Cosmology: A Cosmic Perspective

Chapter 8: The Facts of Light

Newton's performance was a tough act to follow. Asthough the laws of motion and gravity, his
contributions to cosmology, and decades of Biblical scholarship weren't enough, he also opened
the door to the study of light. Just as the Principia, his Treatise of the Reflections, Refractions,
Inflections and Colours of Light (short title, Optiks) is still found on the shelves in physics libraries
over the country Bnot just in historical collections or rare book rooms. Again he had anticipated
the needs and interests of a coming era. Light is of primary importance in studying the contents
of the universe Bit is the only source of information about the nature of remote objects. For this
reason it is imperative to understand the properties of light as fully as possible in order to extract
every possible clue.

On this account, our resourcefulness has surpassed initial expectations. A noted philosopher of
the early 19th century stated that one fact which we will never be able to determineis the
chemical composition of the stars. By 1865, at least two dozed elements had been identified in
the brighter stars. To appreciate this and further developments in 20th century cosmology, it will
be necessary to break our cosmological discussion briefly to review some facts of light. It is, of
course, easier to explain the phenomenological properties of light than to define light itself.
Unfortunately thereis time and space only to give some "ideas" about light. Hopefully some will
feel sufficiently dissatisfied with this discussion to do a little reading on the outside. There are a
number of good first-year college physics texts that start at the beginning and build upward.

For our purposes light can be considered as a wave phenomenon and, like water waves spreading
outward from a disturbance on the surface of a pond, can be characterized by a propagation
speed, a wavelength, and a frequency. The wave propagation speed is just the speed of the
moving wave crest. The wavelength is the distance between crests, and the frequency is the rate
of arrival of wave crests at an observer's position. Otherwise water waves have no relation to light
waves. Light is an electromagnetic wave disturbance, which propagates not on a surface, but
through space, even in a vacuum. The wavelength, !, the frequency, f, and the propagation speed,
¢, and related simply as:

c=TfxA

as for water waves. However thereis a fundamental, and rather remarkable, fact about light
propagation that has been verified by many experiments and thus is basic to any successful
theory: light travels at the same speed for any observer, regardless of his or her state of motion.
Intuitively, this is hardly obvious. Even so, the frequency and wavelength do depend on the state
of motion, as is discussed later. For now we note only that the constancy of the speed of light, ¢ =
300,000 km/ second, means that f and ! are reciprocally related.

Another basic fact is that "light" is just a name we give to electromagnetic waves in a particular
range of wavelengths, that range to which our eyes are sensitive. The full spectrum of
electromagnetic radiation is shown in the following figure that includes light as only a narrow
segment. The only physical distinction between propagating radio waves, light waves, and gamma
rays is one of wavelength. Wavelengths in the visible range are measured in nanometers (10-°
meter, abbreviated nm) rather than centimeters. 100 nm corresponds to 10 millionths of a
centimeter, and the visible range extends from about 400 nm (violet) to 750 nm (red). The earlier
statement about QightObeing the only means of learning about the heavens is, of course, to be
interpreted in the broad senseto include all electromagnetic radiation.

Present technology allows us to view the sky over the entire electromagnetic spectrum, but only if
we observe from above the atmosphere of the earth because it is opaque in some wavelength
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ranges. As astronomical observations from space platforms advance, new phenomena are being
discovered almost on a weekly basis, especially in the ultraviolet, X-ray and gamma-ray
wavelength ranges where atmospheric opacity is most problematic.

400 nm__ 700 nm

VISIBUE LIGHT
ULTRAVIOLET
B S— INFRARED
—_—
e HLFAYS SHORT M AM LONG

GAMMA ﬁonow&vs?‘w - FEDIO WEVES
RAY
1 1 15 1 f ! ! f f f f !
16'%m 10'%m 10"%m 1i 00tem 1em  10em 10%m  10%em  10%m 10 bm  VWAVELENGTH
Fig. 8a.

In astrophysical systems, visible light comes primarily from incandescent bodies. The manner in
which source properties are imprinted on the emitted radiation is specified in a general way by the
following three empirical laws due to J.W. Draper and published by Gustav Kirchhoff (in about
1860):
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Law 1: A hot, opaque, incandescent body or thermal radiator emits radiation over a
continuous range of wavelengths (A). The familiar rainbow display of colors obtained by
passing the light of the sun or an electric bulb through a prism is what we call a
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“continuous spectrum". There is a broad range of wavelengths over which the source of
brightness varies rather smoothly.

Law 2: If athermal radiator is viewed through an almost transparent cloud of cool gas, the
continuous spectrum will be modified by the presence of narrow, dark lines. That is, the
gas absorbs radiation but only at a number of discrete wavelengths (C).

Law 3: If a hot, almost transparent, cloud of gas is viewed directly, a spectrum consisting
only of narrow bright lines will be produced (a discrete rather than continuous spectrum).
The gas emits radiation only at a number of discrete wavelengths. If the chemical
composition of the gas is at the same as that discussed in law #2, the bright lines will occur
at exactly the same locations as the dark absorption lines produced by the cool gas (B).

Kirchhof's first law is more interesting if we idealize the nature of the thermal radiator. An ideal
radiator is also a perfect absorber; that is, it neither reflects nor transmits incident radiation.
Under this condition the radiation spectrum (the manner in which the brightness varies with
wavelengths) can be defined precisely by a relatively simple mathematical expression and can be
characterized by a few simple rules:
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1. Thetemperature of the radiator, as shown in the graph above, uniquely specifies the shape
of the spectrum. Furthermore, a body does not have to be incandescent to give off
electromagnetic radiation, only to radiate visible light. An ice cube radiates in the infrared
part of the spectrum. Liquid helium (about 4 degrees above absolute zero) radiates with a
spectrum whose peak straddles microwave and far infrared radiation, a peak wavelength
about 7x105 nm (roughly 1 mm). All bodies with temperature greater than absolute zero
(-273 C) arethermal radiators, so the absolute (Kelvin) temperature scale is the natural
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way to specify the characteristic of ideal thermal radiation. Absolute zero is 0.0 K and ice
melts at 273 K, water boils at 373 K etc. Not only does this temperature uniquely specify
the radiation spectrum, but also the spectrum curves corresponding to different
temperatures do not intersect (a measurement of brightness at one wavelength determines
the entire curve, or equivalently the temperature of the radiating body).

2. Even though a hotter body is brighter at every wavelength than a cooler one, note also
from these curves that the relative amount of radiation at longer wavelengths is larger for
cooler bodies. Thus the light from cooler bodies is redder, and conversely, that from hotter
bodies is bluer (conventionally, the opposite end of the spectrum from red is called "blue"
rather than "violet").

3. Aversion of the previous rule may be stated more precisely: The wavelength that
corresponds to the peak brightness of the spectrum is inversely proportional to the
temperature of the radiation body. The spectrum of the sun's light peaks at about 550 nm
(yellow-green), which corresponds roughly to a 5000 K radiation spectrum. However, your
hand, at a temperature of about 300 K, is radiating most strongly at an infrared
wavelength almost 17 times longer (because it is nearly 17 times cooler).

4. Finally the total brightness of an ideal radiator (that is, the radiation emitted at all
wavelengths taken together) varies as the fourth power of the temperature. Summingthe
brightness over all wavelengths is equivalent to calculating the area under the radiation
spectrum curve for a particular temperature. From the curves shown it is clear that the
area under the curve (total brightness) depends very strongly on the temperature. For
example, doubling the temperature would increase the total brightness by a factor of 16.

Most stars are rather good approximations to ideal radiators, and all these considerations listed
above are important to extracting a maximum amount of information from their light. For
instance, the amount of light emitted by a star depends both on its temperatureto the fourth
power, and its surface area. Thus if we know the distance to a star from parallax measurements,
after measuring its apparent brightness with a telescope, we can use the inverse square law to
determine its true (intrinsic) brightness. By looking at the spectrum we could determine its
temperature (by finding where the spectrum peaks). Then, since the known temperature and
unknown radius can be related to the known intrinsic brightness, we could solve for the radius of
the star. This is one way in which the sizes of stars are determined, and may seem more
impressive after realizing that no star other than the sun is close enough to allow direct imaging of
its size. All other stars are just points of light even in the largest ground-based telescopes wh ose
stellar images are enlarged many times by atmospheric effects. But in addition to helping to
understand stars, these characteristics of ideal thermal radiation are crucial in our later
cosmological discussion of the Big Bang theory and its implications.

The only reason that most stars are not excellent approximations to ideal thermal radiators is that
thethin, semitransparent, outer regions of stars are a little cooler than the underlying thermally
radiating gas. For this reason, stars constitute a radiating system that is described by Kirchhof's
law #2. This cooler envelope of gas is composed of atoms, mostly hydrogen and helium. The
guantum principle manifests itself on the atomic scale by allowing only specific rearrangements of
the internal structure of the atom as it interacts with light or through collisions with other atoms.
In other words, this principle requires that light be emitted or absorbed by individual atoms only
at specific wavelengths that are uniquely determined by the internal structure of a particular
atomic species. Hydrogen atoms are characterized by absorption lines at one set of discrete
wavelengths, helium atoms by another, carbon still another, etc. Thus in stars, each type of atom
in the cooler envelope leaves its signature as a set of discrete absorption lines on the thermal
radiation passing through. Because of this atomic phenomenon, it is possible to determine
(through a rather complicated set of calculations and measurements) the chemical composition of
a distant star on the far side of our galaxy.
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The existence of narrow spectral features has another benefit; it allows starlight to carry
information about the motion of the star. Even though the speed of light is the same for all
observers, the measured wave frequency depends on the relative motion of source and observer.
If moving toward each other, more wave crests are met per second (higher frequency, therefore
shorter wavelength, ! = c/ f); and fewer per second, implying a longer wavelength, when moving
apart. Thisis an analog to the familiar acoustic Doppler effect that alters the pitch of a moving
train whistle depending on its direction of motion and speed relative to the observer.
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B) Train approaching, wavelengths "pushed together" becoming shorter and more frequent; sound heard is a higher pitch.
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@ ¢) Train receding, wavelengths "stretched out" becoming longer and less frequent; sound heard is a lower pitch.

Fig. 8d.

The optical Doppler effect may be quantified in the following simple manner. If at rest, a spectral
absorption (or emission) line is measured at wavelength ! ., but when moving it is found to be
shifted to a longer length, ! O.In this case, the relative recession speed, v, is related to the
wavelength by the expression
$Il#$ V
z! —=2

$ c’

0

That is, the fractional change in wavelength is equal to the fraction of light speed describing the
recession motion. Since the shift is to longer wavelengths, z is positive and is called a redshift. In

later discussions we will use the symbol "z" to quantify this shift. If source and observer are
moving together, z is negative because the shift is to a shorter wavelength and theresult is a

blueshift
Il#
z 1 M = #X .
%, c

where v is now the speed of approach. As an example, consider a measured redshift of +0.1 nm in
the wavelength of a linethat is observed in a static situation to lie at 500 nm. Then

#U# 01 1 v

#, 500 5000 c°

Because €= 300,000km/ sec, the speed in this case must bev =c/ 5000 = 60 km/ sec. That is, a
recession speed of almost 40 miles per second is implied.

Stellar spectroscopy revolutionized the study of astronomy in the 19th century. William Wollaston
observed dark lines in the solar spectrum in 1802. Joseph Fraunhofer later catalogued 324 of
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those lines and in 1823 began to compare the solar spectrum with some stellar spectra and noted
similarities. But it was Sir William Huggins who made the key connection between these stellar
spectral lines and the lines observed in laboratory spectra of terrestrial elements. Duringthe
1860's he avidly pursued the development of this new observing technique that opened totally
new channels of information carried by starlight.

It was also Huggins who pursued the suggestion of Christian Doppler (made in 1842) that the
observed small shifts in the wavelengths of spectra lines (relative to wavelengths observed in
terrestrial laboratories) should be interpreted as resulting from relative motion. Huggins
subsequently made radial velocity (motion along the line-of-sight) measurements of Sirius and
found that it was moving away from our sun. But the cosmological implications of spectroscopy
camein the next century, beginning with Slipher's spectroscopic study of the "nebulae", and
culminating in Hubble's historic discovery that the Universe surprisingly was not static .
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