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• Course resources 

• Website 

• Books: 

• Sparke and Gallagher, 2nd Edition 

• Carroll and Ostlie, 2nd Edition 

 

Somak Raychaudhury 
www.sr.bham.ac.uk/~somak/Y3FEG/ 

REVISION 

An easy way for numerical calculations 

•  How long does it take for the Sun to go 
around the galaxy? 

•   The Sun is travelling at v=220 km/s in a 
mostly circular orbit, of radius r=8 kpc 

 
Use another system of Units: 
u  Assume G=1 
u  Unit of distance = 1kpc 
u Unit of velocity= 1 km/s 
u Then Unit of time becomes  109 yr 
u And Unit of Mass becomes 2.3 × 105 M¤ 

So the time taken is 2πr/v = 2π × 8 /220 time units 

Gravitational potential 
energy 
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Measuring the mass of a galaxy cluster 

2�T � + �V � = 0The Virial theorem 

Virial theorem 
Newton’s shell theorems 
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Potential-density pairs Potential-density pairs 

Effective potential 

Bertrand’s theorem 
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Spiral arms 
are caused by 
density waves 

that sweep 
around the 

Galaxy. 
 
 

The Winding 
Paradox (dilemma) 
is that if galaxies 
rotated like this, 

the spiral structure 
would be quickly 

erased. 

To establish the existence of SMBHs 

•   Stellar kinematics in the core of the galaxy 
•   Optical spectra: the width of the spectral line from 

broad emission lines  

•  X-ray spectra: The iron Kα line is seen is clearly seen 
in some AGN spectra 

•  The bolometric luminosities of the central regions of 
some galaxies is much larger than the Eddington 
luminosity 

•   Variability in X-rays: Causality demands that the 
scale of variability corresponds to an upper limit to 
the light-travel time 

Schwarzschild radius 

So the radial distance between two nearby points on the 
same radial line (dθ=0, dφ=0) measured simultaneously 
(dt=0) is the proper distance  

The proper time dτ recorded by clock at radial distance r is 
related to the time t recorded at infinity  

Mass RS=3       km 
Innermost stable 

orbit=3RS 

1 Earth mass  2 cm 6 cm 

1 Solar mass 3 km 9 km 

10 Solar 
masses 

30 km  90 km 

1 million Solar 
masses 

3 million km  
 

9 million km  
 

Size of a black hole   

~ 4 x Solar radius! 

Schwarzschild radius 
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S2: star with orbital period 15.2 yr 

•  For S2, Eccentricity =0.87 
•  Perigalacticon distance = 120 AU 

     rp = 120 x 1.5 x 108 km 

 
•  From Kepler 3,  

 

•   Schwarzschild radius= 

a =
rp

1− e
= 1.4× 1014 m

Eddington luminosity 

At the Eddington limit 
LE =

3GMmHc

2r2
e

where the classical radius of the electron 

re ≡
e2

mec2
= 2.8× 10−15 m

So if L=1039 W, and the BH is radiating at the 0.1 x  
the Eddington limit, then  

MBH =
(2r2

e
)(0.1L)

3GmHc
= 7.7M⊙ X 106 

Seyfert I and Seyfert II galaxies 
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Q10, 2005 Q10, 2005 

Q10, 2005 
Gravitational Collapse in the ISM 

•  The Jeans Mass 

•  We know from the Jeans Criterion that if Mc>MJ collapse occurs. 
•  Substituting the values from the table into 

 gives: 
–  Diffuse HI cloud: MJ ~ 1500 MSun => stable as Mc<MJ. 
–  Molecular cloud core: MJ ~ 10 Msun => unstable as Mc>MJ. 

•  So deep inside molecular clouds the cores are collapsing to form stars.  

Diffuse HI Cloud H2 Cloud Core 

T 50 K 10 K 

ρ 5× 108 m-3 1010 m-3 

MJ 1500 M¤ 10 M¤ 

Mc 1-100 M¤ 10-1000 M¤ 

MJ =
�

5kT

GµmH

�3/2 �
3

4πρ0

�1/2
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Problem of star formation efficiency 

Gas in the galaxy should be wildly gravitationally 
unstable. It should convert all its mass into stars on a 
free-fall time scale: 

! 

tff =
3"
32G#

=
3.4 $1010

n
yr

For interstellar medium (ISM) in our galaxy: 

! 

n " 2 #105 m-3

Total amount of molecular gas in the Galaxy: 

! 

~ 2 "109Msun

! 

tff = 8 "106 yr

Expected star formation rate: 

! 

~ 250 Msun /year
Observed star formation rate: 

! 

~ 3 Msun /year
Something slows star formation down... 

Calculating star formation rate 

                      

Question: The Milky Way galaxy has about 5e9 solar masses of 
gas in total. If 2 solar masses of that gas is turned into stars each 
year, how many more years could the Milky Way keep up with 
such a star formation rate? 
 
Answer: 5x109 divided by 2 is 2.5x109.  
So, the MW can keep up its star formation rate of 2 
solar masses per year for 2.5x109 years. 

Abundance and metallicity 
 [Fe/H]=0 [O/Fe]=0 
 
Notation: =0 means solar abundance.  
[ ] denotes logarithmic ratio. 
 
At very early times, [Fe/H]=negative (e.g. =-1.5) since the 
heavy elements have not be created yet, 
 
Type II Supernovae occur at earlier times. They produce 
both O and Fe and so [O/Fe] is zero. 
 
At later times, Type I Supernovae make more heavy 
elements. they contribute to Fe, but not to O. So the ratio 
[O/Fe] decreases at later times, when the metallicity of 
stars is higher. 

What is a starburst? 
 There is no well-established definition of the starburst 
phenomenon but many would agree that in a starburst 

 
•  The mean gas consumption timescale is significantly 

smaller than the Hubble age (as in blue compacts) 
     or 

•  That this is true for a local region in the centre – a 
nuclear starburst (prototype: NGC 7714). 

             and that 
•  Starbursts have high star formation efficiencies, i.e they 

use up a larger proportion of the molecular cloud it is 
formed from than normal before the cloud disperses or 
dissociates. The normal efficiency is 5%. In starbursts it 
may be 10 times higher. 
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Global vs. nuclear starbursts 

• Global SB affects a substantial part of the  of the 
galaxy and the total gas reservoir is consumed 
in << Hubble time 

• Nuclear starbursts are actually circumnuclear 
and occur in many massive young clusters 

 Important questions: 

•  Is there a fundamental difference in IMF? 

• Can starbursts be distinguished from AGNs or 
other energy sources in the centre? 

Nature or Nurture? 
•  Nature?	
  	
  Ellip.cal	
  galaxies	
  only	
  form	
  in	
  
protoclusters	
  at	
  high	
  redshi:.	
  	
  Rest	
  of	
  
popula.on	
  is	
  due	
  to	
  infall.	
  

•  or	
  Nurture?	
  	
  Galaxy	
  evolu.on	
  proceeds	
  along	
  a	
  
different	
  path	
  within	
  dense	
  environments.	
  
–  If	
  this	
  is	
  true	
  in	
  groups	
  and	
  clusters,	
  then	
  
environment	
  could	
  be	
  the	
  driving	
  force	
  of	
  recent	
  
galaxy	
  evolu.on…	
  

E	
  

Morphology-Density Relation 

Dressler	
  1980	
  

Clusters	
  

Fi
el
d	
  

S0	
  
Spirals	
  

B) External?  Hierarchical build-up of structure inhibits star formation 
A) Internal?  i.e. gas consumption and “normal” aging 

Why Does Star Formation Stop? 

(Hopkins et al 2004) 

The “Madau Plot” 
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 Additional physics? 
•  Ram-­‐pressure	
  stripping	
  	
  
•  Collisions	
  /	
  harassment	
  	
  
•  	
  “Strangula.on”	
  

Quilis,	
  Moore	
  &	
  Bower	
  2000	
  

short timescale 

Kenney	
  et	
  al.	
  2003	
  

 Additional physics? 
•  Ram-­‐pressure	
  stripping	
  	
  

•  Collisions	
  /	
  harassment	
  
•  “Strangula.on”	
  

important in 
groups? 

Also	
  .dal	
  effects	
  from	
  LSS?	
  (Gnedin	
  2003)	
  

 Additional physics? 
•  Ram-­‐pressure	
  stripping	
  

•  Collisions	
  /	
  harassment	
  

•  “Strangula.on”	
  
–  Either	
  through	
  .dal	
  disrup.on,	
  or	
  shock-­‐hea.ng	
  to	
  level	
  at	
  which	
  it	
  can’t	
  cool	
  (e.g.	
  Springel	
  

&	
  Hernquist	
  2001)	
  

long timescale 

When did galaxies form: a rough estimate (1) 

Consider a small (δρ/ρ <<1) spherical perturbation of 
radius r: 
 
 
 
 
For H0=100h km/s/Mpc, 
 
 
For h=0.7 and Ω matter=0.25, 
 
 
i.e. an ~L*  galaxy coalesced from matter within a 
comoving volume of roughly ~ 1-1.5 Mpc radius 

mattermatter GHrrrM Ω=≅ )8/3()3/4()3/4()( 233 ππρπ

32121016.1/)( Mpcmattersun rhMrM Ω×≅

311104.1/)( Mpcsun rMrM ×≅
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Jeans mass in an expanding Universe 

•  The Jeans length depends on the sound speed and 
density of matter   

Jeans mass in an expanding Universe 

•  The Jeans mass depends on the sound speed and density of 
matter 

 
•  The energy density of an ordinary sound wave is positive, 

However, the gravitational energy density of a sound wave is 
negative, since the enhanced attraction in the compressed 
regions overwhelms the reduced attraction in the dilated 
regions.  

•  The Jeans instability sets in wherethe net energy density 
becomes negative, so that the system can evolve to a lower 
energy state by allowing the wave to grow, and thus the system 
to fragment.   

Jeans mass: matter dominated Jeans mass before decoupling 
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Jeans mass 
after 

decoupling 


