
FFYS4327 Introdu
tion to Stellar Physi
s, University of Turku 12 November 2001Le
ture 10 : Stellar Evolution10.1 INTRODUCTIONStars on the main sequen
e burn Hydrogen in their 
oresinto Helium. This week we will look at what happens tostars after the Hydrogen runs out.The pro
ess of 
hange in stars from birth to death is
alled stellar \evolution". This may be an unfortunate name,sin
e evolution in biology is 
on
erned with 
hanges thattake pla
e over many generations in a spe
ies, rather thanin individual members of the spe
ies during their lifetime.The latter is what is meant by stellar evolution!The key observations whi
h lead to the dis
overy of thepro
esses whi
h take pla
e within the stars during their lives,were of the open and globular 
lusters. We saw the 
olourmagnitude of examples of these in le
ture 2, and it wouldbe worth reviewing that material.There are quite a number of phases whi
h a star 
anpass through after it has used up its 
ore Hydrogen. Thesephases are termed post main sequen
e evolution. Thetime spent in this phase and the 
hanges that take pla
e arevery dependent on the mass of the star and properties of the
ore.10.2 WHAT HAPPENS WHEN HYDROGENRUNS OUT?Consider the 
ore of a star whi
h is burning Hydrogen intoHelium. Be
ause of the temperature and density gradient inthe 
ore, Hydrogen will be 
onverted more rapidly in the
enter of the 
ore than at its edge. Eventually the Hydrogenat the 
enter will run out. Further out, there may still beburning of Hydrogen in a shell around the 
ore (see �gure10.1).10.2.1 Inert 
oreThe luminosity of the 
ore has dropped be
ause it is nolonger burning, but it 
an still release energy through grav-itational 
ollapse. Sin
e the temperature gradient in a staris proportional to the luminositydTdR = � 3�L�16�a
r2T 3 (10.1)this means that the 
ore temperature be
omes almostisothermal, i.e. 
lose to 
onstant.10.2.2 Core 
ollapseThe evolution of the star 
an be followed as the 
ore re-leases energy gravitationally and Hydrogen is burnt in theshell. It turns out that when the isothermal, non-burning
ore mass is 10 to 15% of the total mass of the star, the

Figure 10.1. Core of a star towards the end of main sequen
eburning. In the 
enter of the 
ore (marked \C"), H burning has
eased, although it 
ontinues on a shell around the 
ore. No burn-ing takes pla
e at all in the outer parts of the star, marked \A".�rst big 
hanges take pla
e. At this point the internal pres-sure in the 
ore is no longer able to support the outer lay-ers, and the 
ore 
ollapses rapidly. This point is 
alledthe S
h�onberg-Chandrasekhar limit. This releases grav-itational energy, and the 
ore heats up. Surprisingly, theouter layers of the star expand at this stage, although thisseems 
ounter-intuitive. One explanation of this is that theHydrogen burning shell luminosity in
reases and that in or-der for the energy to es
ape the outer layers of the star musthave lower opa
ity, whi
h it a
hieves by expanding and be-
oming less dense.10.2.3 Core stabilisationWhat stops the 
ore 
ontinuing to 
ollapse? Eventually thedensity in the 
ore 
an rea
h a high enough temperature thatHelium burning begins. Furthermore the 
ore may rea
h suf-�
ient densities that the e�e
t of degenera
y pressure
omes into play. Up to now we have 
onsidered the gas inthe stars to be ideal, so that its pressure and density obeythe perfe
t gas law. However, at high enough densityPauli'sex
lusion prin
iple provides a new sour
e of pressure sup-port in the star. This states that no more than one ele
tron
an o

upy a bound energy level state in an atom (in fa
t,two ele
trons 
an o

upy the state but must have oppositespin). Free ele
trons whi
h are tightly pa
ked together mustsatisfy the Heisenberg un
ertainty prin
ipleÆxÆp > h4� (10.2)where x is the position and p the momentum. In order tosatisfy this relation, at very high density, the ele
trons musthave a greater momentum (and hen
e pressure) than wouldbe predi
ted by the perfe
t gas law. The free ele
trons inthe plasma at the stellar 
ore eventually rea
h densities thatallow the 
ore to be supported by this degenerate pressure.
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Figure 10.2. S
hemati
 illustration of post-main sequen
e evo-lution for a 
ir
a 5 M� star. The heavy line shows the mainsequen
e. Note that temperature is from hot on the left to 
oolon the right. At A, the star is on the main sequen
e and as Hy-drogen burning pro
eeds its luminosity in
reases somewhat untilit arrives at B. At this point the 
ore Hydrogen is used up; the
ore 
ollapses and the outer layers expand, and the star evolvestoward C. The 
ore 
ollapse is halted at C and burning of He-lium begins, whi
h leads to a great in
rease in the luminosity, D.Stars are termed to be on themain sequen
e, on the sub-giantbran
h and the giant bran
h, as marked.10.2.4 Radiative versus 
onve
tive 
oresOne further fa
tor plays an important role in the develop-ment of the 
ore. If the 
ore is radiative (i.e. energy is trans-ported out of the 
ore by radiation), then as the 
ore Hy-drogen is burnt, the 
hemi
al 
omposition of the 
ore will
hange, with more Helium in the 
ore 
enter than at the sur-fa
e. On the other hand, if the 
ore is 
onve
tive (i.e. energytransport by bulk motion), the rate at whi
h Hydrogen 
anbe moved from the surfa
e of the 
ore to the 
enter, whereit 
an be burnt, will 
ontrol the 
ore evolution.10.3 EVOLUTION FOR STARS OFDIFFERENT MASS10.3.1 High mass starsStars more massive than the sun 
an have 
onve
tive 
ores,and this allows a lot of Hydrogen to be transported to the
entral regions where it 
an be burnt into Helium. A 
onsid-erable fra
tion of the Hydrogen 
an be pro
essed before the
ore rea
hes the S
h�onberg-Chandrasekhar limit, and thegravitational 
ollapse phase whi
h follows may be relativelyshort, before the star begins Helium burning. High massstars spend only a short time between the points marked Band C in �gure 10.2. In an open 
luster for example, wherethere are a range of stars with di�erent masses but the sameage and 
omposition, only a few of the stars will be in thisregion. The region is 
alled the Hertzsprung gap and itlies between the main sequen
e and the giant bran
h.

Figure 10.3. Evolutionary tra
ks for 60, 5.0 and 1.0 M� starsof solar metalli
ity (Z = 0:02).The evolution of three stars, with masses of 60, 5 and1 M� is shown in �gure 10.3. The tra
k of the 5 M� starwell illustrates the Hertzsprung gap. The points along thetra
k in the gap are at approximately equal time intervals of100,000 years, in order to see the tra
k more 
learly, whereaspoints in the slower evolution regions are at intervals of order106 years.We will now 
onsider in detail the evolution of a 5 M�star of solar metalli
ity (Z = 0:02). The evolutionary tra
kis shown in �gure 10.4, with the following points marked.� A: The star is 1 million years old and is on the mainsequen
e. The mass fra
tion of Hydrogen in the 
ore is 
ir
a67% and in Helium 30%, the 
entral temperature is 
ir
a 25million degrees, and the 
ore s about 31% of the total massof the star.� B: Evolution is well developed (age is 9:3 � 107 years),but the star is still on the main sequen
e. The mass 
on-tained in the 
ore has dropped to about 13% of the totalmass. The Hydrogen mass fra
tion in the 
ore has droppedto 3% and Helium has risen to 95%. The star is about torun out of fuel!� C: The star has used up all the Hydrogen in the 
ore.Age is 9:45 � 107 years. The 
ore now be
omes 
lose toisothermal, and begins to 
ollapse, releasing gravitationalenergy. The star is 
lose to the S
h�onberg-Chandrasekharlimit, and soon the 
ore begins to 
ollapse rapidly due tothe weight of the outer layers. Hydrogen burning 
an 
on-tinue in a shell outside the 
ore.� D: The tra
k moves rapidly from C to D, to lower sur-fa
e temperature, while mainitaining about the same lumi-nosity (it gets a little fainter). The outer regions of the starexpand while the 
ore shrinks. The outer part of the starbe
ome 
onve
tive in a very deep region. The 
ore is stillnot hot enough to ignite Helium burning.� E: Helium burning has begun in the 
ore. Age is 9:52�107 years. The Helium mass fra
tion in the 
ore is 
ir
a98%, while the initial amount of Carbon is 0.03%. Carbon
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Figure 10.4. Evolution of a 5.0 M� star of solar metalli
ity(Z = 0:02). See text for des
ription of marked points (A-G).is rapidly built up in the 
ore via the triple-� pro
ess. Anew 
onve
tive 
ore is set up, initially 
ontaining about 5%of the total stellar mass.� F: The Helium in the 
ore has been fully burnt to Car-bon. Age is 10:8�107 years. The mass fra
tion of the Carbonin the 
ore is about 30%. Helium burning to Carbon 
an 
on-tinue in a shell outside the 
ore, while further still out theHydrogen burning shell (whi
h started at C) is still makingHelium. A similiar pro
ess takes pla
e in the 
ore as at C.The 
ore 
ontra
ts, the outer layers expand and be
ome 
on-ve
tive (whi
h allows the shell layers to mix into the outerparts of the star), and the star in
reases in luminosity.� G: Ignition of Carbon in the 
ore. The tra
k is not 
om-puted beyond this point. Produ
ts su
h as Mg, Ne and Na
an be built up from 2 C12.After Carbon burning, and depending on the mass ofthe star, further elements 
an be burnt. For a massiveenough star, elements 
an be burnt all the way to Fe, beyondwhi
h no further energy 
an be extra
ted by fusion. Massivestars 
an rea
h a stage where they 
onsist of shells of nu-
lear burning, with Fe produ
tion in the 
ore, surroundedby shells of Si, C and O, He and H. Be
ause the energies ofthe parti
les are so high, a small amount of produ
tion of el-ements beyond Fe 
an take pla
e. Eventualy the fuel sour
eswill end and the star (if the mass is high enough) will un-dergo a 
atastophi
 
ore 
ollapse and result in a supernova.The result of this 
an be a neutron star, in whi
h mu
hof the elements built up over a long time in the 
ore of thestar have been 
onverted ba
k into protons, ele
trons andthen to neutrons. For very high mass stars a bla
k hole isthe possible result. In re
ent years very strong eviden
e hasbeen found that bla
k holes of this type a
tually exist.10.3.2 Low mass starsStars with low masses have radiative 
ores, so that thesurrounding Hydrogen 
annot be transported into the 
ore

Figure 10.5. Evolution of a 1.0 M� star of solar metalli
ity(Z = 0:02). See text for des
ription of marked points (A-D).where it 
an be burnt. Instead, the Hydrogen initially in theinner 
ore, where the temperature is high enough to burnit, is the only Hydrogen whi
h is 
onverted to Helium. An-other fa
tor is that burning takes pla
e by the p-p 
hainrather than by the CNO 
y
le. This is less sensitive to tem-perature, and burning 
an take pla
e in a wider region thanwould be the 
ase for a high mass star. In any 
ase, whenthe Hydrogen is used up, the 
ore mass is well below theS
h�onberg-Chandrasekhar limit, and the gravitational 
on-tra
tion phase is mu
h longer than for a high mass star. Infa
t, this phase is so long that many stars in a 
luster 
an�nd themselves in the subgiant phase and the Hertzsprunggap e�e
tively dissapears. This is what we see in older 
lus-ters, in whi
h the stars leaving the main sequen
e have lowermasses than for young 
lusters. Core 
ontra
tion is halted bythe onset of degenera
y. Eventually, the 
ore will heat up un-til Helium 
an be ignited and while this o

urs the star is ina giant phase. Helium ignition takes pla
e under spe
ial 
ir-
umstan
es; be
ause the 
ore is degenerate, Helium burningbegins but takes pla
e explosively. Helium burning in a non-degenerate 
ore is like a 
ontrolled nu
lear rea
tion, whereas in a degenerate 
ore it is like a nu
lear explosion. This is
alled the Helium Flash. Changes take pla
e very rapidlyin the 
ore (few 100 se
onds!) and the physi
s be
omes verydiÆ
ult to 
ompute and the results of su
h 
omputationsare still un
ertain.Let's look at the evolution of a 1M� star of solar metal-li
ity (i.e. the Sun). The evolutionary tra
k is shown in �gure10.5, with the following points marked.� A: The star is 20 million years old and is on the mainsequen
e. The mass fra
tion of Hydrogen in the 
ore is 
ir
a68% and in Helium 30%, the 
entral temperature is 
ir
a 13million degrees, and the 
ore 
ontains about 4% of the totalmass of the star.� B: The star is 7.7 billion years old. The Hydrogen massfra
tion in the 
ore has dropped to 3% and Helium has risento 95%.� C: The star has used up all the Hydrogen in the 
ore.



4Age is 9.4 billion years. The 
ore begins to 
ollapse, re-leasing gravitational energy. The star is a long way fromthe S
h�onberg-Chandrasekhar limit. Collapse to a degener-ate 
ore takes a few million years. The 
entral temperaturedoes not yet allow Helium burning. The outer layers expandand the luminosity in
reases as the star moves up the giantbran
h towads D.� D: Ignition of Helium in the 
ore, in the Helium 
ash.Age is about 12 billion years. The evolution is diÆ
ult tofollow numeri
ally beyond this point.Although 
al
ulation of the Helium 
ash is diÆ
ult, thestar 
ertainly ends up in a stable phase where it burns He-lium in the 
ore; this phase is 
alled the horizontal bran
h.After the Helium is used up in the 
ore, shell burning of He-lium takes pla
e and the star as
ends the giant bran
h again.Eventually it will be unable to burn any further fuel be
auseit 
annot get hot enough in the 
ore, and it will be
ome adying star, moving to the white dwarf region.10.3.3 Very low mass starsBelow about 0.4 M�, stellar evolution is mu
h less 
ompli-
ated. We 
an start by 
onsidering stars below about 0.08M�. These obje
ts, whi
h have only been found dire
tly inthe last few years (although their existan
e has been sus-pe
ted for any de
ades) are 
alled brown dwarfs. Theyare not true stars be
ause they never develop a 
entral tem-perature whi
h is high enough to ignite Hydrogen burning.Instead, they release energy by gravitational 
ontra
tion.They radiate this energy away and get slowly fainter andmore diÆ
ult to �nd, and do not stop for a long time onthe main sequen
e as stars do. Above the limit for browndwarfs, between about 0.4 and 0.1 M�, we �nd red dwarfsor M dwarfs. These are real stars and burn Hydrogen soslowly in their 
ores that they will stay on the main sequen
efor a very long time, mu
h longer than the Sun. On
e theHydrogen is burnt, the 
ore 
ollapses but never rea
hes highenough temperatures for Helium burning to 
ommen
e. Su
hstars may not be
ome bright giants but instead evolve di-re
tly towhite dwarfs without the 
ompli
ations that arisefor stars near 1 M�. However, the Universe is still so youngthat no very low mass stars have had time to evolve o� themain sequen
e, so this predi
tion is not really testable!Problem 10.1 Mark on �gures 10.5 and 10.6 where thefollowing events o

ur:� when the star is on the main sequen
e, is a subgiant, ora giant� when the 
ore is 
ontra
ting and there is expansion ofthe outer layers� when Hydrogen is being burnt. How hot is the 
ore inthe two models during H burning? From the temperature,would you expe
t the p-p 
hain or the CNO 
y
le to be thedominant pro
ess?� when Helium is being burnt. How hot is the 
ore whenHe burning takes pla
e?� when the surfa
e temperature de
reasing but the lumi-nosity is in
reasing. How 
an the surfa
e get 
ooler and yetthe star get brighter? What physi
al 
hange in the star ismaking this happen?

Figure 10.6. Evolution of physi
al properties of the 5.0 M� starin �gure 10.4, showing the same points (A-G). The models are
omputed by S
haller et al (1992). The physi
al quantities (frombottom left to top right are: fra
tional mass of the 
ore, relativeto the mass of the star, M
ore=M�; luminosity relative to the sun,log(L=L�); e�e
tive temperature at the surfa
e (Te� in K; 
entraltemperature, T
en in K; fra
tion of Hydrogen, Helium and Carbonby mass in the 
ore, Fra
(H), Fra
(he) and Fra
(C); and the age(in Myr).

Figure 10.7. Evolution of physi
al properties of the 1.0 M�star in �gure 10.5, showing the same points (A-D). The physi
alquantities are as for �gure 10.6. Note that the age is in Gyr.


