
Characteristics of Main Sequence Stars

Main-sequence stars obey several relations (which are mostly pre-
dictable from homology).

• Main sequence stars obey a mass-luminosity relation, with L ∝

Mη. The slope η changes slightly over the range of masses; be-
tween 1 and 10M¯, η ≈ 3.88. The relation flattens out at higher
masses, due to the contribution of radiation pressure in the cen-
tral core. (This helps support the star, and decreases the central
temperature slightly.) The relation also flattens significantly at
the very faint end of the luminosity function. This is due to the
increasing important of convection for stellar structure.

• Main sequence stars obey a mass-radius relation. However, the
relation displays a significant break around 1M¯; R ∝ Mξ, with
ξ ≈ 0.57 for M > 1M¯, and ξ ≈ 0.8 for M < 1M¯. This
division marks the onset of a convective envelope. Convection
tends to increase the flow of energy out of the star, which causes
the star to contract slightly. As a result, stars with convective
envelopes lie below the mass-radius relation for non-convective
stars. (This contraction also increases the central temperature
(via the virial theorum) and also moves the star above the nominal
mass-luminosity relation. For main sequence stars, uncertainties
in the mixing scale length do affect the computed stellar radius
(and effective temperature), but only slightly. A factor of two
increase in α translates into a change of only +0.03 in log Teff .
The star’s luminosity, of course, is not affected.

• The depth of the convective envelope (in terms of Menv/MT )
increases with decreasing mass. Stars with M ∼ 1M¯ have ex-
tremely thin convective envelopes, while stars with M <

∼ 0.3M¯

are entirely convective. Nuclear burning ceases around M ∼

0.08M¯.



• The interiors of stars are extremely hot (T > 106 K). The fall-off
to surface temperatures (T ∼ 104 K) takes place in a very thin
region near the surface.

• The region of nuclear energy generation is restricted to a very
small mass range near the center of the star. The rapid fall-off of
εn with radius reflects the extreme sensitivity of energy generation
to temperature.

• Stars with masses below ∼ 1M¯ generate most of their en-
ergy via the proton-proton chain. Stars with more mass than this
create most of their energy via the CNO cycle. This changeover
causes a shift in the homology relations for the stellar interior.

• CNO burning exhibits an extreme temperature dependence.
Consequently, those stars that are dominated by CNO fusion have
very large values of L/4πr2 in the core. This results in a large
value of ∇rad, and convective instability. In this region, convective
energy transport is extremely efficient, and ∇ ≈ ∇ad.

• Because of the extreme temperature sensitivity of CNO burning,
nuclear reactions in high mass stars are generally confined to a
very small region, much smaller than the size of the convective
core.

• As the stellar mass increases, so does the size of the convective
core (due again to the large increase in ε with temperature). Su-
permassive stars with M ∼ 100M¯ would be entirely convective.

• A star’s position on the ZAMS depends on both its mass and its
initial helium abundance. Stars with higher initial helium abun-
dances have higher luminosities and effective temperatures. This
is predicted by homology; the higher mean molecular weight trans-
lates into lower core pressures. Helium rich stars therefore are



more condensed, which (through the virial theorum) mean they
have higher core temperatures and larger nuclear reaction rates.

• Changes in metallicity shift the location of the ZAMS; the metal-
poor main sequence is blueward of the solar metallicity main se-
quence. This is primarily due to the reduced amount of bound-free
absorption throughout the star (which only comes from metals).
The smaller opacity allows the energy to escape more easily, and
thus increases the luminosity via (3.1.4), i.e.,

L = −
16πacr2T 3

3κρ

dT

dr

(The effect is slightly less for higher mass stars, since the amount
of energy generation is proportional to Z in CNO burning, but the
smaller opacity is still the most important factor.) The luminosity
increase also results in a hotter surface temperature, via L ∝

R2T 4
eff

• Changes in the metallicity and helium abundance also affect the
precise mass where the convective core disappears. Greater helium
abundance forces ρT to be larger to maintain the pressure. This
produces an increase in luminosity, a larger value of ∇rad, and an
increased tendency towards convection. Similarly, a decrease in Z
translates into a lower opacity, a larger luminosity, and a greater
probability of convection.

• The central pressure is inversely proportional to stellar mass,
as predicted by homology. Similarly, the central temperature also
behaves as predicted, i.e., it is directly proportional to mass. At
large and small masses, the central density also obeys its homology
relation, but the central density becomes almost independent of
mass near ∼ 1M¯. This behavior is a natural consequence of the
virial theorum, the main-sequence mass-luminosity relation, and
the different temperature sensitivities of the CNO and pp chains.



Since main sequence stars are in virial equilibrium,
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Meanwhile, the nuclear energy generation rate is
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while the mass-luminosity relation is

L ∝ M
η (18.3)

Now, if we substitute in for temperature using (18.1) and lumi-
nosity using (18.3), then
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At high masses, ν ∼ 18 and η ∼ 3, so the exponent is negative; at
low masses; ν ∼ 5, and η ∼ 2, and again, the exponent is negative.
However, around 1M¯, ν ∼ 4, and η ∼ 4; this generates a positive
exponent, and thus changes the behavior of the central density.



The mass-luminosity relation for main-sequence stars.

The mass-radius relation for main-sequence stars.



The mass fraction of main sequence stars plotted against the total
stellar mass. “Cloudy” areas indicate the extension of convection
zones. The solid lines give the mass values at 1/4 and 1/2 the
stellar radius. The dash lines show the mass within which 50%
and 90% of the stellar luminosity is produced.



The fraction of CNO energy generated for stars of different masses.

The central temperature and density for main sequence stars.



Main Sequence Luminosity Evolution

As a star burns on the main sequence, its luminosity will increase.
This is due to the star’s higher mean molecular weight: since the
core has fewer particles to support it, ρT must increase, and so
must the rate of nuclear reactions. To estimate the amount and
timescale for this brightening, first consider that according to the
virial theorum
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T ∝ µM2/3ρ1/3 (18.5)

where we have substitute for R using ρ ∝ M/R3. Now if we
assume that energy is transported via radiation, then from (3.1.4),

L = −
16acr2T 3

3κρ

dT

dr

Very roughly,
dT

dr
∼

T − T0

0 − R
≈ −

T

R

so

L ∝
RT 4

κρ
(18.6)

For main sequence stars, Kramers law opacity dominates (except
perhaps in the very center, where electron scatter is important).
Thus,

L ∝
RT 15/2

ρ2



If we again substitute for R using ρ ∝ M/R3, and T using (18.5),
then
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(18.7)
Since the mass of the star is (essentially) constant, and the density
dependence is very weak, (18.7) says that
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L0
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where ψ = 15/2. (Note that the homology equation for a Kramer
law opacity gives gives 8.2 < ψ < 9.0, depending on the pre-
cise value of ν.) Next, consider the definition of mean molecular
weight. From (5.1.5) and (5.1.6), the mean molecular weight of
the electrons is
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which reduces to
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The total mean molecular weight, as a function of hydrogen frac-
tion, is therefore
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Finally, if the fusion process releases Q = 6 × 1018 ergs for every
gram of hydrogen fused, then the rate of fuel consumed is related
to the star’s luminosity by

dX

dt
= −

L

MQ
(18.11)

Through equations (18.8), (18.10), and (18.11), we can compute
the how luminosity of a main sequence star changes with time,
i.e.,
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Putting it all together, the expression for L becomes
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This is easily integrated to give
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If µ0 ≈ 0.6 and ψ = 15/2, then in solar units, we have
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For the sun, this relation gives L¯ ≈ 1.26L0; if the homology
exponents are used, the value changes to between 1.28 and 1.31
This compares to detailed models which imply that the sun has
brightened by a factor of 1.37. (In other words, the sun as a ZAMS
star was ∼ 25% less luminous than it is today.)



Other Facets of Main Sequence Evolution

• During main sequence evolution, the increase in core tempera-
ture increases the pressure just outside the core. This (through
some complicated physics), causes the surrounding regions to ex-
pand. (This in part explains why our estimate of the solar lu-
minosity increase overestimates the actual number. Some of the
energy has gone into expansion.) In general, any time a stellar

core contracts, the envelope surrounding the core will expand.

• In high mass stars, the CNO nuclear reactions are highly concen-
trated in the center of the star. As a result, the molecular weight is
unchanged over most of the star, and only the core contracts. The
star therefore becomes redder, as the increase in the radius over-
whelms that of the luminosity. For low mass stars, the relatively
weak dependence of pp-cycle energy generation on temperature
allows more of the star to be involved in nuclear reactions. A
larger fraction of the star thus has its molecular weight changed,
and more of the star participates in the contraction. This com-
petes with the overall stellar expansion. (A 1M¯ main-sequence
star actually becomes hotter with age.)

• As a fully convective star (M < 0.3M¯) evolves, the change
in its molecular weight just moves the star to a higher helium
content ZAMS model.

• For stars with M > 2.25M¯, the mass fraction of the convective
core decreases with time. This is due to the decrease in the opac-
ity with temperature, which follows from Kramer’s law. As the
convective core gets smaller, it leaves behind a chemical gradient.
This can cause semi-convection to occur at the boundary.

• Convective cores in stars with M < 2.25M¯ actually increase
with time. As the core temperature increases, the CN-cycle be-



comes more important, and the energy generation becomes more
concentrated. Eventually, however, the convective core will again
become smaller, as the decrease in Kramer’s opacity takes over.


