
D
istances to Spiral G

alaxies
D

istances to Spiral G
alaxies

D
istance can be com

puted from 
D

istance can be com
puted from 

H
ubble Law

 (D
=

H
H

ubble Law
 (D

=
H

0 0 v) v)
But that is only 
But that is only after

after w
e can calibrate the 

 w
e can calibrate the 

relation
relation
For nearby galaxies w

e can determ
ine the 

For nearby galaxies w
e can determ

ine the 
distance using
distance using

C
epheids

C
epheids

Brightest supergiants
Brightest supergiants
Supernova
Supernova



Peaks in the H
I velocity 

Peaks in the H
I velocity 

profile show
s w

here 
profile show

s w
here 

the galaxies has the 
the galaxies has the 
m

axim
um

 rotation 
m

axim
um

 rotation 
velocity (los)
velocity (los)



Tully-Fisher R
elation

Tully-Fisher R
elation

They noticed that 
They noticed that 
w

hen you plotted the 
w

hen you plotted the 
absolute m

agnitude of 
absolute m

agnitude of 
a spiral galaxy vs the 
a spiral galaxy vs the 
w

idth of the H
I profile 

w
idth of the H

I profile 
you had a linear 
you had a linear 
correlation (Tully & 
correlation (Tully & 
Fisher 1977)
Fisher 1977)



Tully-Fisher R
elation (cont)

Tully-Fisher R
elation (cont)

Find that L~
V

Find that L~
V

 , w
here 

, w
here   depends on 

 depends on 
the w

avelength, 
the w

avelength,  ~
 

 ~
 4 4. .

M
 =

 b log(W
) +

 a
M

 =
 b log(W

) +
 a

W
 is the w

idth of the 21 cm
 H

I line
W

 is the w
idth of the 21 cm

 H
I line

N
ote: M

ust correct for inclination:                    
N

ote: M
ust correct for inclination:                    

W
 =

 W
W

 =
 W

obs
obs /sin(i)

/sin(i)

C
onstants a &

 b are found using nearby 
C

onstants a &
 b are found using nearby 

galaxies
galaxies



Tully-Fisher R
elation (cont)

Tully-Fisher R
elation (cont)

W
hy does this w

ork?
W

hy does this w
ork?

W
e know

 that V
W

e know
 that V

2 2 =
 G

M
/R

 or M
 ~

 V
 =

 G
M

/R
 or M

 ~
 V

2 2 R  R
and that the surface brightness
and that the surface brightness
   =

 L/R
=

 L/R
2 2 or R

 ~
 (L/

or R
 ~

 (L/ ) ) 1/2
1/2

W
e can also m

easure the m
ass using a m

ass-to-light 
W

e can also m
easure the m

ass using a m
ass-to-light 

ratio  M
 =

 L(M
/L)

ratio  M
 =

 L(M
/L)

so now
so now

L(M
/L) ~

V
L(M

/L) ~
V

2 2 (L/
 (L/ ) ) 1/2

1/2  

L L
2 2(M

/L)
(M

/L) 2 2  ~
V

  ~
V

4 4  (L/
  (L/ ) )



Tully-Fisher R
elation (cont)

Tully-Fisher R
elation (cont)

L L
2 2(M

/L)
(M

/L) 2 2  ~
V

  ~
V

4 4  (L/
  (L/ ) )

L ~
 V

L ~
 V

4 4 /{ 
 /{  (M

/L
(M

/L) ) 2 2} }

This is w
here w

e've hidden the unknow
ns. This 

This is w
here w

e've hidden the unknow
ns. This 

relation only w
orks if the surface brightness and

relation only w
orks if the surface brightness and

the M
/L ratio is a constant. So som

ehow
 the m

ass
the M

/L ratio is a constant. So som
ehow

 the m
ass

(including the D
M

) and the stars “know
” about 

(including the D
M

) and the stars “know
” about 

each other!
each other!

W
e don't know

 how
 this w

orks but it m
ust be 

W
e don't know

 how
 this w

orks but it m
ust be 

explained by any galaxy form
ation theory!

explained by any galaxy form
ation theory!



 = =
4.4 w

ith a 
4.4 w

ith a 
scatter of 
scatter of 
0.19 m

ag
0.19 m

ag

 =3.5 w
ith a 

=3.5 w
ith a 

scatter of 
scatter of 
0.25 m

ag
0.25 m

ag

 = =
3.2 w

ith a 
3.2 w

ith a 
scatter of 
scatter of 
0.25 m

ag
0.25 m

ag



Local 
group

U
rsa M

ajor
cluster

Virgo 
C

luster

Jacoby et al. 1992
Jacoby et al. 1992



Tully-Fisher R
elation (cont)

Tully-Fisher R
elation (cont)

Pros
ProsO

nce calibrated can be 
O

nce calibrated can be 
used at large distances
used at large distances
C

an m
easure the H

I 
C

an m
easure the H

I 
linew

idth very 
linew

idth very 
accurately
accurately
C

an w
ork in the IR 

C
an w

ork in the IR 
band w

ith little dust 
band w

ith little dust 
extinction
extinction
M

easure distances to 
M

easure distances to 
groups and clusters
groups and clusters

C
ons

C
onsN

ot sure w
hy it w

orks
N

ot sure w
hy it w

orks
H

idden system
atic 

H
idden system

atic 
effects
effects

L can be affected by 
L can be affected by 
dust
dust
Scatter in the relation 
Scatter in the relation 
so its diffi

cult to 
so its diffi

cult to 
m

easure distances to a 
m

easure distances to a 
single galaxy
single galaxy



Spiral Structure
Spiral Structure

There are three basic types of spiral galaxies 
There are three basic types of spiral galaxies 
(ignoring detailed classification)
(ignoring detailed classification)

G
rand design spirals (~

10%
)

G
rand design spirals (~

10%
)

M
ulti-arm

 spirals (~
60%

)
M

ulti-arm
 spirals (~

60%
)

Flocculent spirals (~
30%

)
Flocculent spirals (~

30%
)

Basic questions:
Basic questions:

W
hat are the arm

s?
W

hat are the arm
s?

Are spiral arm
s leading or trailing?

Are spiral arm
s leading or trailing?



G
rand D

esign 
G

rand D
esign 

Spirals
Spirals
Arm

s are w
ell defined

Arm
s are w

ell defined

C
an be traced at least

C
an be traced at least

once around the
once around the
galaxy
galaxy

About 10%
 of all 

About 10%
 of all 

spiral galaxies
spiral galaxies



G
rand D

esign 
G

rand D
esign 

Spirals
Spirals
Arm

s are w
ell defined

Arm
s are w

ell defined

C
an be traced at least

C
an be traced at least

once around the
once around the
galaxy
galaxy

About 10%
 of all 

About 10%
 of all 

spiral galaxies
spiral galaxies



N
G

C
 6946 a m

ulti-arm
ed spiral:

N
G

C
 6946 a m

ulti-arm
ed spiral:

Arm
s have various lengths and definition

Arm
s have various lengths and definition

The m
ajority of spirals are m

ulti-arm
ed.

The m
ajority of spirals are m

ulti-arm
ed.



Arm
s are poorly defined and often segm

ented
Arm

s are poorly defined and often segm
ented



G
alaxy rotation

G
alaxy rotation



H
ow

 do w
e tell is arm

s are leading or trailing.
H

ow
 do w

e tell is arm
s are leading or trailing.

W
e need tw

o bits of inform
ation:

W
e need tw

o bits of inform
ation:

1) the direction of rotation
1) the direction of rotation
2) W

hich side of the galaxy is closer to us!
2) W

hich side of the galaxy is closer to us!

#
1 can do done using spectroscopy but #

2 is 
#

1 can do done using spectroscopy but #
2 is 

m
uch m

ore tricky. The basic idea is to try and
m

uch m
ore tricky. The basic idea is to try and

determ
ine w

hich side of the galaxy is dim
m

er.
determ

ine w
hich side of the galaxy is dim

m
er.

If its dim
m

er w
e m

ust be seeing it through m
ore

If its dim
m

er w
e m

ust be seeing it through m
ore

dust and it m
ust be further aw

ay!
dust and it m

ust be further aw
ay!



B band im
age

B band im
age

D
istant      close

D
istant      close

B
-H

 band im
age

B
-H

 band im
age



Spiral Arm
s (cont)

Spiral Arm
s (cont)

Early studies of this problem
 (e.g. H

ubble 1943; 
Early studies of this problem

 (e.g. H
ubble 1943; 

de Vaucouleurs 1958) show
ed that all spirals 

de Vaucouleurs 1958) show
ed that all spirals 

w
ere trailing!

w
ere trailing!

M
ore recently spirals have been identified w

ith  
M

ore recently spirals have been identified w
ith  

leading edges and spirals that have both types!
leading edges and spirals that have both types!



N
G

C
 4622 a 

N
G

C
 4622 a 

leading arm
leading arm
spiral (Buta et al
spiral (Buta et al
2003)
2003)



W
hat are spiral arm

s?
W

hat are spiral arm
s?

C
an they be a physical 

C
an they be a physical 

structure in the disk?
structure in the disk?

So w
e can m

ake a
So w

e can m
ake a

spiral-like 
spiral-like 
structure! But 
structure! But 
w

hat happens as
w

hat happens as
tim

e goes on?
tim

e goes on?



This w
ould only solve the problem

 for a 
This w

ould only solve the problem
 for a 

short tim
e! 

short tim
e! 



W
hat else can w

e have? W
ell if it cannot be a physical

W
hat else can w

e have? W
ell if it cannot be a physical

object then it m
ust be collection of stuff!

object then it m
ust be collection of stuff!

W
hat stuff and how

 do you m
ake a pattern?

W
hat stuff and how

 do you m
ake a pattern?

Shu proposed that these could be density w
aves and 

Shu proposed that these could be density w
aves and 

w
e see these only because the density w

ave can
w

e see these only because the density w
ave can

  concentrate the stars along the w
ave.

concentrate the stars along the w
ave.



D
ensity W

ave Theory
D

ensity W
ave Theory

Think of a density perturbation that 
Think of a density perturbation that 
m

oves w
ith a speed unrelated to the 

m
oves w

ith a speed unrelated to the 
speed of the stars
speed of the stars

Since its not coupled w
ith the stars it 

Since its not coupled w
ith the stars it 

doesn't have to w
ind-up

doesn't have to w
ind-up

A density w
ave can rotate like a rigid body

A density w
ave can rotate like a rigid body

An analogy is a slow
 car on the 

An analogy is a slow
 car on the 

interstate – you can have a m
uch 

interstate – you can have a m
uch 

higher density of cars trailing it!
higher density of cars trailing it!



D
ensity W

ave Theory (cont)
D

ensity W
ave Theory (cont)

The density w
ave w

ill rotate w
ith som

e 
The density w

ave w
ill rotate w

ith som
e 

speed called the pattern speed (
speed called the pattern speed ( 

p p ) )
Stars w

ill stream
 through the w

ave and 
Stars w

ill stream
 through the w

ave and 
“bunch” up 
“bunch” up 

As it enters it w
ill speed up slightly

As it enters it w
ill speed up slightly

As it leaves it w
ill slow

 dow
n

As it leaves it w
ill slow

 dow
n

So the stars spend m
ore tim

e in the w
ave and 

So the stars spend m
ore tim

e in the w
ave and 

this enhances the stellar density and w
e see a 

this enhances the stellar density and w
e see a 

spiral arm
spiral arm



W
hy do spiral arm

s appear 
W

hy do spiral arm
s appear 

blue?
blue?

Think about a gas cloud 
Think about a gas cloud 
approaching this density w

ave
approaching this density w

ave
It gets squeezed by the w

ave so it its 
It gets squeezed by the w

ave so it its 
close to collapsing to form

 stars this 
close to collapsing to form

 stars this 
can trigger the collapse
can trigger the collapse
Another trigger m

echanism
 m

ay be 
Another trigger m

echanism
 m

ay be 
that since gas clouds m

ay collide as 
that since gas clouds m

ay collide as 
one entering bum

ps one that is 
one entering bum

ps one that is 
exiting driving a shock w

ave through 
exiting driving a shock w

ave through 
the cloud inducing star form

ation.
the cloud inducing star form

ation.
So young stars ->

 blue color! 
So young stars ->

 blue color! 



D
ensity W

ave Theory (cont)
D

ensity W
ave Theory (cont)

H
ow

 do density w
aves get started?

H
ow

 do density w
aves get started?

An initial asym
etry in the m

atter or D
M 

An initial asym
etry in the m

atter or D
M 

distribution?
distribution?
G

ravitational encounter?
G

ravitational encounter?
O

nce its started it can sustain itself for 
O

nce its started it can sustain itself for 
about 10
about 10

9 9 yrs.
 yrs.



M
51: a grand design spiral w

ith a perturber 
M

51: a grand design spiral w
ith a perturber 



D
ensity W

ave Theory (cont)
D

ensity W
ave Theory (cont)

The spiral arm
 pattern can be am

plified by 
The spiral arm

 pattern can be am
plified by 

resonances betw
een the epicyclic frequencies 

resonances betw
een the epicyclic frequencies 

of the stars (deviations from
 circular orbits) 

of the stars (deviations from
 circular orbits) 

and the angular frequency of the spiral 
and the angular frequency of the spiral 
pattern
patternSpiral w

aves can only grow
 betw

een the inner 
Spiral w

aves can only grow
 betw

een the inner 
and outer Lindblad resonances (
and outer Lindblad resonances ( 

p p =
 

=
  

  -   - 
 /m

 ; 
/m

 ;  
p p =

 
=

  
 +

 
 +

  /m
 ) w

here 
/m

 ) w
here  =

the epicyclic 
=

the epicyclic 
frequency and m

 is an integer (the #
 of spiral 

frequency and m
 is an integer (the #

 of spiral 
arm

s)
arm

s)
Stars outside this region find that the periodic pull 
Stars outside this region find that the periodic pull 
of the spiral is faster than their epicyclic frequency, 
of the spiral is faster than their epicyclic frequency, 
they don’t respond to the spiral and the w

ave dies 
they don’t respond to the spiral and the w

ave dies 
out
out
R

esonance can explain w
hy 2 arm

 spirals are m
ore 

R
esonance can explain w

hy 2 arm
 spirals are m

ore 
prom

inent 
prom

inent 
W

e observe resonance patterns in spirals
W

e observe resonance patterns in spirals



Lindblad R
esonance

Lindblad R
esonance



W
e see these resonances

W
e see these resonances

as ring structures in 
as ring structures in 
spiral galaxies.
spiral galaxies.

N
G

C
 3351 w

ith an inner
N

G
C

 3351 w
ith an inner

resonance (ring).
resonance (ring).



O
uter ring

O
uter ring

Inner ring
Inner ring

N
G

C
 6872 

N
G

C
 6872 



 
 

A star w
ith a given angular m

om
entum

 w
ill

only follow
 a circular orbit if it is at a specific

radius R
G . R

G  is the “guiding radius” and 
everyw

here else w
e can w

rite the radius in 
term

s of R
 =

 R
G  +

 x. If x <
<

 R
 w

e can again 
expand this, so in the radial direction
w

e haveẍ
=
−
x
[
∂
2


e
ff

∂
R

2
]R

g =
−

2
R

g x

From
 the lecture on orbits recall that... 

x
=
X
c
o
s

t




W
ith solutions like

W
here X and 

 are constants of integration.  
2  

is the epicyclic frequency if 
2>0. If 

2<0 the
orbit is unstable. 

K
inem

atic Spiral



 
 

Solar O
rbit 



Epicyclic Spirals
Epicyclic Spirals

For a Keplerian potential, the orbit and epicycle 
frequencies are the sam

e,  =
 

 . The full orbit is closed: 
w

e have an off-centered Keplerian ellipse. H
ow

ever, in 
general  

 and  are different so orbits don't close



Epicyclic Spirals
Epicyclic Spirals

If each ellipse is given an azim
uthal offset proportional to 

r
1/2, the effect is a tw

o arm
ed spiral of orbits (b).  A set of 

(3/2) orbits produces a three arm
ed spiral (c) and 

(4/1) produces a four arm
ed pattern (d).



Evidence for density w
aves

Evidence for density w
aves

The H
I m

ap of M
81 

The H
I m

ap of M
81 

w
ith the velocity m

ap 
w

ith the velocity m
ap 

(spider diagram
) 

(spider diagram
) 

overlayed
overlayed
The lines of constant 
The lines of constant 
velocity bend as they 
velocity bend as they 
cross an arm
cross an arm

Speeds up and then 
Speeds up and then 
slow

s dow
n

slow
s dow

n
Exactly w

hat w
e expect 

Exactly w
hat w

e expect 
for a density w

ave!
for a density w

ave!



Evidence for D
ensity w

aves 
Evidence for D

ensity w
aves 

cont.
cont.

Surface density of the disk should vary 
Surface density of the disk should vary 
as as

1+
 

1+
  cos(m

cos(m
 ), w

ith 
), w

ith   being the 
 being the 

am
plitude and <

 1. 
am

plitude and <
 1. 

But for dust and gas 
But for dust and gas   is 2 – 3, w

hy?
 is 2 – 3, w

hy?
G

as clouds are collisional and can be 
G

as clouds are collisional and can be 
com

pressed! (Fujim
oto 1968; R

oberts 
com

pressed! (Fujim
oto 1968; R

oberts 
1969)
1969)

Predicts that the dust and gas arm
s 

Predicts that the dust and gas arm
s 

are narrow
er than the stellar arm

s.
are narrow

er than the stellar arm
s.



M
51 and M

101
M

51 and M
101



Arm
 W

idth
Arm

 W
idth

The w
idth of the arm

s m
ust be related 

The w
idth of the arm

s m
ust be related 

to the angular speed (
to the angular speed ( 

) and the 
) and the 

lifetim
es of the young blue stars (t

lifetim
es of the young blue stars (t

* * ). ).

  



  =

 |
=

 |
 - 


 - 

p p  | t
 | t* *


 


 = =

2 2
 

p p , ,  
p p =

 10
=

 10
km

/s/kpc
km

/s/kpc  

B
3 star has  t

B
3 star has  t* * = 2 x 10

= 2 x 10
7 7 yrs
 yrs

S
o 

S
o 



 is about 12
 is about 12

o o, close to w
hat w

e observe
, close to w

hat w
e observe



Stochastic Spirals
Stochastic Spirals

M
any short 

M
any short 

fragm
ented arm

s
fragm

ented arm
s

N
o clear 

N
o clear 

sym
m

etry
sym

m
etry

Star form
ation by 

Star form
ation by 

local instabilities
local instabilities
Sheared into long 
Sheared into long 
 arcs by 
 arcs by 
differential 
differential 
rotation
rotation



Possible Spirals
Possible Spirals

K
inem

atic spirals
K

inem
atic spirals

Arm
s are “fam

ilies” of orbits.
Arm

s are “fam
ilies” of orbits.

D
ensity W

ave spirals
D

ensity W
ave spirals

Self gravity of the disk drives and 
Self gravity of the disk drives and 

m
aintains the pattern.

m
aintains the pattern.

Stochastic (C
haotic) spirals

Stochastic (C
haotic) spirals

C
aused by differential rotation of star 

C
aused by differential rotation of star 
form

ing regions.
form

ing regions.



Stochastic Spirals cont
Stochastic Spirals cont

Arm
 lengths are predicted to be 

Arm
 lengths are predicted to be 

~
0.2kpc

~
0.2kpc

Sim
ilar to w

hat is observed
Sim

ilar to w
hat is observed

Arm
s fade quickly but are replaced by 

Arm
s fade quickly but are replaced by 

new
 arm

s from
 fresh star form

ation
new

 arm
s from

 fresh star form
ation

This im
plies a carful regulation of the 

This im
plies a carful regulation of the 

star form
ation rate. 

star form
ation rate. 

This m
odel predicts no underlying 

This m
odel predicts no underlying 

arm
s from

 the older disk stars. 
arm

s from
 the older disk stars. 


