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1.1 Questions Chapter 1

Question 1.5

Question 1.5 What is H I? And H II and H III?
Do these spectra have spectral lines? What is the 21 cm line associated
with?
Does Fe XII have spectral lines? If so, in which wavelength region?

H I = the spectrum of neutral hydrogen (proton + electron).
H II = the spectrum of ionized hydrogen (H+, free proton).
H III does not exist.

H I contains the Lyman-, Balmer-, Paschen-, Pfundt- etc. series, see Figure 1.4
H II does not have spectral lines, there is no bound electron that can do bb transi-
tions.

The 21 cm line is part of the H I spectrum but is not part of a series of bb
transitions of the electron; this transition is a flip of the spin of the electron in
the ground state. The energy difference between these two spin states is ∆Espin =
6 × 10−6 eV.

Fe XII is the spectrum of Fe11+. This spectrum contains lines because the twelfth,
thirteenth electron, etc. still can make bb transitions. These inner-shell electrons
are strongly bound, therefore the ∆Emn is large and the spectral lines have short
wavelengths. Figure 8.11 shows an example of the emission line of Fe XII at 195 Å.

Question 1.6

Question 1.6 Compare the observed wavelengths of the Na I D lines in Figure 1.2 and the
Lyα line in Figure 1.3 with those of the associated bb transitions in the
relevant term diagrams (see Appendix). What is your conclusion?
Figure 1.3 shows a large number of spectral lines with λ < 3530 Å: the
Lyα forest. Do these arise from hyperfine structure, Zeeman splitting, or
Doppler splitting?

In the solar spectrum, the Na I D lines are located at their rest wavelengths: the Sun
is at rest (cf. Galilei Galileo). The energy of the Na I D transitions is 2.09911 and
2.09698 eV (588.995 and 589.592 nm). The energy of the Lyα transition is 10.2 eV,
equivalent to a rest wavelength of 121.6 nm. However, in the quasar spectrum, the
Lyα line is shifted to 353 nm. This is caused by cosmological redshift; this quasar
is at z = 1.9. In the blue wing of the broad emission peak of the quasar (i.e., at
shorter wavelengths), numerous narrow absorption lines are visible: the Lyα forest
caused by clouds at different cosmological redshifts between us and the quasar.

Question 1.7

Question 1.7 In Figure 1.2 the line identifications are given. Near the Na I D lines there are
solar lines of Fe I and Ni I; the H2O lines, however, originate in the Earth’s
atmosphere. How can the origin of the lines be conclusively established?

The quickest method to differentiate between the telluric lines and solar lines is
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to measure the line width difference in spectra like Figure 1.2. This is a “flux”
spectrum, i.e., irradiation spectrum (Chapter 2): the intensity averaged over the
whole solar disk. Due to the fact that the Sun rotates with a rotation period of
27 days, the side that approaches us contributes with a blue-shift of magnitude up
to 1 km s−1 the other side contributes with red-shift up to 1 km s−1 in opposite
direction. Together, this results in significant line broadening; these velocities are
larger than what the stratospheric winds in the Earth atmosphere contribute with
Doppler shift.

A good measure is the full width at half maximum (FWHM) of the relative line
depression (Icont−Iν)/Icont. For the H2O lines in Figure 1.2 , the FWHM values are
indeed smaller than for the Fe I and Ni I lines. However, this method is not always
reliable because many water lines overlap; such blends contribute to an apparent
large line width.

The best method is record these kind of spectra twice: with high and low solar
elevation. In the case of low solar elevation, the line of sight passes through much
more Earth atmosphere and therefore the telluric lines will be stronger. A difference
plot (one spectrum subtracted from the other, with each spectrum normalized to
the continuum like in Figure 1.2 will clearly reveal the telluric lines.

The most expensive method would be to record the same solar spectrum from a
rocket or satellite outside the Earth atmosphere. A difference plot with a “ground-
based” spectrum is then a good measure to isolate the telluric lines.

The coolest method is to observe from the driest place on Earth: the Scott-
Amundsen station at the South Pole. This station is situated on a plateau at 3000 m
altitude with temperatures far below 0◦ C; water vapour is largely frozen out.

The most sophisticated method is to compare the solar spectrum with a spectrum
from Mars: due to the orbital motion of Mars, the solar spectrum lines in the Mars
spectrum will be Doppler shifted as compared to the lines in the solar spectrum; the
telluric water lines on the other hand will not be shifted. (The Mars atmosphere
hardly contains water.)

The most elaborate method is to model the detailed formation of the spectral
lines, i.e., to compute whether the line formation in the solar atmosphere is more
likely than in the Earth atmosphere. See Chapter 4.

Question 1.8

Question 1.8 What are the H I bf processes? What is the notation for the Bremsstrahlung
spectrum resulting from collisions between free protons and electrons?

H I bf processes: ionization of and recombination to neutral hydrogen. Radiative
and collisional ionization where the electron is released from the hydrogen atom, and
radiative and collisional recombination where a free proton captures a free electron.

For Bremsstrahlung of a free proton, the electron is not captured but the en-
counter results in the emission or absorption of a photon, with the associated de-
crease or increase of the total kinetic energy. Notation: H I ff.

Question 1.9

Question 1.9 Check that a photon conversion sequence as shown in Figure 1.7 can consist
of Lyβ absorption, followed by Hα and Lyα emission. Can such a triad also
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consist of bf transitions, for example the Lycont?

The photon conversion sequences that are possible with the Lyman continuum play
an important role in planetary nebulae. Hydrogen atoms in the nebula that are
in the ground state and get ionized by Lycont photons from the hot central star.
This can then be followed by for example recombination with emission of a Balmer
continuum photon and a Lyα photon, so conversion to two completely different
wavelengths.

From the term diagram in Figure 1.4 it can be seen that there are many other
possible multi-stage paths from the H I continuum down to the H I ground state;
together they form the “Zandstra-mechanism”, see Section 8.3.3.

Question 1.10

Question 1.10 Is kinetic energy involved in induced deexcitation? And in induced recom-
bination?

For induced deexcitation, the excited atom is “stimulated” to deexcite by a passing
photon at the bb line wavelength; there is no kinetic energy involved in this process.
Preceding the deexcitation, the atom could have been excited by a process that
involves kinetic energy: collisional excitation from a lower level up or collisional
deexcitation from a higher level down.

For induced recombination, the passing photon of energy hν stimulates the cap-
ture of an electron with the right kinetic energy (1/2)mev

2 to a bound state with
the right ionization energy ∆E∞n, so that the combined energy equals the energy
of the photon:

hν = (1/2)mev
2 + ∆E∞n.

The kinetic energy of the free electron is therefore converted to photon-energy; re-
combination always involves (some) exchange of radiation energy and kinetic energy.

Question 1.11

Question 1.11 Check that collisional recombination requires a three-body collision. Under
what circumstances will collisional recombination be a rare process?

For collisional recombination, the collision of an atom, a free electron and a third
particle (atom or electron) results in the capture of the electron by the atom into a
bound state, the third particle receives the released energy as kinetic energy. Such
three-body collisions are rare unless the particle density is high.

Question 1.12

Question 1.12 Draw a diagram such as that in Figure 1.5 for ff transitions. Does this also
comprise five processes? How many particles are involved in each process?

Also for ff transitions there are five processes: bremstrahlung emission, induced
bremstrahlung emission, bremstrahlung absorption, and three-body collisions where
the second particle gains or looses energy.
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Question 1.13

Question 1.13 Figure 1.6 does not show all possible combinations of the five bb processes
in Figure 1.5. How do the other pairs go?

Induced in stead of spontaneous deexcitation can happen in the photon creation and
scattering pairs. Collisional excitation can be followed by collisional deexcitation,
no photon is involved in this process.

Question 1.14

Question 1.14 For bf processes, are there similar pairs for creation, destruction and scat-
tering? What about for ff processes?

The same process pairs as for bb transitions are valid for the bf and ff processes,
except that the “identity” of the photon is much less determined. For sequential
bb scattering processes, the same amount of quantum energy is used over and over
again: the emitted photon differs from the absorbed photon only in direction (in
case of non-coherent scattering also a small amount in wavelength): it continues to
be a line photon of the corresponding bb transition. In case of photon scattering, it
appears that the photon continues to exist for every scattering.

For bf scattering (radiative ionization followed by spontaneous or induced re-
combination), the wavelength does change because the energy above the ionization
threshold is not quantized. An atom that is ionized by a photon can recombine with
an electron with a different kinetic energy than the kinetic energy of the electron
that was just released: there is a redistribution over the ionization continuum, even
if the recombination results in the same bound state of the atom.

In the case of edge continua belonging to states deep in the term diagram, far from
the ionization threshold, the fixed part E∞−En is larger than the redistributed part
above the ionization threshold. The identity of the photon is then to large extent,
but not exactly, preserved.

For ff processes there is no identity preservation of the photon because there are
no bound (quantized) states involved. Scattering therefore involves redistribution
over the ff continuum.

Question 1.15

Question 1.15 Check that also in photon conversion the problem can crop up that ob-
served photons are not created where you see them coming from. Are there
triple processes between three levels in which there is coupling with the local
kinetic energy of the particles?

For photon conversion like in Figure 1.7 , two photons are released with longer
wavelengths (3–2 followed by 2–1) after radiative excitation to the upper level from
the ground state (1–3). With 1–2 radiative excitation followed by 2–3 radiative
excitation, the reverse path can be travelled; repetition of these processes can result
in the release of the photons in a totally different region then where they were
created.

More probable however is strong resonance scattering in the 1–3 transition: the
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same quantum can jump up and down through the 1–3 plus 3–1 transitions before
finally being split in two 3–2 and 2–1 photons. Also in this case, the last photons
are not representative for the region where they were released but rather for the
conditions that lead to the initial 1–3 excitation. This is the case in planetary
nebulae (Section 8.3.3); the 3–1 photon creation happens in the central star, the
splitting into 3–2 and 2–1 photons in the nebula. We observe these last two photons;
their nature is more representative for the star than for the nebula from where they
originate.

Coupling to the local kinetic energy of the particles happens through photon
creation and photon destruction; in case of a 3-level path like in Figure 1.7 , this
is possible for each of the three transitions. For example collisional deexcitation
from level 2 to level 1; this implies a partial destruction of the original exciting 1–3
photon. This scenario happens often for spectra where level 2 is “meta-stable”, i.e.,
the chance of radiative deexcitation 2–1 is small. This applies for example to Ca II
(see term diagrams in Appendix).

Question 1.16

Question 1.16 Is the color temperature of the daytime sky that of the Sun? What about
the color temperature of the full moon?

The sky is light in stead of dark due to scattering of sunlight by molecules and small
dust particles (aerosols); scattering by molecules is stronger for blue wavelengths
than for red wavelengths (Rayleigh scattering, Chapter 6) and therefore the sky is
blue. The blue color of the sky has therefore nothing to do with temperature. White
light from clouds are related to temperature: that is directly reflected sunlight with
the color temperature of solar radiation.

The moon reflects sunlight too with conservation of the color temperature. Unless
the moon is so low in the sky that a significant amount of blue light is scattered
away and only red light remains.

Question 1.17

Question 1.17 Is the Sun optically thick to all radiation? Does the “surface” where the
sunlight comes from lie equally deep at all wavelengths? What will that
depend upon?

The average density of the Sun (1.4 g cm−3) is equal to that of asphalt; there is no
wavelength for which one can see through a layer of 1.4 million km asphalt.

The transparency of the solar gas in the outer layers is not the same at all
wavelengths: the solar atmosphere is, contrary to humans, more transparent for
X-ray and radio radiation than for visual radiation. The spherical shell where the
escaping photons originate is located at different depths for different wavelengths:
the more transparent the gas, the deeper the “surface” is located.

Question 1.18

Question 1.18 The Sun is “optically” thin to neutrinos. Does it make sense to try to
detect neutrinos coming from the Sun? How can you distinguish these from
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neutrinos from other stars?

The Sun is transparent for neutrinos and therefore it is interesting to detect
neutrinos from the solar core: they provide a direct view on the fusion generator.

Solar neutrinos can be differentiated from cosmic neutrinos by determining their
direction.

Question 1.19

Question 1.19 With a lower collisional frequency, the chances for bb scattering are in-
creased. Why?

Scattering becomes more important with decreasing probability of photon de-
struction by collisional deexcitation. An atom (ion, molecule etc.) in excited state
will eventually spontaneously deexcite to lower state unless deexcitation is induced
earlier by stimulated or collisional deexcitation. Only for the latter process, the
quantum radiation energy is destroyed; the probability for conservation of photon
identity and scattering is larger for decreased probability that the duration of the
excited state is decreased by collisions.

Question 1.20

Question 1.20 If cyclotron and synchrotron radiation, pair annihilation, or collisions with
nonthermal particles contribute, then the radiation field is not thermal as a
rule. Why?

In case of cyclotron, synchrotron, annihilation, or collisions with non-thermal
particles the radiation is generated from energy that is not related to the kinetic
equilibrium temperature.

Another example is the Na I D emission from streetlights: in gas-discharge lamps
the radiative deexcitation follows the collisional excitation from the moving electrons
that have non-thermal kinetic energy: the electrons acquired increased kinetic energy
from the electrical potential difference in the lamp — not from heat.

Question 1.21

Question 1.21 Is the atmosphere of the Earth in thermal equilibrium with the solar radia-
tion? And with the light of the daytime sky?

The Earth atmosphere is not in thermal equilibrium with solar radiation - other-
wise the temperature would be 5700 K. Neither is the Earth atmosphere in thermal
equilibrium with the blue-dominated radiation from the sky.

The Earth is in radiation equilibrium with solar radiation: as much radiative en-
ergy in as out, but with photon conversion from visual to infra-red and redistribution
over the Earth surface.
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Question 1.22

Question 1.22 In a well-known scientific laboratory experiment a spectroscope is used to
look at a flame into which salt (NaCl) is scattered. The Na I D lines appear
as emission lines. Such a flame is optically thin in the Na I D lines; make use
of this in answering the above questions.

We look at the crucial questions one-by-one:

– emission or absorption? The Na I D lines from the flame are in emission, super-
posed on a weaker background continuum;

– optically thick or thin? The flame is optically thin so the radiation from the
flame are directly related to the processes that occur in the flame: (virtually)
every photon that is created in the flame escapes directly.

– from what layer? From the flame. There is no other (significant) radiation source
so there is no problem with photons from elsewhere that scatter in the flame: all
the Na I D photons we see are created in the flame.

– what kind of processes? The term diagram of Na I (see Appendix) shows that
the two-level simplification is a good approximation for these lines: there is no
intermediate level like in Figure 1.7 that could make photon conversion important.

All observed line photons originate from radiative deexcitation in the flame; what
is the cause of the preceding excitation of the two upper levels? All photons
escape from the flame directly so radiative excitation is not important: resonance
scattering is not important. Magnetic fields etc. are not important. The particle
velocity distribution is thermally determined so the escaping photons are created
by collisional excitation.

Photon destruction is not important: the line photons do not get the chance to
be destroyed by radiative excitation + collisional deexcitation because the flame
is too transparent.

– thermal or non-thermal? Tricky question! The line photons are created thermally,
i.e., from kinetic energy that is well described by the equilibrium temperature,
but that does not need to imply that the radiation is in thermal equilibrium with
the flame.

The fact that the photons directly escape implies that the radiation has a certain
“knowledge” of the presence of the surrounding medium with a completely dif-
ferent temperature than the flame; the question is whether the excited levels of
sodium sense that medium too. If too many Na I D photons escape compared to
the number of collisional excitations, the “photon losses” will lead to much lower
populations of the upper levels of the transitions than what is expected from the
temperature of the flame (following thermal equilibrium population statistics).
In this case much fewer Na I D photons will leave the flame than what one would
expect from the temperature. On the other hand, if there are many collisional
deexcitations so that the losses from the relatively rare radiative deexcitations
are insignificant, then the populations of the upper levels are what is expected
from the temperature and the radiation in the Na I D lines will be consistent with
that temperature.
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An analog to the flame experiment is X-ray radiation from the solar corona.
The corona also consists optically thin hot plasma where photons are created by
thermal excitation and escape directly into empty space (see Section 8.3.1). The
density of the solar corona is many times lower than laboratory flames and therefore
the collisional frequency much lower too; X-ray radiation from the solar corona is
therefore far from thermal.

Question 1.23

Question 1.23 Following this, the same experiment is extended by viewing the flame with
salt in projection against a brighter continuum source. The two Na I reso-
nance lines then appear as absorption lines against the brighter background
continuum. What has changed?

With irradiation of the flame from a brighter source the situation is changed
considerably: now there is a strong source of non-local photons that can provide
scattering. The observed continuum is now determined by the strong background
radiation; the question is what happens at the Na I D wavelengths.

If the background photons provide a significant contribution to the population of
the two excited levels, i.e., if radiation excitation dominates over collisional excita-
tion, then photon scattering becomes more important than photon creation. With
scattering, Na I D photons escape in all directions, including to the sides away from
the line of sight. Looking at the background source, one observes less photons than
at neighbouring wavelengths where there is no increased bb scattering; therefore the
Na I D lines appear in absorption against the bright continuum.

Question 1.24

Question 1.24 The solar spectrum in Figure 1.2 also shows the Na I D lines in absorption.
In many textbooks this is explained by analogy with the second experiment,
but by the end of these lecture notes we will be able to establish the extent
to which this analogy is correct (only partially so). Why are the sodium lines
of the Sun so much more difficult to understand than those of the flame?

It is incorrect to directly compare the Na I D lines from the irradiated flame to
the lines from the Sun, even though the solar lines are also observed in absorption
against a bright continuum. The reason is that the Sun, contrary to the flame, is
not optically thin.

Considering that also in the Sun scattering occurs for photons that are created
somewhere else (deeper), then it is not clear whether these photons, just like for the
flame, are scattered to the sides, away from the line-of-sight. The Sun is optically
thick and therefore photons can be scattered back into the beam from the sides.

Due to the fact that Sun is optically thick, it is not sufficient to determine the
excitation and deexcitation mechanisms; also the radiation transport of the photons
in the solar atmosphere have to be studied in detail. This is essential difference be-
tween flame spectroscopy and astrophysical spectroscopy: most astrophysical objects
are optically thick.
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Question 1.25

Question 1.25 In the quasar spectrum in Figure 1.3 the Lyα line appears not in absorption
but in emission. Does that mean that the origin of this line is easier to
understand?

The fact that Lyα in Figure 1.3 is in emission says nothing about the source
region in or close to the quasar being optically thin or not, or about the level of
difficulty of interpreting the spectrum. After answering the first crucial question, all
other questions remain open.


