Atoms and Starlight
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Where do the all the
colours come from in
astronomical 1mages?
Why are some stars
blue and others red?
Why does the gas
around and inbetween
stars glow different
colours? In this
lecture we will try to
understand the
connection between
light and matter so
that we can interpret
these 1mages.
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Dispersion of White Light by Glass Prism

glass prism
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Newton was one of the first scientists to understand
the wave nature of light. He found that a prism
would break up white light into 1ts constituent
colours. This occurs because blue light gets more
severely as 1t passes through the glass, so
1t gets bent more.



White light, or visible

U ibl / light iS juSt onc example

of electromagnetic
Radio Microwaves Infrared Ultraviolet H-ray Gamma Ray radiatiOn.
e, Electromagnetic
N N /\ N N /\ NNN |1”|H Fn I m”,” . e
SVSSSSSSTIEEEE § radiation can be
g serwweenn . - described as a wave-like
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oscillating electric and magnetic fields, and can travel even
in a vacuum (unlike sound which needs vibrating atoms to
travel). Visible light constitutes a tiny part of the
electromagnetic spectrum, which is made up waves of
different energies. All electromagnetic radiation travels at
the speed of light (often written ‘c’) in a vacuum.
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We characterise light by its wavelength, I.e. the distance
between successive peaks. Wavelength has a unit of length
(e.g. nm). We can also define frequency, where a high
frequency corresponds to a short wavelength and vice versa.
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So far, we have treated light as a wave. However, quantum
mechanics tells us that every particle has wave-like
properties and vice versa. However, only very small
particles ever exhibit wave-like properties. Sometimes it 1s
more convenient to consider light as a particle, which we

call a Photons carry energy, the

amount of energy carried by
a given photon depends on
its wavelength. A photon
with short wavelength (high
frequency) carries more
energy than a long
wavelength (low frequency)
photon. So an X-ray photon
carries more energy than a
radio wave.




Radiation from all over the electromagnetic spectrum can
be found 1n space. Fortunately, our atmosphere protects
us from much of this radiation. The main atmospheric
windows are in the radio and the optical.
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So now we know a bit about light. Next, let us review
what we know about atoms.

electron The nucleus 1s the dense centre of
the atom which contains most of
the mass. Both the positively
charged protons and neutrally
charged neutrons reside here. The
light, negatively charged electrons
hadiEan ‘orbit’ the nucleus. When the
nuclews number of electrons equals the

the number of protons we have a . If the
charges are not balance, we have an 10on, positively charged
if the atom has lost electrons or negative if 1t has gained
excess electrons.



An given chemical element (e.g. hydrogen, helium,
carbon) 1s defined by how many protons it has. I.e. 1f a
nucleus has 6 protons, it 1s by definition, carbon,
regardless of how many neutrons and electrons it has.
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We have already seen that adding electrons creates ions.
Adding neutrons creates . For example, carbon
has 2 stable isotopes '“C which has 6 protons and 6
neutrons and '>C which has 7 neutrons.



When two or more atoms ‘team up’ to

share electrons, we have a molecule. We H S, H
write down the number of atoms that o B
went into making the molecule like this J
H,O - two hydrogen and one oxygen. _Wtse

Molecules can be
very complicated,
like those that make
up our DNA.




We often picture electrons ‘orbiting’ the nucleus. This
description correctly conveys the fact that electrons have
only certain permitted positions in an atom. Because
different nucle1 have different masses and charges,
electrons of different elements have different orbit
structures.
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In addition, we refer to transitions in a hydrogen atom
according to how many levels the electron moves. The
Lyman series involves transitions from the n=1 level and
Balmer from n=2. We also give a Greek letter to show how

many levels the

Continuum electron has moved: o
h=4 for one jump, 3 for 2
=3 ol Bl levels, v for 3 levels
n=2 Balmer series  etc. Used together,
the Lyman a line
Bl v refers to an electron
moving between the
n=1 n=1 and n=2 levels.

Lyman series



Electrons can move between orbits if they are given enough
energy, €.g. by a passing photon. But only a photon with the exact
amount of energy will do! Eventually, the electron will decay
back to a lower level.

No thanks. Aha! Ahh. QOops
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A more energetic (blue) photon 1s needed in order to excite
an electron to higher orbits from the ground state (lowest

energy level). Less energetic (red) photons are required for
smaller jumps.
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Similarly, each time an electron drops from a higher energy
level to a lower energy, a photon 1s emitted with an energy
(wavelength) corresponding to the gap between the two
levels. A small jump gives a red photon and a big jump
(larger change 1n energy) gives a blue photon.
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In this way, a hot gas (I.e. one that 1s excited by incoming
photons) produces an emission spectrum, consisting of
sharp emission lines at fixed wavelengths, each
corresponding to a different electron transition. because
cach element has a unique configuration of electron orbits,
1ts emission spectrum 1s unique, like a fingerprint.



Not all of these lines occur 1n the visible, the higher energy
ones occur 1n the ultra-violet (UV) and lower energy ones
are seen 1n the infra-red (IR).

Balmer series

(Visible-UV)
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However, this emission
spectrum is very different
from the continuous spectrum
we see when sunlight 1s
refracted through a prism. So
there must be another way of
making light in stars.

This starlight originates in the outer part of the star called
the . This light comes from moving electric
charges, such as electrons. A moving charged particle
creates electromagnetic energy - light! These moving
charges create a spectrum, I.e. light at all
wavelengths.



A hot object glows because the moving electrons create
electromagnetic energy that 1s emitted as photons. This
kind of emission (that produces a continuous spectrum) 1s
called blackbody radiation and has a very distinctive
shape.
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The wavelength at which a blackbody emits most of its
radiation (A ,.) depends on its temperature. A hotter body
contains more energetic particles so has A_ .. at a shorter
wavelength, but the overall shape of the radiation stays the
same. This 1s the reason that hotter objects look bluer than
cooler objects (which have a redder colour).
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Temperature 1s a measure of

energy. If a system i1s hot it has boiling water
more energy than a cold system
because the atoms are moving
around much faster. In astronomy,
we measure temperatures on the
Kelvin scale. A change of 1K 1s
the same as 1 centigrade (celsius).
The only difference 1s that there 1s
a 273 degree offset between
centigrade and Kelvin. 0 K 1s also
know as absolute zero, this 1s the
coldest possible temperature.
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At absolute zero, atoms are no longer moving, 1€ a minimum €nergy

has been reached.

temperature (K) = temperature ( C ) + 273



The value of A, and
temperature are connected by
Wien’s law:

3 x 10°
Temperature (K)

Anax (M) =

The temperature of the sun’s
surface 1s about 6000 K, so 1t
emits most of 1its light 1n the
middle of the optical window.
If the sun were much
hotter/cooler, its light would
fall in the UV/IR and get
blocked by our atmosphere!
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Example: Your body temperature 1s about 37 degrees centigrade,
what 1s this in kelvin? At what wavelength do you emit most of
your radiation? What part of the electromagnetic spectrum is this?

Tkelvin - Tcentigrade +273=37+273=310K
10 nm + = I
A (nm)= 3 x 106 1
Temperature (K) ok |
= 3x10° =9677 nm { i Hl
310 —

1000 nm 1s the same a 1w [ : . \f'
m (1 micron), so 9677nm T 2

= 9.7 um , which 1s in the ' ol ]
infra-red. e |
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In addition to continuous and emission spectra, there is a third type of
spectrum: an absorption spectrum. This occurs when light from a
blackbody passes through a cold gas. Atoms in the cold gas absorb
light at wavelengths that correspond to the electron’s orbital
transitions. The dark lines show where light from the continuous
spectrum has been “used up’, so is a sort of ‘inverse emission
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Although we said that stars like the sun produce blackbody
radiation, their spectra actually show absorption lines. This 1s
because cooler layers of gas near a star’s surface absorb
certain wavelengths of the blackbody (continuous) spectrum.
Some of the strongest lines are those from hydrogen
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These 3 types of radiation are summarised by Kirchoff’s laws

1) A solid or dense gas
will produce a
continuous spectrum

2) A hot low density
oas will produce an
emission spectrum
with lines at fixed
wavelengths

3) A cold gas in front of

a continuum source
will produce an
absorption spectrum
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The spectrum of a star tells us how hot its surface 1s. We
figure out the temperature by measuring how strong
different absorption lines appear. Spectral lines are an
accurate thermometer because they tell us how many
electrons are 1n the different orbits of an atom/ion/molecule
which in turn tells us about the temperature.

The lines of each atom or
molecule are strongest at

High :
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For convenience, we refer to stellar types (classified by
temperature) by a letter

Oh Be A Fine Girl/guy Kiss Me !!



We can also sub-divide
these letter classifications
with a number from 0-9
where 0 1s the hottest and
9 1s the coolest. In very
cool stars (e.g. M-stars)
the atmosphere 1s cool
enough that molecules
like T10 (titanium oxide)
can form. In hotter stars,
molecules are destroyed
by the very energetic
photons.

©® 2005 Brooks/Cole - Thomson

4Jl “ L\Pﬂ‘lvu‘fﬂ u”"mm‘

‘l ' "\"I"W'\Mf A o

V\‘ "'\wt..

™V
'W Yo ‘w‘r{f Aipa Ao

’ v,
N +‘rw

"“M" n h




In addition to telling us the temperature of a star, the strength
of 1its absorption lines tell us the abundances of different
chemical elements 1n that star’s atmosphere. Cecelia Payne
Gaposchkin was the first person to untangle the effects of
temperature and abundance 1n the sun.

TABLE 7-2
The Most Abundant Elements in the Sun

Percentage by Percentage
Element Number of Atoms by Mass
Hydrogen 91.0 /0.9
Helium 8.9 24
Carbon 0.03 0.3
Nitrogen 0.008 0.1
Oxygen 0.07 0.8
Neon 0.01 0.2
Magnesium 0.003 0.06
Silicon 0.003 0.07
Sulfur 0.002 0.04

lron 0.003 0.1

© 2005 Brooks/Cole - Thomson



Finally, we can also figure out the velocity that the light
source 1s moving at relative to us. We do this by
measuring the Doppler shift of the spectral lines.
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If a light source 1s approaching us, we see its spectral lines shifted
towards the blue end of the spectrum: blueshift. A blueshift results in
spectral lines having a shorter observed wavelength

If a light 1s receding from us, we see its spectral lines shifted towards
the red end of the spectrum: redshift. A redshift results in spectral
lines having a longer observed wavelength

UNSHIFTED

REDSHIFTED

BLUESHIFTED




The shift in wavelength only tells us about the stars
velocity towards or away from us (its radial velocity), we
can’t infer anything about 1ts motion across our line of
sight (transverse velocity) because this doesn’t cause a
Doppler shift.

v lransverse
\ velocity

Radial velocity
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We calculate the radial velocity with this simple formula:

velocity =  change in wavelength
speed of light original (rest) wavelength

A shorter way of writing this is: v = AA
C A

Example: You take a spectrum of a star and notice that the Lyman
alpha line is shifted from its rest wavelength of 121.6 nm to 121.8nm.
What 1s the velocity of the star?

In this example, A=121.6 nm and we know that ¢c=300,000 km/s.
v=(121.8-121.6)/121.6 x 300,000

=493 km/s because the observed wavelength is larger than the
rest wavelength, this 1s a REDSHIFT.



Doppler shifts also contribute to the shape of stellar absorption lines.
Every atom absorbs light at a particular wavelength, but that
wavelength shifts depending on the velocity of the gas. If the gas 1s
cool, the atoms move slowly and don’t have a wide range of
velocities so the absorption line 1s narrow. If the gas 1s warm, the
atoms move faster, have a wider range of velocities, so the
absorption line looks broad.
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