6 Light from the Stars

Essentially everything that we know about objects in the sky is because of the light coming
from them.

6.1 The Electromagnetic Spectrum

The properties of light (electromagnetic waves) are central to our understanding of astron-
omy.

6.1.1 Lightas a wave

Light may be viewed as either a stream of massless partiplest@ns or a wave in the
electromagnetic field.
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The wavelength of light is denoted iy The Sl unit of length is the meter, but itis common
to use for wavelengths the units

1 nanometer (nm}= 10~° m 1 Angstrom @) = 1071 m

(Thus,1 nm= 10A))

6.1.2 Frequency of light waves
In terms of the wavelength, the frequenecyf a light wave (frequency with which wave-

crests pass a fixed point) is given by
V=, (21)
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wherec is the (constant) speed of light:
c=30x10ms! (speed of light)
The standard unit of frequency is the Hertz (Hz):

1 Hz = 1 cycle per second

6.1.3 Energy of light waves

The energyE of the light wave is related to its frequency and wavelength by

he
E = = — 22
hv T (22)

whereh is Planck’s constant:
h=6.625x107*Js (Planck’s constant)
and the Joule (J) is the standard unit of energy:

1 Joule= 1 Nm = 1 kg m?s—2.

6.1.4 Regions of the electromagnetic spectrum

Light may be classified according to its wavelength (or frequency or energy) into different
regions of theelectromagnetic spectrumThe standard classification is illustrated in the
following figure (not to scale).
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Example:Wavelength, frequency and energy
Consider red light with a wavelength= 650 nm. Its frequency is

3x10®°ms!
CoZ T _4ex10Ms!
X 650 x10°m

and its energy is

h 6.625x1034J9(3 x 108 ms!
gohe_( X 93 x ) 306x 101 3
P 650 x 102 m

6.2 The Magnitude Scale
One of the fundamental quantities of interest for objects in the sky is their brightness. This
is often quantified in astronomy in terms of a logarithmic scale calledrthgnitude scale

The difference between magnitudes andm, for two objects is defined by

b
my —my = 2.5(logbh; —logb,) = 2.5log b—l (23)
2
whereb; andb, are their apparent brightnesses. This is equivalent to
by

b2 — 100.4(m2—m1). (24)

The normalization in the preceding equations is chosen to make
the modern magnitude scale correspond at least approximately
with ancient subjective scales for the brighest stars.

The following table shows the relationship of some magnitude differe$waes m, — m;
and the corresponding brightness ratios.
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6.2.1 Apparent magnitude

The following table gives the apparent visual magnitude for some objects (where visual
means that the magnitude is derived form the apparent brightness in the visual part of the

spectrum).

Object my
Sirius (brightest star) -1.5
Venus at brightest —4.4
Full Moon —-12.6
The Sun —26.8
Faintest naked-eye stars 67

Faintest object visible from Earth  ~ 28
with largest conventional telescopes

Faintest object visible from the ~ 30
Hubble Space Telescope

6.2.2 Absolute magnitude

The apparent magnitude mixes up intrinsic brightness and distance effects. From basic
optics, the intensity observed for a source depends on the inverse square of the distance,

1

Thus, if we double the distance to an object, its apparent brightness goes down by a factor

50



If we know the distance to an object we can use this rule to compute its apparent bright-
ness and therefore its apparent magnitude, if it were placed at some other distance.

Absolute Magnitude

The absolute magnitude of an object is the apparent magnitude that it would
have if it were placed at a distance of 10 pc (32.6 ly) from the observer.

This definition implies that the apparent magnitudeand absolute magnitud® of an
object are related by

d
M =m—5log| — ), 25
m Og(lOpc) (25)
or equivalently,
d = 10"=M+5/5 pc, (26)

where
m — M = distance modulus

Some absolute magnitudes are displayed in the following table.

Object M
Sun +4.8
Betelgeuse —5.14
Sirius +1.47

6.2.3 Luminosity

The luminosityL and the absolute magnitudé are related by

L
M> — M; = 2.5lo0g (—1) : (27)
L,
or equivalently
L jgoaot-m, (28)
L,
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Luminosity has units of energy per unit time. In the Sl system, the luminosity is expressed
in Watts (W), with
1 Watt (W)= 1Js .

Choosing star 2 to be the Sun wiM, = Mg, = 4.85, we may express luminosities in
terms of solar luminosities through

L
L_O — 10-4(4.85-M) (29)

Example:Distance and luminosity of Rigel
For Rigel (8-Ori)

my = 0.18 My = —6.69
Therefore, the distance is

d = 10Mm—M+5)/5 _ 1(0-18—(~6.69)+5)/5
— 102374

= 237 pc.

The luminosity of Rigel in solar units is

Li — 100.4(4.85—M) — 100.4(4.85—(—6.69))
o

— 104.616

= 41, 300.

Example:Absolute magnitude of Betelgeuse

For Betelgeusex(-Ori)
my = 0.45 d = 131 pc.

Therefore, the absolute magnitude of Betelgeuse is

M =m—5|og(i)

131
= O.45—5Iog( )

10
= -5.14.
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The 5 stars known to have the highest luminosities are listed in the following table

Bayer Common  my Distance My Luminosity
name name (pc) (Solar units)
B-Ori Rigel 0.18 237 £+ 45 —6.69 41,000
y-Cyg - 223 467+ 112 —6.12 24,000
¢-Pup - 221  429+94 5095 21,000
v-Car - 292 498+ 100 —5.56 15,000
a-Car Canopus —-0.62 959+48 553 14,000

Notice that to determine the luminosity we must know the distance, so only the luminosities
for relatively nearby stars are known with some certainty. Even for them, the errors are
often in the vicinity of 20% (see entries in the table).

6.3 Blackbody Radiation

A blackbody radiator is in perfect equilibrium with its surroundings. Stars are not exactly
blackbodies, but they are approximately so.

6.3.1 The Planck law

If a body may be approximated as a blackbody, ffenck Lawapplies to the intensity of

emitted radiation:
2hc? 1

A5 ghc/AkT _ 1’
whereB, (T) is termed the Planck function, the wavelengt jshe temperature ig, and

B,(T) =

(30)

h =6625x107*Js (Planck’s constant)
c=30x10ms™! (speed of light)
k=138x10"2JK! (Boltzmann’s constant)

The Planck functionB,(T) measures the intensity of radiatiorn
emitted at a given wavelengthin a particular direction.
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Absolute Temperature Scale

It is often convenient to measure temperatures iretheoluteor Kelvintem-
perature scale. The Kelvin scale and the Celsius scale differ by a shift of
exactly 273.15 degrees C. The units of the Kelvin scale are called “kelvins”,
and are abbreviated by the letter K. The relationship between a temperature
in the Kelvin scale and one in the Celsius scale is

K = °C+ 273.15 >~ °C+ 273.

For example, the boiling point of water is 106G, which is 373 K

For very large temperatures the shift of 273 degrees is negligible
and the temperatures expressed as kelvins 8Casre numeri-

cally almost the same.

The blackbody spectrum associated with several temperatures is illustrated in the following
figure.
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Generally we see that the total area under the curve grows rapidly with temperature, and
that the distribution has a single peak that shifts to shorter wavelengths as the temperature
increases.

Show:Vlab 2 (Radiation Laws): Planck Law Plotter

6.3.2 The Wien law

TheWien Displacement Lagtates that for a blackbody radiator the maximum in the radi-
ation distribution as a function of wavelength occurs at

2.897 x 103> mK
Amax - T (31)

if T is expressed in kelvins and the wavelength in meters.

Example:Peak spectral intensity for the Sun
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The surface temperature of the Surfis ~ 5800 K. Then from the Wien law we expect
the peak intensity of light emitted by the Sun to occur at

29x 10 mK _ 2.9x 102 mK
T N 5800 K

=5x10"m

= 500 nm.

/\max =

This is in the yellow—green part of the visible spectrum, which is why the Sun looks yellow.

6.3.3 The Stefan—Boltzmann law

The Stefan—Boltzmann Lasays that the total energy radiated per unit time per unit surface
area at all wavelengths varies as the fourth power of the temperature,

E = 0T4, (32)
where

o =5.6705x 1078 Wm—2K™*

(Stefan—Boltzmann constant) (33)
(Recall that 1 Watt (W) = 1 JS is a standard unit of power or luminosity.)
The total luminosityL for a spherical blackbody of radiug is then

L = surface arex oT* = (47R*) o T* (34)

This equation can be solved to determine an effective surface temperature for a star, assum-
ing it to be a spherical blackbody of radiks

1/4
Teff:( L ) : (35)

Example:Effective surface temperature of the Sun

For the Sun,
Lo =38x10W Ry =7x10°m
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Assuming it to be a spherical blackbody, the effective surface temperature is

L\ 3.8 x 1026 W 1
Teit = \ 7=z - 8 m)2 -8 —2K—4
4 R0 47 (7 x 108 M)2(5.6705 x 10-8 W m—2K ™)
= 5789 K.
(The accepted value is 5780 K.)

6.3.4 Color filters

From the Planck or Wein laws, we see that stars of different temperature will emit light of
different relative intensities at different wavelengths. The following figure illustrates for
three bright stars.

Spica (23,000 K)

/ Sun (5800 K)
1.00 / B

_ Antares (3400 K)

Intensity (normalized)
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(Note that the peaks are all normalized to the same height for comparison.)

Astronomers often usiters on telescopes that pass only a narrow range of wavelengths.
The following figure illustrates.
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Note that the response of the human eye is similar to that dfthe
filter (and peaks in the yellow—green part of the spectrum, which
is the dominant wavelength radiated by the Sun). Although not
shown, the response of normal photographic film is similar to that
of the B filter.

6.3.5 Differences in magnitude and the color index

The relative intensity at different wavelengths as passed by these filters clearly depends on
the surface temperature of the star. This has led to the definition of quantities called color
indexes for stars.

Color Index

A color index is generally the difference in magnitudes for two different
ranges of wavelengths. A color index can be obtained directly at the tele-
scope by using filters to select two different wavelength ranges and compar-
ing the corresponding intensity.

For example, two commonly used color indexes are
B—VEmB—mV U—Bsmu—mB,

Wherem,,, mg, andmy denote the apparent magnitudes determined usind/’th®, and
U filters, respectively.
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Example:Calculation of theB — V color index
For the hot blue—white star Spica:
B =0.77 V =1.0,
while for the cool red star Antares
B =273 V =0.9.
Then theB — V color index for Spica is
(B = V)spica= 0.77 — 1.0 = —0.23

and theB — V color index for Antares is
(B — V)antares= 2.73 — 0.9 = +1.83

The size of the color index is a direct measure of the surface tem-
perature of the star. Generally, tle— 1V color index is

e negative for the hotter stars
e positive for the cooler stars

because of the slope of the intensity curve in the visible region|of
the spectrum:

~ Bfilter ~ Vfilter
e [
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