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17.1 Introduction 

Stars on the Main Sequence (MS) evolve due to the changes in internal composition arising from the 
thermonuclear conversion of hydrogen into helium. Because this occurs on a time scale that is much 
longer than the star’s thermal time scale, the star is in thermal equilibrium while it is on the MS. 

 

17.2 Change in luminosity on the MS 

The conversion of hydrogen into helium increases the mean molecular weight in the core of the star. If 
the density and temperature remained the same for a star in which radiation pressure is unimportant, 
the increase in molecular weight would lead to a decrease in the central pressure. To maintain 
hydrostatic balance, the central regions of star adjust by contracting and heating. This leads to an 
increase in the total rate of energy generation and hence to an increase in the luminosity of the star.  

The figure below shows the MS evolution in the HRD for stars of masses 1, 2, 5, and 10 M⊙. 

 

The broken line joins ZAMS models. We see that as the star evolves on the MS its luminosity does 
increase. 
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The figure below shows the same but for stars of masses 10, 20, 50, and 100 M⊙. 

 

We see that the relative luminosity increase is lower for the more massive stars. This is because 
radiation pressure, which is independent of molecular weight, aids in maintaining hydrostatic 
equilibrium. 

 

17.3 Evolution of the hydrogen profile 

Low mass and high mass stars differ in that the low mass stars have radiative cores whilst the high mass 
stars are convective in their cores. Because convection mixes the material, the hydrogen abundance 
remains uniform in the cores of massive stars as it is reduced by nuclear fusion.  The difference in the 
evolution of the hydrogen profile is shown schematically below. 
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 For the low mass star hydrogen is depleted most rapidly at the very center of the star, whereas for the 
massive star hydrogen is depleted uniformly over the convective core.  For the high mass star schematic, 
it has been assumed that the mass inside the convective core decreases with time. 

It is because of this structural difference that massive stars evolve to the red in the HRD whereas low 
mass stars evolve at almost constant temperature or slightly to the blue. 

 

17.4 Evolution after hydrogen exhaustion in the core 

In a low mass star ( )2.5M M≤ ⊙ , after hydrogen is exhausted in the core, hydrogen burning continues 

in a shell around the helium core. The hydrogen burning adds mass to the helium core, which as a 
consequence contracts and heats. Initially because it has no active nuclear energy source, the core is 
nearly isothermal and the contraction is slow. However, when the mass of the helium core reaches a 
critical value at which it cannot be supported against gravity by an isothermal perfect gas, the 
contraction speeds up. This continues until, because of increasing density, the electrons in the core 
become degenerate. At this point the core contraction slows and the core is in a state in which 
degenerate electron pressure balances gravity.  

The critical mass is called the Schönberg – Chandrasekhar mass. The existence of a critical mass can be 
demonstrated as follows. Let the mass, radius and temperature of the isothermal core be Mc, Rc and Tc, 

respectively. Multiplying the hydrostatic balance equation by 34 ,rπ  and integrating over the core, we 
get 
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Integrating the left hand side by parts gives 
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Assuming a perfect gas, this gives for the pressure at the outer edge of the core 
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The integral on the right hand side cannot be evaluated exactly without knowledge of the density 
distribution in the core. However, if the core evolves homologously, we can approximate the integral so 
that 
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where C1 is a constant. 
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For a given value of Mc there is a maximum value of the pressure at the edge of the core, which can be 
found by differentiating pc with respect to Rc. The maximum pressure occurs at core radius 
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The pressure and temperature must be continuous at the boundary between the helium core and 
hydrogen-containing envelope. Making the further assumptions that the envelope evolves 
homologously and is also supported by gas pressure (but with a different molecular weight than the 
core), the pressure and temperature at the bottom of the envelope scale with stellar mass and radius as 
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Eliminating the stellar radius, and using continuity of pressure and temperature, this leads to 
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where C3 is a constant.  

Since pc must be less than pc,max, we must have 
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As Mc increases due to shell hydrogen burning, the right hand side of the inequality decreases, and 
(provided C3 > C2) the inequality will eventually be violated. The core mass at which this occurs is the 
Schönberg – Chandrasekhar mass, MSC. We see from equation (17.4.11), that .SCM M∝  

The Schönberg – Chandrasekhar mass can be revealed by plotting how the central temperature evolves 

with core mass for a stellar model. This is shown below for a 1 M⊙ star. 
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We see that 0.15 .SCM M≈ ⊙  The scaling of the Schönberg – Chandrasekhar mass with stellar mass has 

interesting implications for the higher mass stars. Since these stars have large convective cores, the 
mass of the helium core when it first forms will be higher than the Schönberg – Chandrasekhar mass. 

The figure below shows for a 1 M⊙ star how the central value of the ratio of pressure given by the non-

relativistic degenerate electron formula to that from the non-degenerate electron formula evolves with 
the core mass. We see that the transition from non-degenerate to degenerate occurs when the core 
mass equals the Schönberg – Chandrasekhar mass. 

 

17.5 The Hertzsprung gap 
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In a low mass star, when the core mass first exceeds the Schönberg – Chandrasekhar mass, there is a 

relatively rapid decrease in effective temperature ( )log 0.05effT∆ ≈ − accompanied by increases in 

luminosity ( )log 0.2L∆ ≈ and radius ( )log 0.2R∆ ≈ . These changes are shown for a 1 M⊙ star in the 

figures below. 
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Hence the evolution in the HRD is up and to the red as shown in the figure below. The filled circle is the 
evolutionary point at which the core mass equals the Schönberg – Chandrasekhar mass. This portion of 
the evolutionary track begins at the end of the MS (i.e. at core H exhaustion) and continues to the start 
of the red giant branch (RGB). 
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The figure below shows the evolution of the effective temperature with time from the end of the MS to 
the bottom of the red giant branch. 

 

The time for the 1 M⊙ star to evolve from the end of the MS to the RGB is about 1.5 billion years, which 

is about 10 – 15% of the MS lifetime. For the most rapid part of this phase of the evolution, in which the 
star evolves across the HRD to the RGB is about 0.5 billion years. Hence in a CMD of an old cluster, this 
portion of the isochrone will be well populated. 

Now consider the evolution of a massive star after the end of hydrogen burning.  The figure shows how 

the effective temperature of a 10 M⊙ model star changes with time from the end of the MS to the 

bottom of the RGB. 
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We see that the transition is rapid and occurs over a 
period of about 150,000 yr, which is less than 1% of 
the MS life time. This short time scale is a result of 
the He core on formation having a mass greater than 
the Schönberg – Chandrasekhar mass. It cannot be 
supported by isothermal gas pressure and contracts 
relatively quickly. The impact of this short time scale 
on a CMD of a young cluster is that this part of the 
isochrone will be sparsely populated relative to the 
MS. 

Referring back to the CMD of the Hipparcos stars, 
shown on the right, we see that a gap between the 
MS and RGB opens up with increasing luminosity. 
This gap is called the Hertzsprung gap, and is also 
clearly seen in the composite cluster CMD. This gap 
is a consequence of the difference in MS – RGB 
transition timescale between stars that are radiative 
on the MS and those that are convective. 

Early evolution after the MS for a 10 M⊙ star
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