Stellar Evolution
The topic of Modern Onderzoek 2006
Dr. Bernhard Brandl – 22 September 2006
Based on Carroll & Ostlie, “Modern Astrophysics”

General areas of the topic:

I. Molecular clouds

II. Pre-main sequence evolution 
III. Main-sequence evolution 

IV. Post-main sequence evolution
V. Stellar remnants
Goal:  to do better than this:
(from F. Kahn, 1914)
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I. Molecular Clouds
Stars form from gas and dust ( interstellar clouds 
How do we know they exist?  

Extinction 
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Different types of clouds – typical numbers:
Diffuse HI clouds
      
T = 30…80K
( = 100…800 cm-3


m = 1…100 Mo
Mol. Clouds (HI shielded)
T = 15…50K
( = 500…5000 cm-3
r = few pc
m = 3…100 Mo
GMCs


T = 20K

( = 100…300 cm-3
r = 50 pc

m = 106 Mo
Bok globules

T = 10K

( = 104 cm-3

r = 1 pc

m = 1…1000 Mo
Cloud ( Star   requires collapse of the cloud

Estimate of  the conditions for cloud collapse:
Potential energy of a spherical cloud of constant density:
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Internal kinetic energy of the cloud:
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Virial theorem states:    
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(  Collapse if  
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now solving for Mc yields:
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MJ and RJ are called Jeans mass and Jeans radius.
The collapse occurs on a free-fall time scale, 
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which is typically several thousands years.

But tFF is not constant across the cloud ( density near center will increase more rapidly.

[Einar Hertzsprung – Leiden professor 1919—1944 and STRW director]
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Figure 7 The four stages of sar formation. (@) Cores form within molecular clouds as
‘magnetic and turbulent support i lst through ambipolar diffsion. (5) A protostar with &
surrounding ncbular disk forms at the center of a cloud core collapsing from inside-out,
(6) A stellar wind breaks out along the rotational axs of the system, creating a bipolar low.
(@ The infal terminaies,revealing a newly formed sta with a ircumstlla disk.

material passes through an accretion shock as it falls onto the central star
and disk, which, along with accretion within the disk, produces the main
contribution to the luminosity for low-mass protostars. The emergent
spectral energy distributions of theoretical models in the infal stage are in
close agreement with those of recently found infrared sources with nega-
tively steep spectra in the near- and mid-infrared. Protostars of high mass,
ina pure accretion phase, have yet to be found, although the source near
the water masers in W3(OH) is probably close to being such an object.
As a protostar accretes matter, deuterium will eventually ignite in the
central regions and drive the star nearly completely convective if its mass
s Tess than about 2 M, If the convection and the differential rotation of
the star combine to produce a dynamo, the star can naturally evolve
toward a state with a stellar wind. However, at first the ram pressure
from material falling directly onto the stellar surface suppresses breakout.
Gradually, the “lid” of direct infall will weaken as the incoming material
falls preferentially onto the disk rather than onto the star. The stellar wind
then rushes through the channels of weakest resistance (the rotational
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1. Cloud exceeding MJ ( collapse

2. first: optically thin ( isothermal collapse 
3. core density reaches 10-13 cm-3 ( optically thick (dust) ( adiabatic collapse pressure slows down collapse; core is now ~ 5AU, a “protostar”
4. above core: material in supersonic free-fall ( shock front Ekin ( Ethermal 

5. when T > 1000K:  dust evaporizes  (  opacity drops ( L drops
6. when T > 2000K:  H2 dissociates (absorbs energy) ( second collapse
7. when Rcore ~ 1.3 RSun:  hydrostatic equilibrium is established. 
II. Pre-main Sequence Evolution

t{protostellar evolution} >> t{free-fall collapse} 

( evolution slows down   (several Myrs)

1. Teff is increasing

2. Inner layers are ionized ( lots of free e–
3. Outer layers form H– ( dominates opacity  

4. Envelope becomes convective
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[image: image13.jpg]Mass

Age of Model at Points (in years)

(Mg) 1 2 3 4
150 |6.740 (2) 3.766 (3) 9.350 (3) 2.203 (4)
9.0 1.443 (3) 1.473 (4) 3.645 (4) 6.987 (4)
5.0 2.936 (4) 1.069 (5) 2.001 (5) 2.860 (5)
3.0 ]3.420(4) 2078 (5) 7.633(5) 1.135 (6)
2.25 | 7.862 (4) 5940 (5) 1.883 (6) 2.505 (6)
1.5 2.347 (5) 2.363 (6) 5.801 (6) 7.584 (6)
1.25 | 4.508 (5) 3.957 (6) 8.800 (6) 1.155 (7)
1.0 1.189 (5) 1.058 (6) 8.910 (6) 1.821 (7)
0.5 3.195 (5) 1.786 (6) 8.711 (6) 3.092 (7)
Mass Age of Model at Points (in years)
(Mg) 5 6 7 8
15.0 | 2.657 (4) 3.984 (4) 4.585 (4) 6.170 (4)
9.0 7.922 (4) 1.019 (5) 1.195 (5) 1.505 (5)
5.0 |3.137 (4) 3.880 (5) 4.559 (5) 5.759 (5)
3.0 1.250 (6) 1.465 (6) 1.741 (6) 2.514 (6)
2.25 | 2.818 (6) 3.319 (6) 3.993 (6) 5.855 (6)
1.5 8.620 (6) 1.043 (7) 1.339 (7) 1.821 (7)
1.25 | 1.404 (7) 1.755 (7) 2.796 (7) 2.945 (7)
1.0 ] 2.529 (7) 3.418 (7) 5.016 (7

0.5 1.550 (8





In the HRD the Hayashi track (= limit of full convection) defines the regions where stable stars can exist.

Left: convection and/or radiation allowed

Right: no mechanism to transport energy out of the star
Upper limit to stellar masses:
Gravitation > Radiation pressure

Maximum luminosity is given by the Eddington luminosity:
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If  L > Led ( mass loss, stellar winds
maximum stellar masses typically around 100Mo
Overview of the main four PMS stages:


[image: image15]
Transition objects between stars still shrouded in dust and main sequence stars must exist ( T-Tauri & Herbig AeBe stars.

[image: image16]
Other issues (not taken into account here):

· Fragmentation

· Magnetic fields

· Radiation pressure

· Asymmetries

· Angular momentum:
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Problem:   r0/r ~ 104  and  r0 ~ 1 km/s  (  ( ~ 108 km/s ???
Jets and outflows are a necessary byproduct to get rid of angular momentum


[image: image18]

[image: image19]
The initial stellar mass function (IMF)

All these factors (accretion, feedback, environment, boundary conditions) affect the star formation process  (  mass of the star

The IMF describes the relative numbers of the stellar masses
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III. Main-sequence evolution

Stellar energy sources:

· Gravitational potential energy:
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( Kelvin-Helmholtz time scale    
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for the Sun ~ 107 yr << age of moon
· Nuclear energy:    E = mc2
Proton-proton chain(s)


[image: image23]
Energy generation: 
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Dominant process to convert hydrogen to helium in stars less massive than the Sun. 


CNO cycle


[image: image25]
Energy generation: 
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The dominant process to convert hydrogen to helium in stars more massive than the Sun. 

Triple-alpha process
Later in the process – if enough Helium has been produced:  

[image: image27]
Energy generation: 
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Very sensitive to temperature:  10% increase ( 50 times more energy

Dominant process to convert hydrogen to helium in stars more massive than the Sun. 

Helium burning ( other processes as well (schematic):  C ( O ( Ne 

If star is massive enough: 
C + C ( O, Ne, Na, Mg

(schematic)



O + O ( Mg, Si, P, S
etc.
Energy transport:

I. Radiation

II. Convection

III. Conduction
(insignificant in stars)
Temperature gradient for radiative transport to occur:  
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If flux (Lr), opacity (() or density (() increases, or the temperature T decreases, the temperature gradient must become steeper for radiation to transport energy.
If  
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  convection will occur.

Sun-like stars:  90% of the mass is within ½ of its radius.

[image: image31]
Stars with m > mSun have convective cores (inner 25%) because of high T due to CNO cycle. 

Stars with m < mSun have an outer convection layer because of high T due to CNO cycle. 


   ~1 MSun 
convention layer above surface

~0.2 MSun
convection layer all the way to the core


(0.2 MSun
fully convective ( Hayashi track
IV. Post main-sequence evolution


[image: image32]

 SHAPE  \* MERGEFORMAT 
[image: image33]
Note: evolutionary times are a strong function of the stellar mass.

Example:  evolution of a 5 Mo star:


[image: image34]
Milestones (referring to the labels above):

· 2
end of main sequence  (core H-burning)

· 5
Schönberg-Chandrasekhar* limit is reached ( core collapses  [*gives the maximum mass fraction that can exist in an isothermal core and support the outer layers: 
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 mean molecular weight
· 6  
( red giant branch
· 7 
Ignition of the triple-( process
· for m < 2 Mo: core becomes e– degenerate ( explosive release of energy (within a few seconds): helium core flash
· 7 – 11
He burning core + H-burning shell: horizontal branch  = instable phase with stellar pulsations

· 13 – 14
similar to phases 5 – 7 but now for a He-burning shell

· 14 –   asymptotic giant branch (AGB)


[image: image36]
Some characteristics of AGB stars:

· periodic (thousands of years) helium shell flashes (when H-burning shell dumps He onto the He-burning layer below).

· long period variables or Mira stars (several hundred days)  

· AGB stars show strong mass loss ~ 10–4 Mo/yr

· AGB stars are rather cool ~ 3000 K ( formation of dust grains in their atmospheres

Further evolution up along the AGB:  shell He ( C ( O:

A. m(t) ( 4 Mo:  ( white dwarfs  (c ~ 105 … 107 g/cm3  ( degenerate electron gas.  mWD ( 1.4 Mo (Chandrasekhar limit).  No nuclear power left.  Found in Planetary Nebuleae.

B. 4 Mo < m(t) < 8 Mo  (minitial ( 25 Mo):  ( neutron stars [p + e– ( n] with (c ~ 1015 g/cm3  Observed as Pulsars.  MNS ( 3 Mo.  Remnant of violent Supernovae.  

C. m(t) ( 8 Mo  (minitial > 25 Mo):  ( black hole  [RSchwarzschild = 2GM/c2],  observed indirectly via accretion.  Remnant of violent Supernovae.

Notes: 

m(t) ( minitial  ( mass loss is very important! ( Wolf-Rayet stars 

Superwinds (near the end of the mass loss phase) can produce optically thick, enshrouded OH/IR stars  

The expanding shell of gas around a white dwarf progenitor is called a planetary nebula.


[image: image37]
Supernova  =  core collapse: too energetic to be slowed down by core 

expansion ( C-O core flash is explosive.

Energy release typically 3(1053 ergs ~ 100(energy of the Sun during its entire ZAMS life!

SN 1987A

[image: image38]
Evolution of massive (m > 8 Mo) stars:  ignite burning of oxygen, silicon and yield elements near 5626Fe. 

“Silicon burning produces an iron core”

Massive stars have an onion-like shell structure.

Shell structure


[image: image39]
Different types of supernovae!
Burned-out star





Variable star





Red star





Sun-like star





Sirius-like star





Nebula star





Dense nebula





Planetary nebula
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To Be or Not to Be: Is It All About Spinning?

Thanks to the unique possibi s offered by ESO's Very Large Telescope Interferometer (VLTI),
astronomers have solved a 140-year-old mystery concerning active hot stars. They indeed show that
the star Alpha Arae is spinning almost on the verge of breaking and that its disc rotates the same way
planets do around the Sun.

"This result could only be achieved because of the great details we could observe with the AMBER instrument
combining three 8.2-m Unit Telescopes of ESO's VLT," said Philippe Stee, leader of the team that performed
the study [1]".

With AMBER on the VLTI [2], the astronomers were able to see details on the scale of one milli-arcsecond,
corresponding to being able to distinguish, from the Earth, the headlights of a car on the Moon.

Lying about 300 light-years away from the Sun, Alpha Arae is the closest member of the class of active stars
known as 'Be stars'. Be stars [3] are very luminous, massive and hot stars that rotate rapidly. They are losing
mass along the poles through a strong stellar wind and are surrounded at the equator by a disc of matter. Alpha
Arae has ten times the mass of the Sun, is three times hotter and 6 000 times as luminous.

The question how the discs around active stars known as Be-stars rotate was posed since the
discovery of the first one, Gamma Cassiopeiae, by ltalian astronomer Father Angelo Secchi,
exactly 140 years ago, on 23 August 1866 in Rome.

With AMBER, the team of astronomers could examine in details the structure of the disc
surrounding Alpha Arae. Moreover, because AMBER also provides spectra, the astronomers
could study the motion of the gas in the disc and so understand how it rotates.
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[image: image54.jpg]Mass Time Interval Between Points (in years)

(Mg) | 1-2 i3 3-4 4-5 5-6
15 1.010 (7) 2.270 (5) — 755 (4) —

9 2.144 (7)  6.053 (5) 9.113 (4) 1477 (5) 6.552(4)
5 6.547 (7) 2173 (6) 1.372 (6) 7.532 (5) 4.857 (5)
3 2212 (8) 1.042 (7) 1.033 (7) 4.505 (6) 4.238 (6)
225 | 4.802 (8) 1.647 (7) 3.696 (7) 1.310 (7) 3.829 (7)
15 | 1.553 (9) 8.10 (7) 3.490 (8) 1.049 (8)  >2(8)
1.25 | 2.803 (9) 1.824 (8) 1.045 (9) 1463 (8) >4 (3)
1.0 7 (9) 2(9) 120 (9) 157 (9) >1(9)
Mass Time Interval Between Points (in years)

(Mg) | 6-7 7-8 §-9  9-10

15 717 (5) 620 (5) 1.9 (5) 35 (4

9 490 (5) 950 (4) 3.28(6) 155 (5)

5 6.05 (6) 1.02(6) 9.00(6) 9.30 (5)

3 251 (7) 4.08 (7) 6.00 (6)
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