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Gyr

Evolution of core composition, 
low mass

1 M¯ , age 0, 2.0, 3.6, 5.0, 6.2, 7.5, 9.6, 11.0, 11.6 Gyr
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Evolution of core composition, 
high mass

2.5 M¯ , age 0, 0.15, 0.31, 0.40, 0.44, 0.46 and 0.48 Gyr
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from the ZAMS towards higher luminosities and larger radii. Low-mass stars (M ∼< 1M⊙) evolve

towards higher Teff , and their radius increase is modest. Higher-mass stars, on the other hand, evolve

towards lower Teff and strongly increase in radius (by a factor 2 to 3). Evolved main-sequence stars are

therefore expected to lie above and to the right of the ZAMS. This is indeed confirmed by comparing

the evolution tracks to observed stars with accurately determined parameters.

As long as stars are powered by central hydrogen burning they remain in hydrostatic and thermal

equilibrium. Since their structure is completely determined by the four (time-independent) structure

equations, the evolution seen in the HRD is due to the changing composition inside the star (i.e. due

to chemical evolution of the interior). How can we understand these changes?

Nuclear reactions on the MS have two important effects on the structure:

• Hydrogen is converted into helium, therefore the mean molecular weight µ increases in the core

of the star (by more than a factor two from the initial H-He mixture to a pure He core by the

end of central hydrogen burning). The increase in luminosity can therefore be understood from

the homology relation L ∝ µ4 M3. It turns out that the µ4 dependence of this relation describes

the luminosity increase during the MS quite well, if µ is taken as the mass-averaged value over

the whole star.

• The nuclear energy generation rate ϵnuc is very sensitive to the temperature. Therefore nuclear

reactions act like a thermostat on the central regions, keeping the central temperature almost

constant. Since approximately ϵpp ∝ T
4 and ϵCNO ∝ T

18, the CNO cycle is a better thermostat

than the pp chain. Since the luminosity increases and at the same time the hydrogen abundance

decreases during central H-burning, the central temperature must increase somewhat to keep

up the energy production, but the required increase in Tc is very small.

Since µ increases while Tc ≈ constant, the ideal-gas law implies that Pc/ρc ∝ Tc/µmust decrease.

This means that either the central density must increase, or the central pressure must decrease. The

latter possibility means that the layers surrounding the core must expand, as explained below. In
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Figure 9.9. Evolution tracks in the H-

R diagram during central hydrogen burn-

ing for stars of various masses, as la-

belled (in M⊙), and for a composition

X = 0.7,Z = 0.02. The dotted portion

of each track shows the continuation of

the evolution after central hydrogen ex-

haustion; the evolution of the 0.8M⊙ star

is terminated at an age of 14Gyr. The

thin dotted line in the ZAMS. Symbols

show the location of binary components

with accurately measured mass, luminos-

ity and radius (as in Fig. 9.5). Each sym-

bol corresponds to a range of measured

masses, as indicated in the lower left cor-

ner (mass values in M⊙).
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The Mirror Principle of Shell-Burning Stars
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