Introduction to the Sun by Stephen Ramsden
Solar astronomy is the fastest growing hobbyist segment of astronomy in the world today. Solar
astronomers use highly refined, narrowband telescopes to observe several different wavelengths of
light individually from the Sun's spectrum. Like all astronomy, understanding the basics of stellar
spectroscopy will open up an entire new world of information to gather and study pertaining to a
star's composition and behaviour.
The Sun, like every main sequence star, due to gravitational collapse, has a small, very hot core in
which the temperature is high enough for nuclear fusion to occur. One of the products of the core's
inherent incandescence (see Draper's law) is an emitted continuous spectrum of visible light which
compiles to the Planck spectrum of "black body radiation". An object that absorbs all radiation falling
on it, at all wavelengths, is called a black body. When a black body is at a uniform temperature, its
emission has a characteristic frequency distribution that depends on the temperature.
The Sun is approximately 5500K at its photosphere and emits 80% of its energy in the green/yellow
range of the visible light spectrum (figure 1A).
The Sun, just like the nebula that formed it, is mostly Hydrogen (74%) and Helium (25%) but it also
contains trace amounts of almost every naturally occurring element from Lithium to Uranium (figure
1B).
As the Sun's core releases its continuous spectrum of energy, it is absorbed and re-emitted by the
atoms in its many layers. This absorption and re-emission complies with Kirchoff's law in that many
absorption lines are created as electrons move to higher energy levels in their respective atoms
(figure 1C).
The Sun's outer layers, especially the chromosphere acts as both a relatively cool gas and a hot
emission source simultaneously, so as prescribed in Kirchoff's laws, you can observe an absorption
line and a re-emission line for the same atoms at the same wavelengths. This allows astronomers to
zero in on specific emission lines from the Sun's chromosphere that clearly outline some of the
magnetic ferocity occurring on its photosphere and in its chromosphere (figure 1D).

Figure 1: A) Distribution of light emitted by bodies of various temperatures. B) Composition of elements found
in the Sun. C&D) Light from a continuous source is absorbed by certain elements at a particular wavelength of
light to produce absorption lines in the spectrum. Light can also be emitted by these elements to give rise to
emission lines. E) Fraunhofer lines of the solar spectrum.

The Hydrogen alpha re-emission line that astronomers observe in their Hydrogen alpha telescopes,
which have become very popular of late, is observed by using a telescope with very precise filters,
known as "etalons", incorporated into their optical trains. These filters can block almost the entire
visible light spectrum and beyond, while allowing through only the slightest width of visible light
present inside the Hydrogen alpha absorption line generated by the re-emission of that same energy
from the Hydrogen atom as the electron falls back down to the 2nd energy level. The Sun's outer
layers absorb all of the light at that wavelength creating a relatively thick absorption line to the
spectroscopic observer, but the re-emission is in every direction away from the atom so only a small
portion of it is seen as an emission line by the same observer on Earth.
In the case of the Calcium K telescopes, also very popular now, these scopes use very similar etalons
to very precisely examine only a 2-3nm wide bandpass centred on the wavelength emitted as the
Calcium atoms re-emit the light absorbed at 393.4nm. The Calcium atoms also shed an electron from
their outer shell in this process and become ionized. Hence the formal name Calcium II K line
emission.

The various features seen in these Calcium K or H-Alpha telescopes, and in other wavelengths, are
clouds of atoms being manipulated by magnetic field lines emanating from the Sun's core. A solar
prominence, for instance, is a cloud of atoms that are following along a specific magnetic field line or
groups of hundreds of them interacting.
Absorption lines in the Sun's visible light spectrum are shown in figure 1E. These lines are often
segregated into different groups and expressed as the "Balmer series", the "Paschen series”, the
"Lyman series" or "Fraunhofer lines" according to the context used (figure 2 A-C).

Figure 2: A-C) Electron orbital movement involved in creating the ‘Fraunhofer’ absorption lines in the Balmer,
Paschen and Lyman series.

For a more in depth study of these lines and their emission heights in the solar atmosphere please
read Part 1 Spectral line height in the solar atmosphere and Part 2 Understanding the bandwidth of
your hydrogen alpha filter.

Part 1 Spectral Line Height in the Solar Atmosphere by Alexandra Hart
As amateur solar astronomers we use various filters to enable us to view the Sun's 'atmosphere' but
have you ever wondered why they work?
The photosphere or the 'surface' of the Sun is the region where the temperature and pressure
conditions of the plasma (hot ionised gases) first allow light to escape from the interior (become
transparent to visible light) below that region it is opaque to light. The emission from the
photosphere is incandescent meaning it is a continuous spectrum. However, this continuous
spectrum is interrupted by many Fraunhofer absorption lines (figure 1).

Figure 1 The continuous 'black body' spectrum of the Sun containing the Fraunhofer absorption lines.

These dark lines (missing parts of the spectrum) occur because the Sun is composed of many
elements including hydrogen, helium, calcium, iron, sodium and magnesium to name but a few. Due
to the high temperature and pressure, these elements are in the form of a hot ionised gas. These
elements absorb energy from the black body radiation at a very specific wavelength of light unique
to them. This occurs when an electron jumps from an orbit with low energy to an orbit with a higher
energy; the energy is absorbed from the spectrum and this produces the dark (absorption) line.
Above the photosphere is the chromosphere at around the height of 2-3,000km and the corona 1020,000km, both are transparent to visible light; however the spectrum in these regions are
dominated by emission lines. This is when the ionised gases reach a certain temperature and
pressure where an electron from a higher energy state moves to a lower energy state and emits a
photon. In the chromosphere, Hydrogen alpha emits this photon at a wavelength of 656.3nm, and
Calcium II K (393.3nm) and H (396.8nm). Calcium II K and H however can be observed at a range of

heights depending on whether the K1, K2 or K3 regions are observed (see figure 3&4). These
electron shifts occur at a very specific temperature and pressure which is unique to each element, in
turn this is directly linked to the height above the photosphere in which these conditions are right.
We observe these emissions from a height determined by the opacity. As Calcium II K and H and
Hydrogen alpha create different degrees of opacity, we see their emissions (and the structures
revealed by their illumination) at different heights in the chromosphere.
The chromosphere is by no means a homogenous body of gas either. Spicules are huge columns of
plasma rising and falling every 15 minutes and are present up to a height of 9,000km; these are
drawing energy upwards and contributing to the heating of the chromosphere and corona. The idea
of fixed temperature and pressure zones are probably not entirely the case. The basic knowledge of
the structure of the chromosphere and corona and how it is heated is mostly unknown (figure 2).

Figure 2 The temperature increases in height above the photosphere.

So, after my brief summary, what is really going on with the physics? I asked a professional solar
astronomer Dr Matt Penn (National Solar Observatory, Tucson, USA) a few questions for us.
Why do we see a surface when we look in hydrogen alpha and Calcium K?
“One way to think of chromospheric imaging is to approach it from the perspective of the ‘surface of
last scattering’. We see the photosphere at continuum wavelengths when a photon leaves the
surface of the Sun and travels to Earth. We also see the chromosphere when we look at a photon at
H-alpha wavelength when it finally breaks through the haze and travels to Earth too.
The opacity of the gas at the Sun determines where these last scattering surfaces are located, and
the opacity is highly dependent on wavelength. In the continuum the gas opacity is determined by Hbound-free atomic physics (interactions of two electrons with an H atom), but in the spectral lines
it's bound-bound transitions of electrons, like you describe in your write-up. Electrons move from
one level to another in a neutral atom as they get excited or relax.
So the relative strengths of these different types of opacities vary, depending on the physics of these
processes. The bound-bound transitions have strong opacities. So at H-alpha wavelength, the
photons leave the photosphere, almost to be immediately scattered by an H atom. It absorbs the

photon, and then re-emits the photon in a different direction. The photon makes a random walk
through the chromospheric gas, getting absorbed and re-emitted, until by chance it gets to a certain
height where it is re-emitted towards the Earth, and does not encounter another H-atom. This
height is the surface of last scattering, and defines what we see when we observe the H-alpha
photons coming from the Sun.”
What heights in the solar atmosphere do these ‘surfaces of last scattering’ occur?
“Two main points are: the abundance of the particular atom in the Sun, and the opacity (or line
strength) of the particular electron transition of that atom.”
Why do spectral lines have the shape that they have?
“It's the Doppler shift combined with the temperature of the gas. For a given temperature of gas,
you'll have a certain fraction of the atoms moving at a certain speed, both towards and away from
you, but there will be no bulk motion, so the mean speed will be zero. So if a photon is emitted from
the photosphere at a wavelength blue of H-alpha, say H-alpha+10km/sec, on it's journey through the
chromosphere it will encounter some H-atoms moving at that speed and so it can be absorbed and
re-emitted by those atoms (and only those atoms). But there are fewer H-atoms at that speed than
there are at zero velocity, so fewer of those photons will be scattered, and this is why the Sun looks
brighter as you tune from line center to the continuum. Also, effectively you are moving downward
towards the photosphere as you tune from line center to the continuum... in both red and blue
wings. So the shape of the absorption lines depend on the distribution of speeds of the atoms (and
their ability to absorb light because of the Doppler shift in their frame) which in turn is caused by the
temperature of the Sun at the height that the bulk of the line is formed. This is why photospheric
lines are narrow (they represent the photospheric temperature of 5880K) and chromospheric lines
are broad (they represent the temp around 8000K). ”
Why do some absorption lines have emission cores in them?
“In the case of flares or of active region plages (in CaK) there is another form of energy, non-thermal
wave energy or fast particles from a flare perhaps, which causes the electrons to get excited and
then emit light at these wavelengths as they relax to the ground state. In three words: it's very
complicated!”
Do the lines of Calcium K and H show the same features?
“I think the line profiles are nearly identical. Because the lines are so broad, there are several other
absorption lines which appear on top of each of the H and K lines, and these lines are different
between H and K of course. Also, the details of the polarization of the H and the K lines are different
since they originate from different electron configurations. However in terms of the intensity spectra
that most people would study, they would be the same.”
So how do we observe these emission lines? To observe the chromosphere we can view it during a
total solar eclipse when the visible spectrum from the photosphere is obscured by the moon and the
bright emission spectra from the chromosphere can be seen. Another way is by using specific filters
which can only pass the specific wavelength of light emitted by the element of choice. This happens

also to be directly where the dark absorption line is in the photosphere. Therefore the photosphere
is excluded and the faint emission spectra from the chromosphere can be observed instead.
Table 1 contains the most common elements found in the Sun and the point in the spectrum where
the absorption/emission line is found, its width (disk centre), features to be observed in that
emission and its height above the photosphere. This data is by no means complete and will be
updated if the data is found.

Table 1 The most common elements found in the Sun and the wavelength (nm) where the absorption line is
found within the spectrum, and the features to be observed in the emission.

Figure 3 shows the most famous chart plotted in 1981 by Vernazzi et al. indicating the height above
the photosphere where these lines occur. It is the most cited chart in the literature regarding line
heights in the solar chromosphere.

Figure 3 Line heights from 'The Solar Chromosphere' Vernazzi et al. 1981 The Astrophysical Journal
Supplement series.

The most common emission lines used by amateur astronomers to view the chromosphere are
Calcium II K and Hydrogen alpha. Below (figure 4) are the absorption lines in the spectrum of
Calcium II K and H showing the different regions where we should be observing the emission to see
maximum line height details.

Figure 4 The regions of Calcium II K and H where different heights above the photosphere can be observed.

As you can see in Calcium II K the central region is called K3 and the two smaller absorption peaks
are the K1 regions. This is exactly mirrored in the Calcium II H. The two Calcium lines should be
thought of as a doublet like the sodium doublet, with the only difference being how the transitions
are made with the two outer shell electrons.
Most amateurs will discuss the bandwidth in which a filter performs, with the 'narrower the better'.
Figure 5 demonstrates the bandwidth of some of the common commercial filters.

Figure 5 Some common commercial filter bandwidths overlaid on the Calcium II K and H and Hydrogen alpha
absorption spectra.

What you will see is the narrower the bandwidth of the filter, the more likely you will be able to
observe the faint emission line height details without leakage from the photosphere (which is much
brighter). This is more complex than it seems and will be discussed in part 2.
For example in Calcium II K a Coronado PST is 2.2A, a Lunt Solar system filter is 2.4A, whereas a
Baader K line filter is up to 80A (too large for this chart). For an Omega Calcium H filter or a Daystar
filter system at 5A, this is too large to see subtle line height detail as too much of the photospheric
leakage will be included. The Calcium II H line is also very close to the hydrogen epsilon line which
could interfere if the filter is not narrow enough.

Less than 2A would be most beneficial in these two Calcium lines. Most professional telescope
systems use increments of 0.2A to be able to observe in the separate K1, K2 and K3 regions of
Calcium II K. This can only be replicated by the amateur using a spectrohelioscope.
1 angstrom = 0.1nm

Part 2 Understanding the bandwidth of your Hydrogen alpha filter
For many of us, the whole concept of whether to have a single stack, double stack or even a triple
stack hydrogen alpha filter is very confusing. As we have seen from part 1 it is very important to
have a bandwidth which is narrow enough to sit within the absorption line, but not to inadvertently
leak light from the continuum (photosphere) which is much brighter than the faint emission line that
you seek to visualise.
We will use a hydrogen alpha filter as an example to look in greater depth at how stacking multiple
filters helps to narrow the bandwidth, but this can also be applied to the Calcium K line filters. The
first important issue when stacking multiple filters together is that we not only lower the bandwidth
but we also lower the transmission (brightness). For example, if our single stacked filter has a Tmax
of 60%, double stacking will have a Tmax of 0.6 x 0.6 = 0.36, or 36%, just over half the image
brightness of a single stack, and requiring about double the exposure time when imaging. This is also
why triple or quad stacking starts to get ridiculous as there is less and less improvement in
continuum suppression, but very significant transmission decreases. In figure 6 the curves shown are
normalized for comparative purposes, in reality the transmission peak from multiple stacking is
lower than single stacking.

Figure 6 Results of double and quad stacking on the transmission curve. This emphasises the fact that the
reduction in bandpass has less actual effect compared to the reduction of the transmission "wings" (shape at
the base) and the suppression of continuum light. All transmission curves are normalised for comparative
purposes.

The second important issue is the shape of the transmission curve of light which the filter allows
through. The top of figure 7 shows a detailed representation of the Hydrogen alpha absorption line
with bandpass labelled and centred on the CWL (central wavelength).
However, this is not to be confused with what a manufacturer will state their filter to be in width. If
we look at the bottom part of figure 7 we see the important phase ‘FWHM’ which stands for ‘full
width at half maximum’. This is the bandwidth a manufacturer will state. This does not take into
account how wide (see arrows) the base of the transmission curve may be. Take particular note that
while the FWHM does not decrease too much with double stacking, it is the overall shape of the
transmission curve which changes with the base becoming much narrower. It is this suppression of
the tails which generate the most improvement in removing continuum light (photospheric leakage).
Therefore quoting a FWHM bandpass figure can be fairly inadequate to describing the visual views
we have and the quality of the details seen or imaged in the real world through these filters.

Figure 7 Top: detailed representation of the H alpha absorption line with bandpass labelled and centred on the
CWL. Bottom: the transmission curves of a 0.7 and 0.5A filter and how it is placed within the absorption line.

So how does this equate to what we see in the real world? Here are two great examples taken by
Bob Yoesle in both Calcium II K and Hydrogen alpha (Figure 8).

Figure 8 The effects of single and double stacking filters and the view of the solar surface.

In Calcium II K at 2.2A the surface is fairly uniform and flat but with the characteristic plage and
supergranulation structure present. At 1.6A the surface becomes more textured and the delicate
spicules of the chromosphere become visible (edge of the Sun’s disc). This faint chromospheric
feature is hidden when too much bright continuum leakage is present. In Hydrogen alpha at 0.7A all
of the features of the chromosphere are present including spots, filaments and prominences. If we
take particular care to study the very edge of the solar disc we see what looks like a double limb
effect. This is the result of continuum leakage, with light from the photosphere coming through from
below giving the effect of a hard outline (photosphere) and a soft general chromosphere layer
above. When we study this edge at 0.5A (double stacking) we see that this hard line has disappeared
and a continuous ‘surface’ of the chromosphere is seen from disc centre to edge, and the spicules
are continuous to the edge. This is a result of suppression of the continuum leakage. Another myth
often quoted is that a narrower bandpass is better for disc detail but decreases prominence visibility.
This is untrue. The prominences are just as visible in the 0.7A as the 0.5A photograph. The only
reason this myth is told is due to the fact as mentioned previously, the narrower bandpasses
(especially from double stacking) having less transmission and a subjectively perceived decrease in
prominence visibility due to decreased image brightness.

However, viewing in the wings of Hydrogen alpha can also be a benefit. As described in Part 1 when
viewing in the blue or red wing of the Hydrogen alpha line we are able to view material which is
Doppler shifted away or towards us and also closer in towards the photosphere. In the blue wing we
are able to see material moving towards us and in the red wing moving away from us which can
greatly enhance the viewing of structure within prominences or filaments. Taken together with a
centre line view, we can build up a picture showing dramatic changes in shape and detail. In the
same way if we look at the disc surface, particularly in the region surrounding the sunspot area we
are able to observe many bright points. If over a period of some minutes these bright points appear
or disappear these are Ellerman bombs. These features can only be observed easily in the wings.
In conclusion, bandwidth is much harder to quantify than first thought. Using just a single FWHM
figure can be misleading, and the customer should take careful note of the ‘overall’ shape of the
transmission curve of the filter to be purchased. Why would one spend a lot of money for a 0.3 A
filter which will essentially perform no better visually than 0.7A because the base of the curve is very
broad, but then be overcome by the view from a 0.5A double stack filter because the base of the
transmission curve is very narrow. Hopefully you may now be able to understand why this could be.
More information here http://www.astrosurf.com/viladrich/astro/instrument/solar/FP-Coro.htm
Special thanks to Bob Yoesle in helping me with Part 2.

