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ELECTROMAGNETIC RADIATION RULER: THE ER RULER
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R is called the Rydberg constant and
 R = 1.096776 x 107 m-1

The wavelengths of one electron atomic emission 
spectra can be calculated from the 
Rydberg equation:

where  λ = wavelength (in m.) and Z is the atomic 
number.  Z = 1 for hydrogen.
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Why is it Z2, instead of, say, Z?
What if n2 < n1?
What is wrong with n2 = n1?   Give both a math-
ematical answer and an energy level answer.

SPECTROSCOPY AND THE STARS

THE RYDBERG EQUATION

and we also require that n2 > n1

We will calculate the red Balmer line.

For the red Balmer line n1 = 2 and n2 = 3.
Note very carefully the difference between the sub-
scripts and the energy level.  Also note that n1 refers to 
the energy state after emission.after emission.after

Is n1 = 2 for all the lines in the Balmer series?
For hydrogen, is n1 = 2 for any line not a Balmer line?
For hydrogen, what do we call the lines where n1 = 1?

So for the red Balmer line:

n2
2

111
n1

2 -
111

---- = 1
22

1111
32-

1
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111 = x 0.1389 = 1.523 x 106 m-1

λ = 6.564 x 10-7 m = 656.4 nm
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Use the Rydberg equation to fi nd the wavelength ot 
the transition from n = 4 to n = 3 for singly ionized 
helium.
In what region of the spectrum is this wavelength?
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ABSORPTION SPECTRUM

Sun

Solar Spectrum
Sodium Absorption Line

Sodium atoms

Several factors are required to produce an absorption 
line.  First, there must be a continuous emission back-
ground.  Then, between the continuous emission and 
the observer there must be some cooler atoms which 
absorb and re-emit a particular wavelength of light.
Then the absorption line results from the geometry.  
The cooler atom absorbs light in the line of sight but 
re-emits it in all directions.  Thus most of the light (of 
that particular wavelength) which would have reached 
the observer is instead spread out in all directions.  
The observer sees this as a black line (missing light) 
against a continuous spectrum.

FRAUNHOFER ABSORPTION LINES IN THE SOLAR SPECTRUM
DF b E C BK H h g G d
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Use the scale to measure and list the wavelength 
of each of the Fraunhofer absorption lines shown in 
picture 2.
Check to see if any of them are familiar to you from 
the hydrogen spectrum.
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BLACK BODY RADIATION AND STELLAR SPECTRA

100 400 7000 nm 2500 nm

O

B
AAA

FF GGG KKKK MMMM

O has temperature = 30000 K
B has temperature = 10000 K
A has temperature = 7500 K
F has temperature = 6000 K
G has temperature = 5000 K
K has temperature = 4000 K
M has temperature = 3000 K

In picture 1, fi nd the wavelength at which each spec-
tral class has maximum radiation.
Our sun is a G type star.  In what color range does 
our sun radiate most intensely.

M

G
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F
AA
B
O
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For each spectrum shown in picture 2, fi nd a star on 
the main sequence of the Hertzsprung-Russell dia-
gram which might have produced that kind of spec-
trum and mark the star with the spectral class: O, B, 
A, F, G, K or M.
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Suppose we had evolved in a solar system with an M 
type ‘sun’; predict in what wavelength range we might 
have evolved vision and give your reasons.

400400350 nm350 nm 450450 500500 550550 600600 650650 700700 750 nm750 nm750 nm

In picture 2, for the stellar classes OBAFGK, which 
line is not part of the Balmer series?  
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DWARF STAR SPECTRA

6

Measure the wavelengths of the priminant dips in the 
fl uxes shown on this page and compare them with-
with the spectral lines on the previous page.
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STELLAR SPECTRA

Here is a set of real stellar spectra, from very hot O 
type stars down to relatively cool M type stars.
Many of the stronger lines are lebeled.  The lines with 
Greek letters label the Balmer lines of hydrogen.

The Balmer line labeled β is the 486 nm line.
What are the wavelengths of the Balmer γ and δ
lines?
Approximately where is the edge of the visible spec-
trum; draw a vertical line marking the edge.
What kind of electromagnetic radiation is involved in 
the lines to the left of the visible spectrum?
Would the ionized calcium lines be visible?
Approximately what color, in an emission spectrum, 
would the TiO (titanium oxide) bands be? Emission Absorption

1 2

n = 2 n = 2

Picture 1 shows electrons moving into the n = 2 orbital 
of hydrogen, either from higher energy (n > 2) orbitals 
or from the ionized state.
Picture 2 shows electrons being energized out of the 
n = 2 orbital.

THE ORIGIN OF BALMER LINES
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THE COSMIC BACKGROUND RADIATION

1.0 mm

> >

2.0 mm

Find λmax for the Planck curve above (by measure-
ment) and use the result in Wien’s Displacement Law 
to calculate the temperature of the universe.

Wien’s Displacement Law

λmax = 2.898 x 10-3 mK
T

Suppose T = 5000 K.  Then we can substitute that 
value into Wien’s Displacement Law:

λmax = 2.898 x 10-3 mK
5 x 103 K

λmax = 5.796 x 10-7 m = 579.6 nm

Is λmax in the visible wavelength region and, if so, 
what color is it?

WIEN’S DISPLACEMENT LAW
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DOPPLER EFFECT
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In picture 1 a light emitting source S is moving to 
the right at velocity V.  The same spectral line is 
observed at the four positions A, B, C, and D. Use 
the picture to tell whther the line is red shifted or blue 
shifted or unchanged at each of the four observing 
positions.

Using the Doppler equation:

we can fi nd the velocity V of the source of electromag-
netic radiation by measuring a spectral line λobs coming 
from the moving source and comparing it to the same 
spectral line λlab from a non moving source.  (c is the 
speed of light.)

Suppose we measure the light blue Balmer line from an 
astronomical spectrum at λobs = 500 nm.  We know that 
for this line λlab = 486.4 nm.  Then:

λobs – λlab

λlab

=
500 nm – 486.4 nm

486.4 nm
= 2.79 x 10-2

V = c x 2.79 x 10-2 = 8,388 kms-1

In the example above, is the source moving toward 
us or away from us?  How do we know?

2

Suppose picture 2 shows a rotating star (like our sun).  
The left edge of the star is rotating toward us, while the 
right is is moving away.  Therefor the light from the left 
edge will be bluer than the light from the center and the 
light from the right edge will be reddder than the light 
from the center.

3

4 5

If the spectral line shown in picture 4 is broadened due 
to the Doppler effect, what do you suppose might cause 
a spectral line to be split like the one in picture 5?
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SPECTRAL LINE PROFILES

1

2

3

Describe the difference in appearance of the visible 
Balmer lines in spectra 1, 2, and 3.

Natural Line Broadening
Even though we often consider atoms and molecules 
to have exact energy states, all of these states actually 
have an energy spread due to Heisenberg uncertainty 
principle.
This is generally introduced via ∆t∆E ≥ h/2π
However, it does not seem to be clearly pointed out that
slower (vibrational, rotational, forbidden or metastable) 
reactions having a larger ∆t would have a correspond-
ingly smaller ∆E. 

Thermal or Doppler Broadening
Atoms and molecules are in motion.  The component of 
this motion toward or away from the observer changes 
the wavelength of the emitted or absorbed radiaton due 
to the Doppler effect.

Pressure Broadening
In the atmosphere of a high pressure star the atoms 
and molecules (in a cool star) collide frequently.  This 
means they have only a short time to emit or absorb 
radiaton before collisions change their energy state.  
Ths the enrgy states are effectively spread out by the 
collisional enrgy and the spectral line is broadened.  In 
a high pressure stellar atmosphere this effect will be 
more important than the natural line width or Doppler 
broadening.

Wavelength
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Actual spectra are rarely the simple set of lines you 
can see in a discharge tube spectrum.  There are pro-
cesses which split lines and processes which broaden 
lines.  These processes result in complex spectra and, 
in the case of molecules, in band spectra.
Studying spectra give most of our information about 
these processes and often led to their discovery.
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The Hydrogen Spectrum

RED SHIFTS

Use the Doppler equation and the known fact that 
for the red Balmer line λlab = 656.6 nm to fi nd the 
velocity of the source in pictures 1, 2, and 3.
Determine whether the source is approaching or 
receding from the lab.
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Measure the position of the red Balmer line in the 
three spectra above.  Do the same for the blue and 
purple lines and make a table of your results.
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z = 1

z = 2

z = 3

z = 0

z = 4

z = 5

If λ’ is the observed wavelength and λ is the emitted 
wavelength, we have the two relations

v
c

λz = λ
λ’

which is the defi nition of z, and

λ’ λ
1= cc

v1
c

1⁄2

[ ] cx

which is the Doppler equation, where c is the speed 
of light and v is the velocity at which the source of the  
radiation is moving away from the observer.
We can solve for v/c, which is the fraction of the 
speed of light the souce is moving.

v
c = 2z z2

(1 + z)2
+

from which we can make the table
v
cz
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Draw the curve connecting the data points in picture 
7 and extend the curve to z = 6.

66

77

Pictures 1 through 6 show the Lyman series of hy-
drogen spectral lines with no redshift (picture 1) and 
at redshifts up through fi ve.  In each picture the line 
on the right is called the Lyman alpha line and is very 
inportant for determining redshifts.  The line on the 
left is the Lyman ionization limit.  Measure the Lyman 
alpha line for each z and make a chart of the results.
Detrmine whether the Lyman alpha line is in the 
infrared, visible or ultraviolet for each z and, if it is in 
the visible, estimate its color.  Include this information 
on your chart also.

0 nm 100 200 300 400 500 600 700 800 nm

0 nm 100 200 300 400 500 600 700 800 nm

0 nm 100 200 300 400 500 600 700 800 nm

0 nm 100 200 300 400 500 600 700 800 nm

0 nm 100 200 300 400 500 600 700 800 nm

0 nm 100 200 300 400 500 600 700 800 nm

RED SHIFT
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THE HETZSPRUNG-RUSSELL DIGRAM
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The band of stars running from the upper left to the 
lower right of the Hertzsprung-Russell diagram is 
called the main sequence.  Find the stars on the 
main sequence which have similar properties to the 
sun.

Each spectral class is also divided into ten subclass-
es, such as O0, O1, ..., O9, B0, ...
Knowing that the sun is a G2 star, fi nd and mark the 
star on the Hertzsprung-Russell diagram which is 
most like the sun.
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PARALLAX

star

Earth1

Earth2

Sun pp

Circle = 360º (360 degrees)
1º = 60’ (60 arc minutes)
1’ = 60” (60 arc seconds)

Measure angle p in picture 1.  In astronomy, this is 
called the trigonometric parallax angle.

1

Assuming that the stars on the right of picture 1 are 
so far away that their appearance does not change 
due to the motion of the Earth in its orbit, describe 
how the position of the nearby star will appear to 
change as the Earth moves from one side of its orbit 
to the other side (six months later).

Explain how we might use that change of appear-
ance to fi nd the distance from the Earth of the nearby 
star.

pp
pp
pp

In actual practice, the angles p are much smaller than 
the example shown here, but the same method applies.
A is the distance from the Earth to the Sun, B is the 
distance from the Sun to the star - which, for a real star 
is essentially the same as the distance from the Earth 
to the star.  From trigonometry we have:

A

B

tan(p) =
A
B

Since we are trying to fi nd B, we rearrange the equation:

B = A
tan(p)

Now measure A in picture 1 and calculate B.  Then measure B to 
check your answer.

The actual distance from the Earth to the Sun is 
1.50 x 1011m.  Suppose the trigonometric parallax 
angle to a nearby star is 1.00 arcsecond.  Find the 
distance of the star in meters.  (The astronomical 
name for this distance is ‘parsec’.)

This is the defi nition of the tangent function.  To calcu-
late the value, you punch in the number for p on your 
calculator and then press the tan button.

Trigonometric Parallax

Spectroscopic Parallax
Refer back to the Hertzsprung-Russell diagram on 
page 12.  Notice that near the center of the main 
sequence the spread of intrinsic luminosities is rather 
small.  If we can spectroscopically locate a star on that 
part of the main sequence, then we know how bright it 
really is.  By comparing that intrinsic luminosity with the 
star’s apparent brightness on Earth, we can estimate 
the distance to the star.  This is called the star’s spec-
troscopic parallax.
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THE LADDER OF DISTANCES

Parallax measurements
Parallax measurements can directly determine distanc-
es of stars up to a few hundred parsecs.  Beyond that, 
their motions are too small to be accurately observed.
We need other methods to determine distances.

Method of Similar Objects
The basic idea behind the method of similar objects 
is that if we know the true, or intrinsic, brightness of a 
star or other celectial object, we can compare that with 
its apparent brightness (how bright it looks to us) and 
calculate the distance.  We have various methods of 
estimating intrinsic brightness.

Herzsprung-Russell Diagram
The Herzsprung-Russell diagram, shown on the next 
page, has been a primary tool for organizing stellar 
properties.  
The Herzsprung-Russell diagram plots the intrinsic 
brightness, or luminosity, of a star on the vertical axis 
versus its color, or spectral type, on the horizontal axis.
You can see that most stars lie on a fairly narrow 
band called the main sequence.  So if we observe the 
spectral type of a star we can make a good estimate 
of its intrinsic luminosity and by comparing this with its 
apparent brightness, we can fi nd its distance.  In this 
manner we can fi nd the distances to many stars much 
farther away than by trigonometric parallax.

Star Clusters
You can see that there is a fair amount of guesswork 
involved in using the Herzsprung-Russell diagram to 
determine distances (e.g., does a star really lie on the 
main sequence or not?).  Fortunately many stars oc-
cur in groups or clusters; these may range from a few 
dozen up to a million stars or more.  So by examining 
many of the stars in the cluster, we can determine their 
average distance with much more confi dence.

Cepheid Variables
There are a great many types of stars and some types 
have very special properties.  There are stars which 
vary in intrinsic luminosity and some of these do so 
in a regular pattern.  A useful type are the Cepheid 
variables which have brightness up to 10,000 times the 
sun and vary more slowly the brighter thay are.  These 
stars can be observed in other galaxis and used to fi nd 
the distances to some of the galaxies.

Galactic Brightness
The Cepheid variables got us to other galaxies, but to 
only some of the closer ones.  But we have been able 
to observe that some of the types of galaxies have a 
maximum brightness.  Galaxies often come in large 
groups and by observing the brightest galaxies in the 
groups we can estimate the distance to the group.

Quasars
Quasars are immensly bright objects, generally be-
lieved to be giant black holes ripping apart all of the 
matter in their vicinity.  They are so bright that they can 
be observed at vast distances and we can measure 
their (approximate) distance by the Hubble Law

The Hubble Law
The Hubble law comes from the discovery that distant 
objects in the universe are moving apart, because 
space time itself is expanding.  There is a direct con-
nection between the distance between two objects and 
the speed with which they are moving apart.  Since we 
can observe that speed through the red shift of spectra 
created by the Doppler effect, we can use the spectrum 
to determine the distance.
Using the velocities of recession calculated for z = 0, 
1, 2, 3, 4, 5 and a Hubble constant of 75 (km/s)/Mpc 
(where Mpc means megaparsec) we get the following 
table of distances

z Distance
0 0 Mpc
1 3.00 x 103 Mpc
2 3.56 x 103 Mpc
3 3.75 x 103 Mpc
4 3.84 x 103 Mpc
5 3.89 x 103 Mpc

For reference, 3.0 x 103 Mpc is about ten billion light 
years.

Cosmic Background Radiation
Current studies of the microwave radiation left over 
from the birth of the universe seem to indicate that it is 
about 156 billion light years in diameter.
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