
Galactic Evolution



Galactic Evolution

Evidence of galaxy interactions in clusters of galaxies

• In rich, regularly shaped clusters we find a large fraction 
of elliptical galaxies.

• Since regularly shaped clusters are thought to be old 
there has been enough time for mergers.

• Typically, the merger of spirals will lead to an elliptical.

• The fraction of spirals is also larger near the center of 
clusters where the probability of collisions is larger.
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Galactic Evolution

Evidence of galaxy interactions: Warped Disks, 
Stripping of gas, and increased star formation

• Warped disk are observed in a large fraction of disk 
galaxies.

• The warped disked are thought to be due to tidal 
interactions with smaller satellite galaxies.

• Stripping of gas during galaxy interactions

• Interactions may trigger star formation. This in turn will 
increase the supernova rate, leading to galactic 
superwinds, capable of liberating a large amount of gas 
from the galaxy. 
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Our Milky Way isn’t the only warped galaxy. This galaxy – labeled ESO 
510-G13 – is an edge-on warped spiral galaxy. Similar to the Milky Way it 
has a pronounced warp in its gaseous disk and a less pronounced warp in 
its disk of stars.
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The spiral galaxy, NGC4402, is currently falling towards the centre of the Virgo
cluster (downwards in this image). The bowed and truncated disk, and the concentration
of dust and gas to one side of the galaxy are all indicators that ram pressure stripping is
forcing gas out of the galaxy.

http://astronomy.swin.edu.au/cosmos/S/Spiral+Galaxy
http://astronomy.swin.edu.au/cosmos/V/Virgo+Cluster
http://astronomy.swin.edu.au/cosmos/D/Dust+Grain
http://astronomy.swin.edu.au/cosmos/R/Ram+Pressure+Stripping
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M82 starburst galaxy taken by the Hubble Telescope, combining exposures taken
with four colored filters that capture starlight from visible and infrared
wavelengths as well as the light from the glowing hydrogen filaments.
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Dynamical Friction

When galaxies collide collisions between stars are very rare 
because stars are so far apart. Interaction between stars are 
gravitational in nature.

Imagine a globular cluster or small galaxy of mass M and 
velocity vM moving through stars, gas, dust and dark matter 
with as density of r(r).  

The gravitational interaction between the globular cluster and 
the background mass results in a force opposing the motion of 
the globular cluster. This force is referred to as Dynamical 
Friction. 
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Dynamical friction
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M, vm are the mass and velocity of the GC. r is the density of the background mass  

GCs will fall to the center of the galaxy because of dynamical friction 
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The angular momentum of the globular cluster about the z direction is 
Lz = MvMr

The torque on the GC from the frictional force is 𝜏 = 𝑟×𝐹! ⟹ 𝜏" = 𝑟𝑓!
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where tc is the age of the globular cluster.  
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Dynamical friction

Within the cluster lifetime tc all globular clusters within a radius of r < ri
will have spiraled to the center. 

𝑟./0 = 𝑟1 =
𝑐𝐺𝑀𝑡+
2𝜋𝑣%

where tc is the age of the globular cluster and M is its mass.

Example: Consider a globular cluster in M31. Assume MGC = 5 ×106 M⊙
and vM = 250km/s. If tc=13 Gyr then rmax~3.7 kpc. Any globular cluster 
within 3.7 kpc will have spiraled into the nucleus by now!

Note that rmax scales as M1/2 so the “cleared out” radius is larger for more 
massive globular clusters.
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Rapid Galaxy Encounters
If the collision of two galaxies is so rapid that their stars don’t have time to 
respond, there is almost no dynamical friction. 

In a rapid collision the potential energy of the galaxies after the collision is 
unchanged but the internal kinetic energies of the galaxies has increased.
Before the collision and after relaxation the virial theorem applies.

Before Collision:  internal kinetic, potential and total energies Ki, Ui, Ei
−2Ki = Ui and Ei = Ki + Ui     ⇒ −2Ki = Ei − Ki ⇒ Ki = −Ei

Just After Collision Galaxy is out of Equilibrium:
Ki ⇒ Ki + 𝛥K ,  Ui ⇒ Ui and Ef = Ei + 𝛥K

After some relaxation time the Galaxy is back in Equilibrium:
− 2Kf = Uf and Ef = Kf + Uf ⇒ Kf = −Ef = − Ei − 𝛥K ⇒ Kf = Ki − 𝛥K

Uf = −2Kf = − 2Ki + 2𝛥K = Ui + 2𝛥K ⇒ Uf = Ui + 2𝛥K
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Rapid Galaxy Encounters
Question: So how does the galaxy redistribute K and U during relaxation so 
that K decreases by 2𝛥K just after the collision? 

Answer: the potential energy increases by the same amount. This can 
happen by the galaxy expanding and/or producing rings.
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Formation of Galaxies: The Eggen, Lynden-Bell, Sandage Collapse Model

Their work was based on the following observations:
• Most metal poor stars have the highest eccentricities, the largest radial components 

of their peculiar motion (u), and the lowest angular momentum about the rotation 
axis of the Galaxy

• Metal rich stars tend to exist in near circular orbits on the plane.

The Basic Ingredients and predictions of the model:
• The Galaxy formed from the rapid collapse of a large proto-Galactic nebula.

• The old and low metallicity stars in the halo formed first while still on nearly radial 
trajectories, resulting in large u values.

• The halo stars are predicted to be metal poor since they formed first from material 
that has not been enriched by stellar nucleosynthesis.

• Collapse slowed when collisions between the gas and dust became more frequent.

• The nebula would rotate faster as it collapsed due the conservation of angular 
momentum and it would eventually form a disk of gas and dust and a young 
population of Pop I stars.
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Formation of Galaxies: The Eggen, Lynden-Bell, Sandage Collapse Model

ELS  model assumes:
• Free fall collapse of a cloud of uniform density r0
• Spherical symmetry of collapse
• Isothermal gas: same temperature T during collapse. Typically T increases 

during collapse but if the density is low enough and the gas is optically thin 
photons can escape easily and radiate efficiently

From Newton’s Second law and conservation of momentum

𝜌
𝑑,𝑟
𝑑𝑡, = −

𝐺𝑀&𝜌
𝑟, −

𝑑𝑃
𝑑𝑟

(left term is force over volume and the last term is zero for free fall)

Mr is the mass interior to the collapsing surface. This mass will remain constant 
during the collapse.
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Formation of Galaxies: The Eggen, Lynden-Bell, Sandage Collapse Model
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Where tff is the free fall time for the cloud to collapse according to the ELS 
model.

Example: Assume a protogalactic cloud has a mass of M = 5 ×1011 M⊙ and 
r0 = 50 kpc 

The initial density is then 𝜌2 =
%

$
%*&&

% = 6.5 ×10-23 kg/m3

𝑡44~260 Myr
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Problems with ELS Model

1. All halo stars and globular clusters according to the ELS model 
should be moving in the same direction if they all formed from 
the collapse of a single nebula. This is not what is observed. About 
half of the outer-halo stars have retrograde orbits and their net 
rotation velocity is ~ 0 km/s The inner halo stars appear to have a 
net rotational velocity. 

2. There is an observed large range in the ages of globular clusters 
and halo stars of about 2 Gyears. This is an order of magnitude 
longer than the collapse time of the ELS model.

3. The ELS model predicts that globular clusters in the same 
galaxy should have similar metallicity. This is not what is 
observed. Globular clusters near the galactic center are the more 
metal rich and the oldest. The globular clusters in the halo have a 
range of metallicities and are younger. 



Astro 129: Chapter 1a

The Stellar Birthrate Function B(M,t)

𝐵 𝑀, 𝑡 𝑑𝑀𝑑𝑡 = 𝜓 𝑡 𝜉 𝑀 𝑑𝑀𝑑𝑡

B(M,t) is the stellar birthrate: Number of stars formed per unit volume with 
masses between M and M + dM and that are formed out of the ISM during 
the interval between t and t+dt

𝝍 𝒕 is the star formation rate (SFR): The mass of the ISM gas converted to 
stars per unit volume per unit time.  For the disk of the Milky Way: 

𝜓 𝑡 = 5 ± 0.5 M⊙ pc-2 Gyr−1

𝝃 𝑴 is the initial mass function (IMF): The number of stars with a mass 
between M and M + dM.

𝜉 𝑀 = !6
!%

= 𝑐𝑀7(590)

for 7 M⊙ < M < 35 M⊙ :  x ~ 1.8
for M > 40 M⊙ : x ~ 4 
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A Dissipative Collapse Model

• A free fall collapse assumes dP/dr = 0 (that the gas can radiate energy 
efficiently). The time for collapse tff is referred to as the dynamical 
timescale of collapse. 

• If the gas does not radiate efficiently then the timescale of collapse will 
depend on how long the gas takes to cool significantly.

If tcool >> tff gas cannot radiate energy fast enough for       
collapse to proceed. The gravitational energy 
gets converted to kinetic and thermal energy

If tcool << tff gas radiates efficiently and the nebular 
collapses in a free-fall timescale of tff
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A Dissipative Collapse Model

The energy radiated per unit volume per unit time is:

𝑟 𝑡 = 𝑛,Λ T

;<;&=>
$1.;×-@AB.;

= 5
-@AB.;

, ;<;&=>×-@AB.;
$1.;

𝜦 𝐓 is called the cooling function and is the total energy radiated per unit 
time multiplied by the volume.

The time for all the energy to be radiated away from a protogalactic cloud of 
volume V is tcool: 

𝑟 𝑡 𝒕𝒄𝒐𝒐𝒍𝑉 = 𝐸$@$/A
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Estimate of tcool for a Dissipative Collapse

The total kinetic energy in the protogalactic cloud is:

KE= 3
,
𝑘𝑇-1&1/A 𝑁 (1)

𝑤ℎ𝑒𝑟𝑒 𝑁 𝑖𝑠 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

KE = 5
,
𝑚/-; 𝑣, N (2)

(1) ∧ (2) ⟹ 3
,𝑘𝑇-1&1/A = 5

,𝑚/-; 𝑣, ⟹𝑇-1&1/A = .'()F!

3G = H.*F!

3G

µ is called mean molecular weight and mH is the mass of the hydrogen atom

𝑟 𝑡 𝒕𝒄𝒐𝒐𝒍𝑉 = 𝐸$@$/A =
3
,
𝑘𝑇-1&1/A N ⟹ 𝒕𝒄𝒐𝒐𝒍 =

3
,
GI(#+#',
& $ J

= 3
,
GI(#+#',
<K L
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Estimate of tcool for a Dissipative Collapse

𝒕𝒄𝒐𝒐𝒍 =
3
,
GI(#+#',
<K L

and 𝑇-1&1/A = H.*F!

3G

The velocity dispersion of the atoms in a protogalactic gas can be calculated 
as follows:

−2 𝐾 = 𝑈 ⟹ −2 5,𝑚 𝑣, 𝑁= − 3(%!

MN ⟹𝑁𝜇𝑚O𝜎, = 3(%!

MN ⟹

𝜎, =
3𝐺𝑀
5𝑅

𝒕𝒄𝒐𝒐𝒍 =
3
,
GI(#+#',
<K L

and 𝑇-1&1/A = H.*(%
MGN
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Example of Estimating tcool of Dissipative Collapse

𝒕𝒄𝒐𝒐𝒍 =
3
,
GI(#+#',
<K L

and 𝑇-1&1/A = H.*(%
MGN

Assume a protogalactic cloud  of  M = 5 ×1011 M⊙, R = 50 kpc with  90% H 
and 10% He by number. First, we calculate the fraction by mass of H and He.

fmH = P2.*
P2.*952.*)

= P2.*
P2.*9)2.*

= P2
532

~ 70%

fmHe = 52.*)
P2.*952.*)

= )2.*
P2.*9)2.*

= )2
532

~ 30%

5
H = 2X + 3)Y + 5,Z ⟹ 𝜇 = 0.6

𝑇-1&1/A = 0.6×(1.67×10
−27 kg)×(6.67×10−11 m3kg−1 s−2) ×(5 ×1011× 2 ×1030 kg)
5×(1.38×10−23 J K−1) ×(50×3.09×1019m) ⟹

𝑇-./.01 = 6.2×105 K
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Example of Estimating tcool of Dissipative Collapse

𝒕𝒄𝒐𝒐𝒍 =
3
,
GI(#+#',
<K L

and 𝑇-1&1/A = H.*(%
MGN

𝑇-./.01 = 6.2×105 K

𝑛 = 2
34!

=	 56
789!34!

~	5×104m-3

Λ T ~ 1×10−36Wm3 for a temperature of T = 6.2×105 K

𝒕𝒄𝒐𝒐𝒍 =
3
2
(1.38×10−23 J K−1)(6.2×105 K)
(5×104m−3)(1×10−36Wm3) = 6.2×105 sec ~ 8 𝑀𝑦𝑒𝑎𝑟𝑠
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Detecting Dark Matter in Clusters of Galaxies

Example: The Bullet Cluster formed from the 
collision of two clusters

Using the weak lensing technique, 
astronomers have deduced that the dark mass 
in the clusters (blue) is separate from that of 
the hot gas. 

This separation was presumably produced by 
the high-speed collision in which the gas 
particles collided with each other, while the 
stars and dark matter were unaffected. 

This provides direct evidence that most of the 
matter in the Bullet Cluster is dark matter. 



Formation of the First Galaxies

These very deep observations with 
HST show us how galaxies looked 
like in the distant past some ~11 
billion years ago. 

Recent observations of the very first 
galaxies in the Universe suggest that 
galaxies formed from the merger 
of smaller objects. This is often 
referred to as building galaxies from 
the "Bottom Up”. The building 
blocks of galaxies are about a few 
1000 ly across. 

The very first galaxies appear very 
blue indicating significant star 
formation at this time. 



Spiral versus Elliptical Galaxies

One idea to explain why some galaxies 
become spirals and other ellipticals
is that if star formation is large during the 
formation of the protogalaxy all the gas 
will be consumed quickly to form stars 
and no disk is formed resulting in an 
elliptical galaxy. Conversely, if star 
formation is weak within a protogalaxy
the gas will have time to settle and form 
a disk resulting in a spiral galaxy.


