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When stars first form out of interstellar gas, they have radii substantially larger than main
sequence stars of the same mass. As a result, their centres are too cool to drive nuclear
reactions, and they are not in energy equilibrium. They therefore contract over a Kelvin-
Helmholtz timescale. As they do so, their cores heat up, and eventually nuclear reactions
begin. Before they can begin to burn hydrogen, however, they first burn deuterium, which is
present in small amounts in interstellar gas (roughly 1 D per 50,000 H), and ignites at a lower
temperature. The net reaction that the D undergoes is
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Consider a star contracting toward the main sequence. We would like to know at what
radius its centre will be hot enough to start burning D. To figure this out we will begin with the
statement that, for reasons to be discussed later in the course, protostars are well approximated
by n = 3/2 polytropes. We can use this to derive the central temperature as a function of mass
and radius. For such a polytrope, we have the following for the dimensionless outer radius and
density derivative:
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Exercise 1. Use the mass-radius relation for polytropes that we derived in class to express
the polytropic constant KP in terms of M , R, ξ1, and dΘ/dξ|ξ=ξ1.

Exercise 2. Using the polytropic constant KP from exercise 1, and the relationship between
central density ρc and KP , to express the central density in terms of M , R, ξ1, and dΘ/dξ|ξ=ξ1.

Exercise 3. Finally, express the central temperature Tc in terms of M , R, ξ1, and
dΘ/dξ|ξ=ξ1. Assume that the centre of the star is a non-degenerate gas, that radiation pressure
is negligible, and that the mean molecular mass µ = 0.61, appropriate for fully ionised gas of
Solar composition.

Now that we have written out the central temperature, we can use it determine when nuclear
reactions begin. Deuterium requires that the temperature reach ≈ 106 K.

Exercise 4. Using your results from the previous parts, what radius must a 1 M� star
reach a central temperature high enough to ignite deuterium? Express your answer in units of
Solar radii, R� = 6.96× 1010 cm.

Exercise 5. Protostars typically have surface temperatures a bit cooler than the Sun.
Assume our example 1 M� star has a surface temperature T = 4000 K. What is its luminosity?
Express your answer in Solar luminosities, L� = 3.9× 1033 erg s−1.

While the star is burning deuterium, it essentially ceases contracting, because deuterium
burning provides energy to counter the loss of radiation to space, and keep the star in equilib-
rium. Contraction only resumes once most of the deuterium has been used up.

Exercise 6. The mass of a deuterium nucleus is mD = 3.34449× 10−24 g, while the mass
of a 4He nucleus is mHe = 6.64658 × 10−24 g. Assuming that there is 1 D nucleus per 50,000
H nuclei, estimate how long deuterium burning can supply the energy required to balance the
star’s radiative losses.
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