst of star formation 
within the last few Gyr

• Typically produce the 
majority of their luminosity 
in IR

Antennae galaxies, Hubble Heritage

AGN Unification
• A family of models that is 

intended to explain the vast 
diversity of AGN classes with a 
similar set of structures

• Includes:
• Supermassive black hole
• Accretion disk
• Obscuring clouds
• Outflows/Jets

AGN Unification Model Urry & 
Padovani 1995

As galaxies interact/merge gas also flows along cosmic web so that, while  some 
mergers become Es, others form bulges and disks (from web) forming S and SBs. 



RADIO HALOS AND 
SYNCHROTRON RADIATION

WOLFGANG KLASSEN 
SECOND READER: ROBERT GLEISINGER



SPECTRAL INDEX

SPECTRAL INDEX

RADIO HALOS

SOURCE
▸ Radio halos are now thought to be the result of galactic 

“Chimneys” venting the hot ionized gas from supernovae 
into the galactic halo



Scott: 
Galaxy Evolution; Star Formation Rate; Galaxy Main Sequence 
SFR*

Main Sequence

• Blue Cloud  

• Red & Dead Sequence 

• Green Valley

� /�8 10

of star formation [134]. Such rates may be difficult to achieve with purely gravitational 
triggering as found in local star-forming galaxies. Simulations suggest that such clumps, 
presumably formed by violent disk gravitational instabilities, may generate outflows but survive 
for ~> 108yr, long enough to fall into the central regions and contribute to bulge formation and 
black hole growth [135].  (COMPARE INSET WITH KENNICUTT & EVANS FIG. 8)

40 J. Silk, A. Di Cintio, I. Dvorkin

Fig. 28. – Star formation rate vs stellar mass relation at 1.5 < z < 2.5, for di↵erent samples
of galaxies (various symbols). The solid black line indicates the Main Sequence of star forming
galaxies, and a population of starbursts is evident in the top left panel. In the inset, the same
relation is shown but as a function of specific SFR. Figure from [132].

Fig. 29. – Evolution of the e↵ective radius of passive galaxies with redshift. Left panel, size vs.
dynamical mass: z ⇠ 2 galaxies (red circles) are smaller by a factor 3 compared to low-redshift
galaxies. Right panel, evolution of the e↵ective radius at fixed dynamical mass vs. redshift.
The solid line is the best-fit re ⇡ (1 + z)�0.97±0.10. Figure from [136].

Galaxy Main Sequence



Secular  
Evolution





Spiral Arms 

John: 
Milky Way



Milky Way Rotation 

The morphology of the Milky Way 

PV diagram



90 Mapping our Milky Way

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

— —— ——
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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. 2.19. 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

 

Observed velocity 
along line of sight

Project circular 
velocities onto the LOS 
for radial velocities.



MW Structure Diagram 

• DM == Dark Matter Halo



“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

Interactions with satellites and Andromeda 
—> Large Scale Structure in the Universe. 



Ben — Green Pea and mergers/bulge formation 
Christie — polar ring and  “”    
Cole — tadpoles and blazers 
Kate — polar ring and lack of DM in past rotation curves (inclination and stacking) 
Dan — multiple merger and SF around a black hole 
Wolfgang —  IC 3583 barred IRR and VPOS 
Jordan — A+E and dwarf with large black hole  
Keagan — NGC 7292 barred IRR and lack of DM in past rotation curves 
Robert — UDG Dragonfly 44 (how measure DM?) and early uni galaxy with oxygen 

More to the Story!!! 

• Galaxies not in the Hubble-deVaucoleurs Classification.

• Your Presentations



Now for something serious. 


