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Figure 5.5 Inverse Square Law for Light. As light radiates away from its source, it spreads out in such a way that the energy per
unit area (the amount of energy passing through one of the small squares) decreases as the square of the distance from its source.
This idea—that the apparent brightness of a source (how bright it looks to us) gets weaker with distance in the
way we have described—is known as the inverse square law for light propagation. In this respect, the
propagation of light is similar to the effects of gravity. Remember that the force of gravity between two
attracting masses is also inversely proportional to the square of their separation.

EXAMPLE 5.2

The Inverse Square Law for Light
The intensity of a 120-W lightbulb observed from a distance 2 m away is 2.4 W/m2. What would be the
intensity if this distance was doubled?

Solution
If we move twice as far away, then the answer will change according to the inverse square of the distance,
so the new intensity will be (1/2)? = 1/4 of the original intensity, or 0.6 W/m?.

Check Your Learning
How many times brighter or fainter would a star appear if it were moved to:

a. twice its present distance?
b. ten times its present distance?
c. half its present distance?

Answer:

2 2 2
2.(3)" = 4:b.(35)" = hpic (3)" =4

5.2 | The Electromagnetic Spectrum

Learning Objectives

By the end of this section, you will be able to:
Understand the bands of the electromagnetic spectrum and how they differ from one another
Understand how each part of the spectrum interacts with Earth’s atmosphere
Explain how and why the light emitted by an object depends on its temperature
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5.2 * The Electromagnetic Spectrum

Objects in the universe send out an enormous range of electromagnetic radiation. Scientists call this range the
electromagnetic spectrum, which they have divided into a number of categories. The spectrum is shown in
Figure 5.6, with some information about the waves in each part or band.
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Figure 5.6 Radiation and Earth’s Atmosphere. This figure shows the bands of the electromagnetic spectrum and how well Earth’s
atmosphere transmits them. Note that high-frequency waves from space do not make it to the surface and must therefore be
observed from space. Some infrared and microwaves are absorbed by water and thus are best observed from high altitudes. Low-
frequency radio waves are blocked by Earth’s ionosphere. (credit: modification of work by STScI/JHU/NASA)

Types of Electromagnetic Radiation

Electromagnetic radiation with the shortest wavelengths, no longer than 0.01 nanometer, is categorized as
gamma rays (1 nanometer = 10~ meters; see Appendix D). The name gamma comes from the third letter of
the Greek alphabet: gamma rays were the third kind of radiation discovered coming from radioactive atoms
when physicists first investigated their behavior. Because gamma rays carry a lot of energy, they can be
dangerous for living tissues. Gamma radiation is generated deep in the interior of stars, as well as by some of
the most violent phenomena in the universe, such as the deaths of stars and the merging of stellar corpses.
Gamma rays coming to Earth are absorbed by our atmosphere before they reach the ground (which is a good
thing for our health); thus, they can only be studied using instruments in space.

Electromagnetic radiation with wavelengths between 0.01 nanometer and 20 nanometers is referred to as X-
rays. Being more energetic than visible light, X-rays are able to penetrate soft tissues but not bones, and so
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144 5 - Radiation and Spectra

allow us to make images of the shadows of the bones inside us. While X-rays can penetrate a short length of
human flesh, they are stopped by the large numbers of atoms in Earth’s atmosphere with which they interact.
Thus, X-ray astronomy (like gamma-ray astronomy) could not develop until we invented ways of sending
instruments above our atmosphere (Figure 5.7).

Figure 5.7 X-Ray Sky. This is a map of the sky tuned to certain types of X-rays (seen from above Earth’s atmosphere). The map tilts
the sky so that the disk of our Milky Way Galaxy runs across its center. It was constructed and artificially colored from data gathered
by the European ROSAT satellite. Each color (red, yellow, and blue) shows X-rays of different frequencies or energies. For example,
red outlines the glow from a hot local bubble of gas all around us, blown by one or more exploding stars in our cosmic vicinity.
Yellow and blue show more distant sources of X-rays, such as remnants of other exploded stars or the active center of our Galaxy (in
the middle of the picture). (credit: modification of work by NASA)

Radiation intermediate between X-rays and visible light is ultraviolet (meaning higher energy than violet).
Outside the world of science, ultraviolet light is sometimes called “black light” because our eyes cannot see it.
Ultraviolet radiation is mostly blocked by the ozone layer of Earth’s atmosphere, but a small fraction of
ultraviolet rays from our Sun do penetrate to cause sunburn or, in extreme cases of overexposure, skin cancer
in human beings. Ultraviolet astronomy is also best done from space.

Electromagnetic radiation with wavelengths between roughly 400 and 700 nm is called visible light because
these are the waves that human vision can perceive. This is also the band of the electromagnetic spectrum
that most readily reaches Earth’s surface. These two observations are not coincidental: human eyes evolved to
see the kinds of waves that arrive from the Sun most effectively. Visible light penetrates Earth’s atmosphere
effectively, except when it is temporarily blocked by clouds.

Between visible light and radio waves are the wavelengths of infrared or heat radiation. Astronomer William
Herschel first discovered infrared in 1800 while trying to measure the temperatures of different colors of
sunlight spread out into a spectrum. He noticed that when he accidently positioned his thermometer beyond
the reddest color, it still registered heating due to some invisible energy coming from the Sun. This was the
first hint about the existence of the other (invisible) bands of the electromagnetic spectrum, although it would
take many decades for our full understanding to develop.

A heat lamp radiates mostly infrared radiation, and the nerve endings in our skin are sensitive to this band of
the electromagnetic spectrum. Infrared waves are absorbed by water and carbon dioxide molecules, which are
more concentrated low in Earth’s atmosphere. For this reason, infrared astronomy is best done from high
mountaintops, high-flying airplanes, and spacecraft.

After infrared comes the familiar microwave, used in short-wave communication and microwave ovens.
(Wavelengths vary from 1 millimeter to 1 meter and are absorbed by water vapor, which makes them effective
in heating foods.) The “micro-" prefix refers to the fact that microwaves are small in comparison to radio
waves, the next on the spectrum. You may remember that tea—which is full of water—heats up quickly in your
microwave oven, while a ceramic cup—from which water has been removed by baking—stays cool in
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comparison.

All electromagnetic waves longer than microwaves are called radio waves, but this is so broad a category that
we generally divide it into several subsections. Among the most familiar of these are radar waves, which are
used in radar guns by traffic officers to determine vehicle speeds, and AM radio waves, which were the first to
be developed for broadcasting. The wavelengths of these different categories range from over a meter to
hundreds of meters, and other radio radiation can have wavelengths as long as several kilometers.

With such a wide range of wavelengths, not all radio waves interact with Earth’s atmosphere in the same way.
FM and TV waves are not absorbed and can travel easily through our atmosphere. AM radio waves are
absorbed or reflected by a layer in Earth’s atmosphere called the ionosphere (the ionosphere is a layer of
charged particles at the top of our atmosphere, produced by interactions with sunlight and charged particles
that are ejected from the Sun).

We hope this brief survey has left you with one strong impression: although visible light is what most people
associate with astronomy, the light that our eyes can see is only a tiny fraction of the broad range of waves
generated in the universe. Today, we understand that judging some astronomical phenomenon by using only
the light we can see is like hiding under the table at a big dinner party and judging all the guests by nothing
but their shoes. There’s a lot more to each person than meets our eye under the table. It is very important for
those who study astronomy today to avoid being “visible light chauvinists”—to respect only the information
seen by their eyes while ignoring the information gathered by instruments sensitive to other bands of the
electromagnetic spectrum.

Table 5.1 summarizes the bands of the electromagnetic spectrum and indicates the temperatures and typical
astronomical objects that emit each kind of electromagnetic radiation. While at first, some of the types of
radiation listed in the table may seem unfamiliar, you will get to know them better as your astronomy course
continues. You can return to this table as you learn more about the types of objects astronomers study.

Types of Electromagnetic Radiation

Type of Wavelength Radiated by Objects at Typical Sources
Radiation Range (nm) This Temperature
Gamma 3 Produced in nuclear reactions; require very
Less than 0.01 More than 10° K )
rays high-energy processes
6 1n8 Gas in clusters of galaxies, supernova

X-rays 0.01-20 10°-10° K

remnants, solar corona
Ultraviolet ~ 20-400 10%-10% K Supernova remnants, very hot stars
Visible 400-700 103-10%K Stars

Cool clouds of dust and gas, planets,
Infrared  103-10° 10-103K gas.p

moons

Active galaxies, pulsars, cosmic
Microwave  10°-10° Less than 10 K g -

background radiation
Radio More than 10° Less than 10 K Supernova remnants, pulsars, cold gas

Table 5.1
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Radiation and Temperature

Some astronomical objects emit mostly infrared radiation, others mostly visible light, and still others mostly
ultraviolet radiation. What determines the type of electromagnetic radiation emitted by the Sun, stars, and
other dense astronomical objects? The answer often turns out to be their temperature.

At the microscopic level, everything in nature is in motion. A solid is composed of molecules and atoms in
continuous vibration: they move back and forth in place, but their motion is much too small for our eyes to
make out. A gas consists of atoms and/or molecules that are flying about freely at high speed, continually
bumping into one another and bombarding the surrounding matter. The hotter the solid or gas, the more
rapid the motion of its molecules or atoms. The temperature of something is thus a measure of the average
motion energy of the particles that make it up.

This motion at the microscopic level is responsible for much of the electromagnetic radiation on Earth and in
the universe. As atoms and molecules move about and collide, or vibrate in place, their electrons give off
electromagnetic radiation. The characteristics of this radiation are determined by the temperature of those
atoms and molecules. In a hot material, for example, the individual particles vibrate in place or move rapidly
from collisions, so the emitted waves are, on average, more energetic. And recall that higher energy waves
have a higher frequency. In very cool material, the particles have low-energy atomic and molecular motions
and thus generate lower-energy waves.

LINKTO LEARNING

Check out the NASA briefing (https://openstax.org/l/30elmagsp1) or NASA's 5-minute introductory video
(https://openstax.org/l/30elmagsp2) to learn more about the electromagnetic spectrum.

Radiation Laws

To understand, in more quantitative detail, the relationship between temperature and electromagnetic
radiation, we imagine an idealized object called a blackbody. Such an object (unlike your sweater or your
astronomy instructor’s head) does not reflect or scatter any radiation, but absorbs all the electromagnetic
energy that falls onto it. The energy that is absorbed causes the atoms and molecules in it to vibrate or move
around at increasing speeds. As it gets hotter, this object will radiate electromagnetic waves until absorption
and radiation are in balance. We want to discuss such an idealized object because, as you will see, stars behave
in very nearly the same way.

The radiation from a blackbody has several characteristics, as illustrated in Figure 5.8. The graph shows the
power emitted at each wavelength by objects of different temperatures. In science, the word power means the
energy coming off per second (and it is typically measured in watts, which you are probably familiar with from
buying lightbulbs).
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Figure 5.8 Radiation Laws Illustrated. This graph shows in arbitrary units how many photons are given off at each wavelength for
objects at four different temperatures. The wavelengths corresponding to visible light are shown by the colored bands. Note that at
hotter temperatures, more energy (in the form of photons) is emitted at all wavelengths. The higher the temperature, the shorter
the wavelength at which the peak amount of energy is radiated (this is known as Wien's law).

First of all, notice that the curves show that, at each temperature, our blackbody object emits radiation
(photons) at all wavelengths (all colors). This is because in any solid or denser gas, some molecules or atoms
vibrate or move between collisions slower than average and some move faster than average. So when we look
at the electromagnetic waves emitted, we find a broad range, or spectrum, of energies and wavelengths. More
energy is emitted at the average vibration or motion rate (the highest part of each curve), but if we have a
large number of atoms or molecules, some energy will be detected at each wavelength.

Second, note that an object at a higher temperature emits more power at all wavelengths than does a cooler
one. In a hot gas (the taller curves in Figure 5.8), for example, the atoms have more collisions and give off
more energy. In the real world of stars, this means that hotter stars give off more energy at every wavelength
than do cooler stars.

Third, the graph shows us that the higher the temperature, the shorter the wavelength at which the maximum
power is emitted. Remember that a shorter wavelength means a higher frequency and energy. It makes sense,
then, that hot objects give off a larger fraction of their energy at shorter wavelengths (higher energies) than
do cool objects. You may have observed examples of this rule in everyday life. When a burner on an electric
stove is turned on low, it emits only heat, which is infrared radiation, but does not glow with visible light. If the
burner is set to a higher temperature, it starts to glow a dull red. At a still-higher setting, it glows a brighter
orange-red (shorter wavelength). At even higher temperatures, which cannot be reached with ordinary stoves,
metal can appear brilliant yellow or even blue-white.

We can use these ideas to come up with a rough sort of “thermometer” for measuring the temperatures of
stars. Because many stars give off most of their energy in visible light, the color of light that dominates a star’s
appearance is a rough indicator of its temperature. If one star looks red and another looks blue, which one has
the higher temperature? Because blue is the shorter-wavelength color, it is the sign of a hotter star. (Note that
the temperatures we associate with different colors in science are not the same as the ones artists use. In art,
red is often called a “hot” color and blue a “cool” color. Likewise, we commonly see red on faucet or air
conditioning controls to indicate hot temperatures and blue to indicate cold temperatures. Although these are
common uses to us in daily life, in nature, it's the other way around.)
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We can develop a more precise star thermometer by measuring how much energy a star gives off at each
wavelength and by constructing diagrams like Figure 5.8. The location of the peak (or maximum) in the power
curve of each star can tell us its temperature. The average temperature at the surface of the Sun, which is
where the radiation that we see is emitted, turns out to be 5800 K. (Throughout this text, we use the kelvin or
absolute temperature scale. On this scale, water freezes at 273 K and boils at 373 K. All molecular motion
ceases at 0 K. The various temperature scales are described in Appendix D.) There are stars cooler than the
Sun and stars hotter than the Sun.

The wavelength at which maximum power is emitted can be calculated according to the equation

3 x 100
T

}\max =

where the wavelength is in nanometers (one billionth of a meter) and the temperature is in K (the constant 3 x
1046 has units of nm x K). This relationship is called Wien’s law. For the Sun, the wavelength at which the
maximum energy is emitted is 520 nanometers, which is near the middle of that portion of the
electromagnetic spectrum called visible light. Characteristic temperatures of other astronomical objects, and
the wavelengths at which they emit most of their power, are listed in Table 5.1.

EXAMPLE 5.3

Calculating the Temperature of a Blackbody

We can use Wien’s law to calculate the temperature of a star provided we know the wavelength of peak
intensity for its spectrum. If the emitted radiation from a red dwarf star has a wavelength of maximum
power at 1200 nm, what is the temperature of this star, assuming it is a blackbody?

Solution
Solving Wien's law for temperature gives:

_ 3x10°nmK 3 x 10°nmK
- Amax 1200 nm

T = 2500K

Check Your Learning
What is the temperature of a star whose maximum light is emitted at a much shorter wavelength of 290
nm?

Answer:

T_ 3)(106an — 3)(106an — 10300K
- }\,max - 290 nm - ’

Since this star has a peak wavelength that is at a shorter wavelength (in the ultraviolet part of the spectrum)
than that of our Sun (in the visible part of the spectrum), it should come as no surprise that its surface
temperature is much hotter than our Sun'’s.

We can also describe our observation that hotter objects radiate more power at all wavelengths in a
mathematical form. If we sum up the contributions from all parts of the electromagnetic spectrum, we obtain
the total energy emitted by a blackbody. What we usually measure from a large object like a star is the energy
flux, the power emitted per square meter. The word flux means “flow” here: we are interested in the flow of
power into an area (like the area of a telescope mirror). It turns out that the energy flux from a blackbody at
temperature Tis proportional to the fourth power of its absolute temperature. This relationship is known as
the Stefan-Boltzmann law and can be written in the form of an equation as

F=oT*
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where Fstands for the energy flux (in units of watts per square meter), T is given in Kelvins, and o (Greek letter
sigma) is a constant number (5.67 x 10°8).

Notice how impressive this result is. Increasing the temperature of a star would have a tremendous effect on
the power it radiates. If the Sun, for example, were twice as hot—that is, if it had a temperature of 11,600 K—it
would radiate 24, or 16 times more power than it does now. Tripling the temperature would raise the power
output 81 times. Hot stars really shine away a tremendous amount of energy.

EXAMPLE 5.4

Calculating the Power of a Star

While energy flux tells us how much power a star emits per square meter, we would often like to know how
much total power is emitted by the star. We can determine that by multiplying the energy flux by the
number of square meters on the surface of the star. Stars are mostly spherical, so we can use the formula
4mR? for the surface area, where R is the radius of the star. The total power emitted by the star (which we
call the star’s “absolute luminosity”) can be found by multiplying the formula for energy flux and the
formula for the surface area:

L = 4nR*cT*

Two stars have the same size and are the same distance from us. Star A has a surface temperature of 6000
K, and star B has a surface temperature twice as high, 12,000 K. How much more luminous is star B
compared to star A?

Solution
Lp = 47'CRA26TA4 and Lg = 47'CRBZGTB4
Take the ratio of the luminosity of Star A to Star B:
Ly  4nRgloTg*  RpZT3*
La  4xRA20TA*  RACTA®

Because the two stars are the same size, Ry = Rg, leaving

Ty _ (12000K)* _ 4

- =16
Tp4 (6000 K)*

Check Your Learning
Two stars with identical diameters are the same distance away. One has a temperature of 8700 K and the
other has a temperature of 2900 K. Which is brighter? How much brighter is it?

Answer:
The 8700 K star has triple the temperature, so it is 3* = 81 times brighter.

LINK TO LEARNING

You can use the Blackbody Spectrum simulator (https://openstax.org/l/30blackbodysim) to explore the
relationship between an object’s temperature, peak wavelength, overall brightness, and apparent color.
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