
From Last Time 

•  Light: Absorption, Emission, Transmission, 
Reflection, and Scattering 

•  c=λ x f 
•  E=h x f 
•  “Light” (electromagnetic radiation) extends from 

gamma rays (high E, high f, small λ) to radio 
waves (small E, small f, large λ) 
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From Last Time 

•  Atoms are made up of: 
– Protons (+ charge, in nucleus) 
– Neutrons (no charge, in nucleus) 
– Electrons (- charge, orbits the nucleus) 

•  Molecules are made up of 2 or more atoms 
– O2, H2O, NH3 

•  Temperature (mostly) and pressure dictate what 
phases are stable (solid, liquid, gas, plasma) 

 



Energy Levels in the Hydrogen Atom 

1 eV = 1.60x10-19 Joules 



Models of the Atom, around 1910 
•  “Plum Pudding” 

•  The prevailing view 
•  An atom was a “pudding” of 

positive charge with electrons 
(negatively charges) embedding 
throughout 

•  Ernest Ruthorford realized that you 
could test this by bombarding a thin 
sheet of atoms with fast-moving 
positively charged particles 

•  If the particles pass right through, 
perhaps slowing down slightly, or 
being slightly deflected, the “Plum 
Pudding” model would be validated 

•  A tiny fraction bounced back  



Models of the Atom, around 1910 
It was quite the most incredible event 
that has ever happened to me in my 
life. It was almost as incredible as if 
you fired a 15-inch shell at a piece of 
tissue paper and it came back and hit 
you. On consideration, I realized that 
this scattering backward must be the 
result of a single collision, and when I 
made calculations I saw that it was 
impossible to get anything of that 
order of magnitude unless you took a 
system in which the greater part of the 
mass of the atom was concentrated in 
a minute nucleus. It was then that I 
had the idea of an atom with a minute 
massive center, carrying a charge. 
    —Ernest Rutherford 



5.4 Learning from Light 

•  Our goals for learning: 
– What are the three basic types of spectra? 
– How does light tell us what things are 

made of? 
– How does light tell us the temperatures of 

planets and stars? 
– How does light tell us the speed of a 

distant object? 



•  Spectra of astrophysical objects are usually 
combinations of these three basic types. 

What are the three basic types of spectra? 
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What are the three basic types of spectra? 
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Three Types of Spectra 



Continuous Spectrum 

•  The spectrum of a common (incandescent) light 
bulb spans all visible wavelengths, without 
interruption. 



Emission Line Spectrum 

•  A thin or low-density cloud of gas emits light only 
at specific wavelengths that depend on its 
composition and temperature, producing a 
spectrum with bright emission lines. 



Absorption Line Spectrum 

•  A cloud of gas between us and a light bulb can 
absorb light of specific wavelengths, leaving 
dark absorption lines in the spectrum. 



How does light tell us what things are 
made of? 



Chemical Fingerprints 

•  Each type of 
atom has a 
unique set of 
energy levels. 

•  Each transition 
corresponds to 
a unique 
photon energy, 
frequency, and 
wavelength. 



Chemical Fingerprints 

•  Downward transitions produce a unique pattern 
of emission lines. 



Chemical Fingerprints 

•  Because those atoms can absorb photons with 
those same energies, upward transitions 
produce a pattern of absorption lines at the 
same wavelengths. 



Chemical Fingerprints 

•  Each type of atom has a unique spectral 
fingerprint. 



Chemical Fingerprints 

•  Observing the fingerprints in a spectrum tells us 
which kinds of atoms are present. 



Chemical Fingerprints 

Example: Solar Spectrum 



Oxygen in the Sun, 2001 No. 1, 2001 ALLENDE PRIETO, LAMBERT, & ASPLUND L65

Fig. 1.—(a) Comparison between the observed (filled circles) and synthetic (solid line) profiles after the x2 minimization. The individual calculations of the
oxygen and nickel lines are also shown as dashed lines. (b) Best fit, assuming the observed feature is entirely produced by the oxygen forbidden line.

Fig. 2.—Contour and gray-scale plot showing the variation of the reduced
x2 as a function of the continuum level and the oxygen abundance, while
keeping the nickel abundance constant. The plot uses logarithmic units, and
therefore the units in the code bar of the gray scale are in decimal exponents.

External uncertainties inherent in the adopted set of continuum
opacities, partition functions, equation of state, etc., are consid-
ered as part of our systematic errors. From tests with different
synthesis codes and previous experience, we expect these not to
exceed 0.02 dex. The estimated uncertainty in the theoretical
value adopted for the transition probability of the forbidden line
adds a contribution of similar size. An uncertainty in the wave-
length of Ni i of !0.003 Å translates to an error in the oxygen
abundance of dex and in . The same shifts!0.02 "0.03 log [gfe(Ni)]"0.02 !0.04
in the wavelength of the [O i] line would produce a change
of dex in the oxygen abundance and dex in!0.04 "0.15

"0.03 !0.10
. Simultaneous shift of the rest central wavelengthslog [gfe(Ni)]

of both lines by !0.003 Å would induce changes to the deter-
mined abundance of oxygen by dex, and dex in!0.04 "0.18

"0.05 !0.12
.log [gfe(Ni)]

We find dex. Figure 2 shows thelog e(O) p 8.69! 0.05
projection onto the C– plane of the reduced x2. Thelog e(O)
scale for both the gray scale and the contours is logarithmic,
and therefore the units in the gray-scale code bar are in decimal
exponents.
Our evaluation of the Ni i line is equivalent to

. Adopting the solar Ni abundance fromlog [gfe(Ni)] p 3.94
Grevesse & Sauval (1998), we obtain for thelog gf p "2.31
Ni i line, which compares with computed bylog gf p "1.74
Kurucz & Bell (1995). Figure 1b shows the best fit obtained

assuming the solar feature at 6300 Å is entirely produced by
the oxygen forbidden line: the abundance derived would be

dex, which, allowing for the differences in thelog e(O) p 8.82
adopted ’s and the correction due to consideration oflog gf
three dimensions (!0.08 dex), is in perfect agreement with
previous results based on one-dimensional model atmospheres
and neglect of the Ni i blending line. If a redshift of about
10 mÅ (476 m s ) is applied to the predicted profile, the fit"1

to the observations is obviously improved, but we argue that
such a shift far exceeds known sources of wavelength-related
errors.
Unpublished measurements of the Ni i line report the de-

tection of five isotopic components (courtesy of the anonymous
referee). Adopting those isotopic shifts and solar system abun-
dance ratios (Anders & Grevesse 1989), we find a slightly
worse fit to the observed feature (reduced ), and our2x p 0.45
estimate of the solar oxygen abundance increases by 0.01 dex.
Kurucz lists 70 weak CN lines between 6300.0 and 6300.6 Å,2
which should be responsible for at least part of the continuum
depression that we find. A significant unrecognized blend or
blends in the observed feature would lower the oxygen abun-
dance further, although the extremely good fit that we find
constrains tightly such a possibility.
Reetz (1999a) analyzed l6300 using empirical one-dimen-

sional model atmospheres and high S/N spectra of the solar disk
center and limb. The observed profile was fitted not only by
adjusting the contributions of the [O i] and Ni i lines but also
by including microturbulence and macroturbulence. With the
Holweger-Müller (1974) atmosphere, the oxygen abundance in-
cluding a Ni i contribution, Reetz obtained fromlog e(O) p 8.81
fits to the center and the limb spectra. His value on the correction
to our adopted gf-value for the [O i] line corresponds to

, a difference of 0.06 dex from our result. Thislog e(O) p 8.75
difference could be bridged by adopting another choice for the
empirical model (see Reetz 1999a, Table 3.3). The Ni i line’s
gf-value was set by considering other similar lines and the ad-
justments to the Kurucz gf-values needed to fit the solar lines.
Reetz apparently fitted the 6300 Å line profile equally well with
and without the Ni i line, and therefore his preferred lower ox-
ygen abundance is based on the argument used to set the Ni gf-

2 See http://kurucz.harvard.edu.

For decades people overestimated the abundance of oxygen in the 
Sun by 30%, because the absorption line they used was actually a 
blend of an oxygen line and a nickel line.  Whoops! 



When an electron in an atom jumps from a 
high-energy level to a lower-energy one, 
what happens? 

•  a photon of light is emitted 
•  a photon of light is absorbed 
•  the atom's temperature changes 
•  the atom changes color 
•  none of the above 



When an electron in an atom jumps from a 
high-energy orbital to a lower-energy one, 
what happens? 

•  a photon of light is emitted 
•  a photon of light is absorbed 
•  the atom's temperature changes 
•  the atom changes color 
•  none of the above 



Energy Levels of Molecules 

•  Molecules have additional energy levels because 
they can vibrate and rotate. 



Energy Levels of Molecules 

•  The large numbers of vibrational and rotational 
energy levels can make the spectra of molecules 
very complicated. 

•  Many of these molecular transitions are in the 
infrared part of the spectrum. 



Thought Question 

Which letter(s) label(s) absorption lines?  



Thought Question 

Which letter(s) label(s) absorption lines?  



Thought Question 

Which letter(s) label(s) the peak (greatest intensity) 
of infrared light? 



Thought Question 

Which letter(s) label(s) the peak (greatest intensity) 
of infrared light? 



Thought Question 

Which letter(s) label(s) emission lines? 



Thought Question 

Which letter(s) label(s) emission lines? 



How does light tell us the temperatures of 
planets and stars? 



Thermal Radiation 

•  Nearly all large or dense objects emit thermal 
radiation, including stars, planets, you. 

•  An object's thermal radiation spectrum depends 
on only one property: its temperature. 



1.  Hotter objects emit more light at all frequencies 
per unit area. 

2.  Hotter objects emit photons with a higher 
average energy. 

Properties of Thermal Radiation 



Two Laws for Thermal Radiation 

•  Stefan-Boltzman law 
– Emitted power (watt/m2), E = σT4 

– σ = 5.67 x 10-8 watt/m2/K4 

– Amount of energy emitted is a very strong 
function of temperature 

•  Wien’s law 
– λmax = peak wavelength = 2,900,000/T  nm 

•  T is in Kelvin 
•  At T increases, λmax goes to shorter wavelengths 



Wien's Law 



Clicker: What happens to thermal radiation 
(a continuous spectrum) if you make the 
source hotter? 

•  It produces more energy at all wavelengths. 
•  The peak of the spectrum shifts redward. 
•  The peak of the spectrum shifts blueward. 
•  A and B 
•  A and C 



Clicker: What happens to thermal radiation 
(a continuous spectrum) if you make the 
source hotter? 

•  It produces more energy at all wavelengths. 
•  The peak of the spectrum shifts redward. 
•  The peak of the spectrum shifts blueward. 
•  A and B 
•  A and C 



Thought Question 

Why don't we glow in the dark? 
 
A.  People do not emit any kind of light. 
B.  People only emit detectable amounts of light at 

wavelengths that are invisible to our eyes. 
C.  People are too small to emit enough light for us 

to see.  
D.  People do not contain enough radioactive 

material. 



Thought Question 

Why don't we glow in the dark? 
 
A.  People do not emit any kind of light. 
B.  People only emit detectable amounts of light 

at wavelengths that are invisible to our 
eyes. 

C.  People are too small to emit enough light for us 
to see.  

D.  People do not contain enough radioactive 
material. 



Thermal Infrared 

People emit light, but we do essentially all of it  
at wavelengths longer than our eyes can see 
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Example: How do we interpret an actual 
spectrum? 

•  By carefully studying the features in a spectrum, 
we can learn a great deal about the object that 
created it. 
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Reflected sunlight: 
Continuous spectrum 
of visible light is like 
the Sun's except that 
some of the blue light 
has been absorbed—
object must look red. 

What is this object? 
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Thermal radiation: 
Infrared spectrum 
peaks at a wavelength 
corresponding to a 
temperature of 225 K. 

What is this object? 
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Carbon dioxide: 
Absorption lines are 
the fingerprint of CO2 
in the atmosphere. 

What is this object? 
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Ultraviolet emission 
lines: Indicate a hot 
upper atmosphere 

What is this object? 
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Mars! 

What is this object? 



How does light tell us the speed of a distant 
object?  



The Doppler Effect 

•  Same for Light as it is for Sound 
– Sound from a source coming towards you: 

sound waves hit you more often per second 
•  Higher frequency, shorter wavelength (Higher pitch) 
•  If moving away from you, lower frequency and lower 

pitch 

– Light waves from a source coming towards 
you: light waves hit you more often per second 

•  Higher frequency, shorter wavelength, (bluer light) 
•  If moving away from you, lower frequency and 

redder light 



The Doppler Effect 



Stationary 

Moving away 

Away faster 

Moving toward 

Toward faster 

Measuring the Shift 

•  We generally measure the Doppler effect from 
shifts in the wavelengths of spectral lines. 



Rotation Rates 

•  Different 
Doppler shifts 
from different 
sides of a 
rotating  object 
spread out its 
spectral lines. 



Spectrum of a Rotating Object  

•  Spectral lines are wider when an object rotates 
faster. 



What have we learned? 

•  What are the three basic type of spectra? 
– Continuous spectrum, emission line spectrum, 

absorption line spectrum  
•  How does light tell us what things are made 

of? 
– Each atom has a unique fingerprint. 
– We can determine which atoms something is 

made of by looking for their fingerprints in the 
spectrum. 



What have we learned? 

•  How does light tell us the temperatures of 
planets and stars? 
– Nearly all large or dense objects emit a 

continuous spectrum that depends on 
temperature. 

– The spectrum of that thermal radiation tells us 
the object's temperature. 

•  How does light tell us the speed of a distant 
object? 
– The Doppler effect tells us how fast an object 

is moving toward or away from us. 


