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Physics of Astrophysics

Example sheet 3

1. Describe the mechanism for the photodissociation of hydrogen by FUV
radiation. Hydrogen molecules are exposed to a Far Ultra Violet (FUV)
radiation field with energy flux 1.6× 10−6 W m−2 which is dominated by
photons with energy ∼ 12eV. Use the data below to estimate the time
required for a unscreened hydrogen molecule to be photodissociated by
this field. What fraction of the incident energy is not used for photodis-
sociation? Where does this energy go?

[The ground electronic state of molecular hydrogen and the first excited
state are separated by 12 eV. For the electronic ground state, the rovi-
brational continuum is 2 eV above the rovibrational ground state. The
probability of photodissociation following radiative de-excitation from the
first excited electronic level is 10 %. The cross section for the electronic
excitation of molecular hydrogen is 5 × 10−23 m2.]

2. i) Warm X-ray heated gas (T= 6000K) emits a certain line with wave-
length 2000 Angstrom for which the critical density is 4 × 107 hydrogen
atoms m−3. Estimate the timescale for radiative de-excitation of the upper
level.

Consider a spherical cloud of radius 5 pc consisting of gas at 6000K with
hydrogen density 4×109m−3 and fractional abundance of the line emitting
species is 10−5. In the case that radiative pumping of the transition by
an external radiation field can be neglected, what is the fraction of the
line emitting species in the upper level? Explain how this distribution is
established. If the cloud is optically thin to the line radiation, estimate
the luminosity in this line emitted by the entire cloud.

ii) The cloud is composed of 99% gas and 1% dust by mass, the dust being
in the form of spherical grains with density 5000 kg m−3 and radius 0.1µm.
The cloud exterior is exposed to an ultraviolet background radiation field
of strength 10−4 W m−2. If this background radiation field can be ap-
proximated as consisting of photons of wavelength 2000 Angstroms that
would be capable of radiatively pumping the above line transition, assess
whether you expect radiative pumping of the upper level to be important
in the centre of the cloud.

[The cross-section for collisional excitation/de-excitation of the emitting
species is 10−18 m2. The cross-section for radiative excitation by the
external radiation field is 10−21 m2. Each of the above cross sections is
per atom of line emitting species.]

3. The flux from a star at wavelength λ located at distance r from an observer
is given by
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where Fλ0
and r0 are constants and kλ is a constant that depends on λ,

the density of the ISM and the optical properties of the dust grains.

Show that the apparent magnitude of the star (mλext
) relates to its ap-

parent magnitude without interstellar extinction via an expression of the
form:

mλext
= mλno ext

+ Aλ

How does Aλ depend on a) the luminosity and b) the distance to the star?

Derive a similar expression for the observed colour of the star at wave-
lengths λ1 and λ2 (mλ1ext

− mλ2ext
) and its colour without extinction.

The ratio of Aλ in the J, H and K wavebands for stars at a fixed distance
is given by AJ : AH : AK = 6 : 4 : 3. Sketch a ‘two colour’ diagram
with J − H , H − K on the x and y axes (where J = mj etc.), showing
‘reddening vectors’ (i.e. the lines along which sources are displaced due to
interstellar extinction). What is the gradient of the reddening vector?

A star’s apparent magnitudes are mH = 10, mK = 9.2 and mJ = 11.7.
The intrinsic colours of main sequence stars lie along the locus

J − H = 0.6 + 0.5 × (H − K)

What is the star’s intrinsic colour?

The relationships between stellar mass, H band luminosity and H-K colour
for low mass main sequence stars are given by:

L|H = L⊙|H

(

M

M⊙

)3.5

and

H − K = 0.33

(

M

0.2M⊙

)−0.5

Use this information to find the star’s mass, luminosity and distance.

[Assume that the absolute magnitude of the Sun in H band is 3.32 and that
a star’s absolute magnitude equals its apparent magnitude at a distance
of 10 pc.]
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4. a) A monochromatic photon source undergoes inverse Compton scatter-
ing from a population of relativistic electrons with a power law energy
distribution, i.e. where the number of electrons with energies in the range
E to E + dE is ∝ E−qdE. What is the power law slope of the resulting
Comptonised spectrum?

b) An ionised gas of temperature T radiates by thermal bremsstrahlung
(free-free emission) at a rate per unit volume per unit frequency range
(dE

dω ) which is proportional to:

nenionZ2

∫∞

vmin

g(v)dv
∫∞

0
f(v)dv

where f(v) = vg(v) = v2exp
(

−mv2

2kT

)

and me is the mass of an electron.
Explain what sets the value of vmin and hence show that this expression
can be re-expressed as being proportional to:

nenionZ2

T 1/2
exp

(

−h̄ω

kT

)

Provide a physical explanation for this scaling. Derive furthermore how
the frequency integrated power per unit volume depends on temperature.

5. The photospheric temperature of an optically thick accretion disc varies
with radius as T ∝ R−3/4. Explain why you expect the spectrum of the
radiation produced by each annulus to be of black body form.

Write down an integral expression for the flux of radiation in the frequency
range ν to ν + dν that is produced by the entire disc from radius Rin to
Rout. Explain how this expression can be used to explain the form of the
spectrum shown in the Handout, specifically the limiting forms at high
and low frequency and the spectral slope at intermediate frequencies.

6. Show that the recombination timescale for an ionised plasma of number
density n is trec ∼ 1/αn where α is the recombination coeeficient. State
the dimensions of α and explain why a) α is a function of temperature and
b) why the relevant α for net recombination in a dense medium is that for
recombination to excited electronic states.

Consider the equilibrium Stromgren sphere set up by a 20M⊙ star with
ionising luminosity 1048 s−1 in a medium of number density 109 m−3.
Calculate the ratio of trec to initial bubble expansion timescale for this
system. Calculate also how this ratio varies with radius as the bubble ex-
pands. Hence comment on the validity of the assumption made in lectures
that the interior hot bubble remains in a state of ionisation equilibrium
throughout the expansion.

[You may assume that for gas at 104K, α is 3 × 10−19 in SI units.]
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7. A source of ionising radiation is located at a distance R from a star sur-
rounded by a neutral protoplanetary disc. A neutral disc wind feeds gas
into an ionisation front which cuts the line between the star and the ion-
ising source at at a distance rI from the star. Explain why (in the limit
R >> rI), the number density of the ionised wind (nI) varies with dis-
tance from the star centre (r) according to

∫∞

rI

αnI(r)
2dr = FI (where FI

is the ionising flux from the star (units m−2 s−1) and α is the recombina-
tion coefficient given in Question 6). Explain why the ionisation front can
be imaged in Hα line emission.

If the ionisation front is now approximated by a sphere of radius rI centred
on the star and if the ionised wind is steady and spherically symmetric
with constant flow velocity (equal to the sound speed of gas at 104K), show
that the density structure of the ionised gas obeys nI(r) = nI(rI)(rI/r)2.

Use the recombination integral above to evaluate nI(rI) as a function of FI

and rI . Hence estimate the mass loss rate in the spherical wind (assuming
that the star and ionising source are both 450 pc from the observer and
that the ionising luminosity of the source is 1049 s−1) if the separation
of the ionising source and the star on the sky is 40 arcseconds and the
ionisation front is separated from the star by 0.5 arcseconds. What is the
timescale for the photoevaporation of a disc of mass 0.015M⊙?

[You may neglect the fact that the ionising flux only impinges from one
direction and that the flow will in practice not be spherically symmetric.]
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