5. Light: The Cosmic Messenger




5.1 Light in Everyday Life

Our goals for learning:

* What is the difference between energy and
power?

* What are the four ways in which light and
matter can interact?
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Power

* power: the rate at which energy 1s used/emitted

e |t 1s measured in units called watts.

1 watt = 1 joule per second

* A 100 watt light bulb radiates 100 joules of
energy every second.
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Four Ways in Which Light can Interact
with Matter

1. emission — matter releases energy as light
2. absorption — matter takes energy from light

3. transmission — matter allows light to pass
through 1t

4. reflection — matter repels light 1n another
direction
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Interactions of light and matter

Light bulb emits Mirror reflects Special cells in Glass

white light. light. human eye absorb light. transmits light. Sun emits light.

Snow

Scatters most light, so it looks bright.

Ground \ l
Absorbs some light (heats it up).
Scatters some light (which is

how we see it).

Absorbs some light, which aids melting.

|

Red Chair Blue Shirt Tree
Absorbs all colors except red. Absorbs all colors except blue. Absorbs all colors except green.
Reflects (scatters) red. Reflects (scatters) blue. Reflects (scatters) green.
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5.2 Properties of Light

Our goals for learning:
* In what way 1s light a wave?

* In what way 1s light made of particles?

 How are wavelength, frequency, and energy
related for photons of light?
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Light

A vibration 1n an electromagnetic field
through which energy 1s transported.

LTS AT

Light as a wave fA=c

Light as a particle =~ E =hf  photon
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Light as a Wave

A wave 1s a pattern which 1s revealed by 1ts
interaction with particles.
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Properties of a Wave

Anatomy of a Wave

Wavelength: the distance between adjacent crests (or troughs)

Frequency: the number of crests that pass through a
point (such as the leaf} each second. It is measured in
units of hertz (Hz), which are cycles per second
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Light as a Wave

° FOI‘ a Wave, 1tS Speed Visible Light Waves

s=fA
* But the speed of light
1S a constant, c.

* For light: fA=c

* The higher f1s, the
smaller A 1s, and vice
versa.

Wavelength Vielet [ TS &) Red

Amplitude Low e e High

Wave shown in extreme slow motion.

Frequency |4.29 x 10" Hz

* Our eyes recognize f Wovelengt[ 700 nm
(or A) as color! Speed [ 3x10° mis
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Light as a Particle

» Light can also be treated as photons —
packets of energy.

» The energy carried by each photon depends
on 1ts frequency (color)

E=hf =hc/A [“h”is called Planck’s Constant]
* Bluer light carries more energy per photon.

White light
from star

Telescope
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5.3 The Many Forms of Light

Our goals for learning:

 List the various forms of light that make up the
electromagnetic spectrum.
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Electromagnetic Waves

Magn etic
field

/ vibration

-I-___—*
Direction
of wave
moton

wibration
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The Electromagnetic Spectrum

Most wavelengths of light can not be seen by the human eye.

Electromagnetic Spectrum

Electromagnetic Spectrum

. Visible
Ultraviolet. Infrared

II-—I-—I.Q.-I-—I-—II
10™18 1012 1078 10 1 104

Wavelength (m)

Wavelength [1.00 x 10”7 m
Speed 3x10% m/s
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5.4 Light and Matter

Our goals for learning:

 How can we use emission or absorption lines to
determine the composition of a distant object?

» Are there any material objects that don’t give off
any light?

« What are the two rules of thermal radiation?
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Light as Information Bearer

We can separate light into 1ts different wavelengths (spectrum).

/ ™ pa—
U W N

ultraviolet blue green red infrared

wavelength

intensity
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By studying the spectrum of an object, we can learn its:

1 Composition
2 Temperature
3 Velocity
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What 1s matter?
Atomic structure:

Ten million atoms could The nucleus is nearly 100,000

fit end to end across times smaller than the atom

this dot. but contains nearly all of its
mass.

——10""" meter— . .
Nucleus: Contains

Atom: Electrons are positively charged
‘smeared out” in a protons (red) and
cloud around the neutral neutrons
nucleus. (gray).
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Atomic Terminology
* Atomic Number = # of protons in nucleus

* Atomic Mass Number = # of protons + neutrons

atomic number = number of protons
atomic mass number = number of protons + neutrons

Hydrogen ('H) Helium (*He) Carbon ('2C)

atomic number = 1 atomic number = 2 atomic number = 6
atomic mass number = 1 atomic mass humber = 4 atomic mass number = 12
(1 electron) (2 electrons) (6 electrons)

The number of electrons in a neutral atom
equals its atomic number.
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Atomic Terminology

 Isotope: same # of protons but different # of

neutrons. (*He, He)
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Different isotopes of a given element contain the same [l
number of protons but different numbers of neutrons.

Isotopes of Carbon

carbon-12 carbon-13 carbon-14
1-"C 130 ’4C
(6 protons (6 protons (6 protons
+ 6 neutrons) + 7 neutrons) + 8 neutrons}
AN y 4 /7



mlnteraction of Light with Matter

evel 5

ol vyl _  Remember that each
Hydrogen electron is only allowed to
have certain energies in an
atom.
_ Electrons can absorb light
and gain energy or emit
_ - light when they lose energy.

[t is easiest to think of light as a photon when discussing
its interaction with matter.

* Only photons whose energies (colors) match the “jump”
in electron energy levels can be emitted or absorbed.
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Emission of Light

Production of Emission Lines

levels 4-6 |
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Emission Spectra

Composition of a Mystery Gas

e The atoms of each
element have their own
distinctive set of electron

energy levels. @ H - hyroger
, He - Helium
* Each element emits 1ts @ L - Lt
b ' C - arbon
own pattern of colors, like -
fingerprints. ® Ne - Neor

« If1ti1s a hot gas, we see wﬂ[lﬂlﬂmm
only these colors, called T 1 1
an emission line | P
spectrum.

© 2005 Pearson Education Inc., publishing as Addison-Wesley



Absorption of Light

Production of Absorption Lines

Cloud of atomic
hydrogen gas

White light
from star

Telescope

Remove Gas Cloud

Spectrum

publishing as Ad

ducation, Inc.,

1 Ex

Telescope 2 || -
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Absorption Spectra

Production of Absorption

Cloud of atomic

 If light shines through a
gas, each element will _ ""
absorb those photons EEE
whose colors match their

electron energy levels.

Remove Gas Cloud

e The resulting absorption e
line spectrum has all
colors minus those that
were absorbed.

* We can determine which elements are present in an
object by 1dentifying emission & absorption lines.
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Rules for Emission by Opaque Objects

1. Hotter objects emit more total radiation per

unit surface area.
» Stephan-Boltzmann Law
» E=oT"
2. Hotter objects emit bl/uer photons (with a

higher average energy.)
» Wien Law
> A =29%x100/T [nm]
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Thermal Radiation

Wien's Law: The Cosmic Thermometer

=
—
n
=
2
-
=]

Ultraviolet l I Infrared

10° 104 10°

Visibl
it Wavelength {nm)

Temperature, T 50 K I 10° K

Zléli-llfl[ht Pearson Education, Inc,, publishing as Addison Wesley

Credits

© 2005 Pearson Education Inc., publishing as Addison-Wesley



Kirchhoff's Laws

1 A hot, dense glowing object (solid or
gas) emits a continuous spectrum.
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Kirchhoff's Laws

2 A hot, low density gas emits light of
only certain wavelengths --

= an emission line spectrum.

helium

sodium

neon
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Kirchhoff's Laws

3 When light having a continuous spectrum
passes through a cool gas, dark lines appear in
the continuous spectrum --

= an absorption line spectrum.
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Kirchhoff's Laws

Continuous Spectrum Absorption Line Spectrum
= =
= =
= =
z 2
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wavelength wavelength

hot Ilght source W |\ ofgas a
\_\1 f
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5.5 The Doppler Shift

Our goals for learning:

* What is a Doppler shift?
« What do we learn from a redshift or blueshift?

 How does a star’s rotation affect its spectral
lines?
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The Doppler Effect

1. Light emitted from an object moving towards
you will have its wavelength shortened.

BLUESHIFT

2. Light emitted from an object moving away from
you will have its wavelength lengthened.

REDSHIFT

3. Light emitted from an object moving
perpendicular to your line-of-sight will not
change 1ts wavelength.
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The Doppler Effect

Doppler Shift & the Velocity of the Source of Sound Waves Relationship

Speed of Helicopter (m/s)

e
.3ﬂﬂ Sl 300 S
away from toward

observer observer

Wavelength = Frequency = 126 Hz

How Ta Use
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The Doppler Effect
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Measuring Radial Velocity

The Doppler Shift of an Emission-Line Spectrum

* We can measure the
DOppleI‘ shift of emission Spectrum of Stationary Hydrogen Gas (Laboratory)
or absorption lines in the
spectrum of an RN

550

astronomical object. —

° We can then Calculate the Spectrum of Moving Cloud of Hydrogen Gas
velocity of the object in
the direction either T

550

5 ey

g
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publishing as
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towards or away from wavlength (o)
. A Moving Speed of Gas Cloud (relative to us)  Moving away E
Earth. (radlal VelO c1ty> tfnward us 3000 Il 3000 E from us E

Credits
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Measuring Rotational Velocity

approaching
a spectral line side

slow rotation
from star A this light is slightly blueshifted /

intensity I,.""

Marrow spectral lines
indicate that star A
rotates slowly.

this light is slightly redshifted

to Earth
a spectral line fast rotation E—
Nom eienb this light is greatly blueshifted

Intensity Wide spectral lines

. indicate that star B
: rotates rapidly.

wavelength / wavelength

this light is greatly redshifted

receding
side
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What have we learned?

* What is the difference between energy and
power?
* Power 1s the rate at which energy 1s used. The
standard unit of power 1s 1 watt = 1 joule/s.

* What are the four ways in which light and matter
can interact?

* Matter can emit, absorb, transmit, or reflect light.

* In what way 1s light a wave?

» Light is an electromagnetic wave — a wave of vibrating
electric & magnetic fields — characterized by a

wavelength and a frequency and traveling at the speed
of light.
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What have we learned?

* In what way 1s light made of particles?

* Light comes 1n individual photons, each with a
specific energy that depends on its frequency.

 How are wavelength, frequency, and energy
related for photons of light?

* Frequency increases when wavelength decreases, and
vice versa. Energy 1s proportional to frequency.

 List the various forms of light that make up the
electromagnetic spectrum.

* In order of increasing frequency (energy), the forms of
light are: radio, infrared, visible light, ultraviolet, X-
rays, and gamma-rays.
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What have we learned?

 How can we use emission or absorption lines to

determine the composition of a distant object?
* Emission or absorption lines occur only at specific
wavelengths corresponding to particular energy level
transitions 1n atoms or molecules. Each chemical

element has a unique spectral signature consisting of a
particular set of emission or absorption lines.

» Are there any material objects that don’t give off
any light?
* No. All objects radiate light by virtue of their
temperatures. This light 1s called thermal radiation.

© 2005 Pearson Education Inc., publishing as Addison-Wesley



What have we learned?

« What are the two rules of thermal radiation?

* (1) Hotter objects emit more total radiation per unit
area. (2) Hotter objects emit photons with a higher
average energy.

* What is a Doppler shift?

o It 1s a shift in the wavelength of an object’s light
caused by i1ts motion toward or away from us.
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What have we learned?

e What do we learn from a redshift or blueshift?

* It tells us how fast the object is moving away from us
(redshift) or toward us (blueshift). The Doppler shift
does not tell us about motion across our line of sight.

 How does a star’s rotation affect its spectral lines?

* Because of Doppler shifts, faster rotating stars have
broader spectral lines.
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