Ontline for Chapter 16: Evolution of Stars
Univ., Lowsville, 14 Noy 2007

HWI12, due Dec, I

16.9 (make table as on class website)

1903, 19010, 19013 (100 word max, shorter is hetter)

21.2, 218 (100 word max), 21.9 (use mass(Gal)=3.4ell M, 4= 18-10 kpe)

stick to normal stars [no time to do peculiar ones, =adly)
16-1A: Physical Laws of Stellar Structure: Hydrostatic Equilibrinm
racall hydrostatic equilibeiom
diPfdr — =M {Pp(r) /e (Eqn 16-1)
where

dM /dr = dxrp(r] (Eqn 16-2) — mass continuity, with
tirtal mass M = 4 _I'"” ,-J[r}:""r[:' (Eqn 16-3)

so, need p(v] — = Mr] — = Pir)

Sun's Central Prossure

Plugging in solar values fio, Me, {po}b — 1410 kg/m® to Eqn 16-1 gives
Fyoe= 10M N /m? (- 10" atm)
Differentiation {dense oore) means actual pressure s higher

16-18B Equations of State

periect gas law: Pr) = nirkTi(r) (Eqn 16-1)

remember reduced mass: w{r] = g[r] /p(rimy (Egn 16-5)

depends on mean moles weight g = [2X + [(3/4¥ + (1,/2)2] ' = 0.5 (Eqn 16-6)
Thus

Plr] = plr)&T )/ (pirimg) (Eqn 16-T)

* omly thing we need is p(r) because p(r) is usually fixed for a star

For hot, luminous [magsive) stars, also need radiation pressure:
g = [a/3Tr), e = 7.6 = 107" 1 m™? radiation constant

Bun's Central Temperatures

fm perfect gas law, T. = Fomeg /(g )b (Egn 16-8)
For g — 0.5 get T..== 1.2 107 K {only 205 below numerical models) — of course totally ionized

16-1C Modes of Energy Transport

heat fow from hot core (o pholosphere:
1] Conduction (mest efficient i solids/metals)
2| Convection (mass flow] - in Huids; moet stars have convective zone

1



1) Hadiative transport - photons scatter fabsorb in random walk ot
apacity souroes:;
- [frea| electran scattering
- photoionization
* all the complaints you hear abont radiative transport are probably true =%

derive eqn of radiabive transport; safely assnme Sun’s interior = shells of blackbodies
Hux F(v) — aT4 ) (& — Stefan-Boltzmann ot fm Chap 8)

dF — 4aTr] differential (Foqn 16-10a)

From apacity (Chap 10): dF — —s(r)e(r|F{ridr (Eqn 16-10b; s—opacity in m®/kg)
define luminesity L — 47 Fir)

equate dF expressions, substitute in lnminosity expression to get

L{r) = [(=1mar* T3 [e 0y (sl ip(e)|[dT fdr] (Eqn 16-11)

4 g

Meed another factor of 4,3 to multiply above by, The factor of 4/3 simply comes from the fact
Lhat the radiation is spherically isotropic so that you need o averape the emission angle. E.m
radiation i the direction perpendicalar to the radine of the star does not contribute to the
transfer at all and the conkribution increases as the mmclination to the radine decreases. [from
Chris Tout, 10A, 2006)

IF opacity is sufficiently high, convection more efficient than radiative transfer. Opacity gels
lower with higher fempemiure.

Diefine o s O3 = ratio of specific heats ab ct pressure and volume, for fully ionized,
ideal gas - Lhis is aguafion of sfefe

Lhen dor eeneective fmnsport

d T fdr = (1 — 10T () Plr)|diPf dr (Eqn 16-12h)

Whichever eqn is used [radiative or convective] depends on which is more efficient for particular
star

Solar Limninosity fin Radiative Transfer

For Bun, most of interior uses mdiakive franspord

estimate d7 fdr — =T, /R ~~ —0.02 K/m. {So goes 2K/ kmn - like Earth but 100x farther!)
Use B, T, {p} for Sun, wee extra jactor of 4/3 in radiative eqn, gives

Ly == (9.5 = 107 /x) Watts

Meed to calenlate opacity s for fully ionized H, have G = 10" protons, same no. e-'s

mal -~ 1079 m® (electran scattering)

Ir.:rﬁ re 1079 m? (photo iomization )



In =olar interior, photo ionization dominates aver e- scabtering

S0 1077« g = 107, {corresponding to 10717 — 10! l:hp_;'.l'1113 fior pure photonionization)
so 10% = L. = 107 Watts; midpoint of L 0% Watts is close to measured value 3.90 =
107 Watts — = & o 2.4 % 107

THESE ARE ROUGH CALCULATIONS AND ITS IMPRESSIVE HOW CLOSE THEY ARE
TO DETAILED MODELS!

16-1D Energy Sources

skars are nof static - they radiate lots of energy!
newd heat sowrces: radiate energy e(r] (W kg Lo of T.g]
o 72 Lo M = 2.0 = 1079 W kg!

then must add hominesity term
dL = dwrpirie(r)dr
Lo luminesity equakion wherever energy is generabed

Crravitebional Contraciion

ace. to virial theorem, gravitational potential of contracting body decreases TWICE as fast as
internal heat mcreases - =0 rest RADIATES AWAY, e.p.
= KE 4 PE - —-1F,

therm

Grravitational potential is

@7 = =M [ )d M () e, B0 integrating gives

U= — M oMrdMir/r = —g(GM3] K

where q depends on mass distribution;

q = 3/5 for uniform sphere, g == 1.5 for most main-seq skars

enetgy PER KG of Sun available for gravitational radiation is

G Mg 2R — 9.54 = 107 0 kg

Sousing e, — 2.0 = 1077 W kg ! — =

lifetime § = 954 = 107720 = 101 &

ar 15 Kyt — but we know Earth is 4 Gyr old from radicactive dating!

Thermonuclear Reactions

Fusion can provide enerey for L.



Protons have -~ 1 MeV barrier to overcome, and B, -~ 1 ke at 107 K
EUT, gtm mech allows tunmelling through potential to allow p-p reaction at 10° K

IT = 10078 amw, my, 4.0026 amu, then mass defect from 4 H atoms to one *He is
A — 0.0286 amu, =0 energy to make ‘He from H is I — 4.3 @« 107 1,

50 mass fraction Lmfdmy — 0.0071 is usad for fmsion

If 10% af Sun {core) available for fusion, total E in Bun is
Fia = (&mm)e? [0.1M) [4mit HY|
= 10%

Lhen Fog/ Lz == 10 Gyr. That™s more like it!

Two Fusion processes burm H to He
PP chain (dominates T < 2 = 107 K, dominates in Sun)
CHNO eyele (dominates T = 2 = 107 K, dominates in A-stars and earlier)

main PP chain: PP 1, ocours 917% of time in Sun

H+ H—>= D+et +r 144 MeV)

P H— = e 4 5 (549 MeV; De=deuterinm)

THe " He— = "He + H + H (129 MeV)

BIX protons are used in process; TWO are returned as H

¢ carry off 0.26 MeV per reaction; now you know why we look for !

temperature dependences for PP I rate is ne T
There are PP [1 and PP 111 chains which go through Li and Be as intermediaries and more .

Bince 1965, we thought we only detected 173 to 174 of ¢ predicted from Sun. @ were assumed
massless, and only electron-type o [there ame also tan e and muon ).

Sun predicied to prodoce only @, Experiments till late 1990s mostly detected only o,

Turns out ¢, — = ¢_and 1, on way to Earth, via p-oscillations - which means they must have
mass!

See story on links site [chapter on Suan).
CMNO Cycle - uses (7 as catalyst to turn H into He, requires higher temperature

temperature dependence for PP 1 energy generation rate is oc T
temperature dependence for CNO energy peneration rate is o T

crossover at T o~ 18 = 107 K



HIGHER TEMPERATURES:

triple-alpha process: 3 YHe — = 7, using Be as intermediary

1D, Li, Be, B rare in stellar interiors because they combine with H, make several He at T - few
millicn K

This i= why [3 i formed only in Big Bang and never made in stars!

There are other He-burning reactions, too, at higher T
sequence of burning: C, Ne, O, Mg, ete. up o Fe
Fusing to make anvthing heavier than Fe = ENDOTHERMIC!

16-2 Theoretical Stellar Models: A, Recapitulating the Physics

Stellar madel variables:
Ty, M(r), p(r), Pr], e(r] (power/unit mass), p(v) (chem comp), & (opacity - don't forget!)

Basic Fgne of stellar structure - lots-o-differential equations:
Hydrostatic Eqm: dPfdr — —GM v () /r?

Mass Continuity: dM/dr — dzrp(r)

Energy Transport - Radiative: T /dr — [(—3xir)p(r) Gdzar T L)
Energy Transport - Convective: df fdr = (1 — 10T () Pr)|dief dr
Energy Generation [Thermal Eq'm): dL/dr — dar®a(r)e(r]

Equatiom of State: Plr) = k(v ) T(R) /i img|

Boundary Concdibions;
At etr (r=0}:

M (r)=0
Lir)=0

At “surface”:
A ()= M
Lir)=L
T[F':l T.-I-'_.'
glr|— =0
Pirj— =0

Also need:
e(r] varies between nuclear, gravitational
w(p, T depends on chem comp XY, 2 (or equivalently o)
pfr] - which influences p(r), P[] sizes of radiative, convective zones
in Bun, core is He-enriched (609, and convective mone is 0.7-1.08, (needs steep dT /fdr for
convertion - see by granules)

Equations are solved numerically, though some analytic approximations are wseful.

16-28 Physical Basis of M-L Relation



Differential equations can look daunting. We learn relations between variables by making some
rongh estimates, Start with hydrostatic eg'm. Instead of dP/dr, take AP/ Ar evaluated be-
Lween core and surface:

Fom= GM{p}/ R o M{p) /R

For a periect gas, P o 5T

Thus

AT o MplR

ar al the core

T o MR

Do same with radiation transport:

dT fdr — [—3kp/64zor"T0| L

50

T/ R kpR T 2L

or Looe BT frp

put in g e MR/ to pet
Lo BT (kM)

now substitube in relation from hydrostatic eqg'm T, = MR

Lo BMMIRV (&M

Loe M3w

Remember that observed relation is Looc M, aor= 23,40 (M < 04300, == 04304,

16-3 Stellar Evolution

meneral steps; proto-star, pre-main sedq, main seq, post-main seg

Evolution is governed by mass! (and alz=o by chem composition; ako winds, companions if
Lhere 1= mass transfer)

Footufionary Tmek: =movement on H-R diagram

16-3A Star Births: Protostars & PMS Stars

As last chapter:

collapse of dense 188 clowd converts grav'l energy to 50% thermal, 50% radiative energy
— = core heats, fusion starts, stope being proto-star when gets hydrostatic eg’m

Beiore fusion starts, is pre-main-sequence (PLMS) star, is on PMS evol'nary track

F&IS tracks vary by mass, but:

start with free-jall

cembral regioms start to collapes faster, forms core

accTeles more material

finishes acceretion and blows off remainder with heat, light pressure



