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Nature of Light and M atter

e Goals

— Understand the Properties of Light: Speed,
Wavelengths, Colors.

— How istemperaturerelated to color?
— The cause of emission and absorption lines.
— Theredshift/Doppler effect.

 The Speed of Light

— Fundamental Constant _2AU _ 2x15x0°
e 299,792,458 km s ““165min 990

— Galileo - Lanternsof hill tops ~ ¢=303030kms"
* No detectabletime delay.

— Romer - Eclipse of moons of Jupiter

* Time of eclipse depends on the distance of the Earth from
Jupiter.




Light and Matter Survey of Astronomy A110




Light and Matter Survey of Astronomy A110

e Speed of Light
— Fizeau & Foucault - Rotating mirror

o Light travelstoarotating mirror then to a stationary mirror and
back.

« Rotating mirror movesthrough and angle and the image of
returned light is offset.

» 300,000 km st

e Spectrum of Light

— Light ismade up of many different wavelengths
Figure 5-3
» Discovered by Newton using 2 Prisms.

— Light behavesasa Particle (Newton) and Wave (Huygens)
» Particlesare called photons.
« Duality of the nature of light shows our model to be inexact.
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 Light asaWave
— Young' sdouble dlit experiment
» Light passesthrough 2 dits (e.g. waves).

» Light showsinterference patterns (seriesof dark and bright
bands).

« Bright Bands (positive interference).
« Dark bands (destructiveinterference).

o Electromagnetism
Figure 5-6, 5-7
» Light and magnetism exist asa field (Maxwell’s Equations).
» Distance between 2 peaks/troughsisthe wavelength (1 ).

Visble 400nm (blue) #4® 700nm (red)

Radio >10cm
Infrared  700nm ZL® 22000nm
Xrays <10nm

« 1 Angstrom = 0.1 nm
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 Measuresof wavelength
— Wavelength and Frequency

e f: frequency (Hertz[HZ])
o C:. gpeed of light
.| : wavelength
- Example (Hydrogen)
- Atomsemitslight wavelengths of 21.12cm.

8 -1
F=20MS” ) 4o10° H

E— 0.2112m
f =1420Mhz

- High frequency L ow wavelength
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e Radiation and Temperature
— Dense Sources

e Color relatesto temperature (e.q. the ent on an dectric fire).
rec?—orange (gocﬂer)( ° 3’8[? )

(hotter) bright

very hot) brilliant
« Amount of light (intensity) and color relateto the temperature of a
sour ce.

« Hotter object: Shorter wavelength
M or e ener gy

» Cooler object: Longer wavelength
L ess ener gy

— What doestemperature mean?

 Temperaturerelatesto the motion (aver age speed) of atoms.
Hot ® atoms move at speed

Cold ® atoms move slowly

« Example: Solid and gas (gasisat higher temperature - atoms move
mor e fredly).
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— Définition of Temperature
» Absolute Zero: When atoms move as slowly as possible. Faster the
agitation of atomsthe greater the Kelvin temperature.
e T(K)=T(°C) + 273.15
0K =-273.15°C = -460 °F

 Room temper ature (20 °C) 9

T,:. = T, - 4594
)
— Temperaturevs Radiation
Figure5-10
« Radiation varieswith T asa Blackbody Curve. A perfect absor ber
and emitter.
e Spectrum iscontinuous (no gaps) with a shape and height that
dependson T.
Low Temperature (3000K) - Peaksat 1 mm
mm> - | ow intensity
High Temperature (12000K) - Peaks at 300 nm
- High intensity
e Hotter Shorter wavelengths

o Light still produced at all wavelengths.
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e Blackbody Curve

» |f wemeasurethe Spectrum of a dense object we can measureits
Temperature.

e Planck Function

I(/)=8,0hC 1

5 ch
A e/kT - 1

* h=6.6256x1034J s (Planck’s Constant)
o k=1.38x1022J K-1 (Boltzmann Constant)
« Wein and Stefan-Boltzmann Laws

— Waen’'sLaw (1893) 0.029

/max
T

| : wavelength of peak intensity (m)
T: temperature (K)

.| isinversely proportional to T
o Color isdependent on temperature
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— WeinsLaw (T vsl)
Figure 5-10
3000K - (0.96MM
6000K — =——fie— (.48
12000K ‘" () 24nm
e 1200K: peak isin ultraviolet
3000K: peak isin infrared
 Measuringthe peak gives temperature
— Example: Sun’ssurfacetemperature

Peak Intengity of the Sun isat 500nm
_ 0.0029

" 5x107m
if T10% cooler then / =555nm

— Example: Wavelength of the Earth

o =5800K
T = 293K (20 °C)
~ 0.0029

" 293K
/ ox =10mm (infrared)

=9.9x10°m

« Earthradiatesat 10mm (beyond our spectral range). It doesnt glow
in the dark
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— Stefan Boltzmann Law

e Relatestotal energy radiated per meter? per second and
temperature (energy radiated at all wavelengths).

Measur e of energy = Joule
1 Watt (W) = 1 Joule per second (J/9)
100 W light bulb =100 J/s

Amount of energy depends on size of an object (aforest fire
givesof more energy than a match).

Calculate energy per unit surface area -ener gy flux (e.g.
energy per square meter). Measured in Jm2st or W m-=

Joseph Stefan - Ludwig Boltzmann
F=sT*

F : energy flux (W m™)

T : Temperature(K)

s :Constant 5.67x10° W m? K *

2X Temperature 16X Flux
T(Earth) = 300K T(Sun)=6000K

mmmp> 160000 X Flux
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— Stefan Boltzmann Law

 Example:Averageflux energy from the Sun at the Earth is

1370 W m2. What isthe flux density of the Sun at its
surface?
Area of Sphere = 4pr>
Total luminosity = 4pr2x 1370 w m-
= 4p x (1.5x10%)> x 1370
= 3.9x10%° W
In 1sthe Sun radiates 3.9x10%° J into space!

Flux at the Sun’s surface 3.9x10%° _ 3.9x10%
Sizeof thesun = 6.696x108 m  4pRZ,, 4p (6.96x10°%)?
. _F, _ 641x10’

Flux on surface = Ton = s 567x10°

Ty, =5800K (asbefore)
= 6.41x10” W m=2
Sun hasa much larger flux density than that
received by the Earth (1/r?) effect.

=1.13x10"° K*
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— Example: How much energy do Sirius and the Sun
emit?
e Sirius: surface Temperature of 10,000K

/= 0.0029 _ 0.0029 - 200 nm
T 10000

e Emitsin theultraviolet

F=sT*
Fon _ Ta, _ (5800)*
I:Sirius B T;rius B (10000)4
Fo,n =0.113Fg; s

o Sriusemits 8.8x more energy than the Sun.
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 Light asaWaveand aParticle

— Cant explain Blackbody by a wave
» Light behavesasa particle (photons).
« Each photon isa packet of energy.

» |f theenergy issufficient areaction can occur (e.g. sun tan,
photoelectric effect).

» Blackbody caused by the group properties of the photons (Planck
Function).

— Energy of Photons

c-he
/

e h: Planck’s Constant 6.625x1034J s

o C: gpeed of light

* | : wavelength

e E: energy

Increasing| ® decreasing energy.
Increasing n ® increasing energy.
One photon carries a small amount of energy.
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— Example: A laser scanner (633nm)

_hc_(6.625x10* J9) x (3x10° ms™)
/ 6.33x10"' m
=3.14x10™ J per photon

E

e Energy of thelaser =103 J st

10°Js*
3.14x10™ J photon™
= 3.2x10" photonss™

No. of photons=

» Stream of photons

— Energy in terms of frequency
E = hn

* n: frequency (H2)
* h: Planck’s constant
 E: energy
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e Spectral Lines
Figure5-14

— Spectra are not completely continuous
o Spectral lines (absor ption and emission).
» Discover by Kirchoff (1814).
o Spectral linesareuniqueto an element (e.g. DNA testing).
 |dentifying linesleadsto discovery of elementsin
astrophysics (e.g. Helium).
— Kirchoff’sLaws

* A hot opague body (e.g. a blackbody or hot dense gas)
provides a continuous spectrum with no spectral lines.

* A hot transparent body produces emission line spectra -
bright spectral lines.

» A cool transparent body in front of a continuous spectral
sour ces produces absor ption lines. Absor ption and emission
lines of the same element occur at the same wavelength.
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— KirchoffsLaw

Dense == Continuous === Blackbody
(Sun, Tungsten Filament)

L ow Density s==md-| ine Spectra
(Gas Clouds, Atmospheres)

— Emission and Absorption Lines
Figure5-14
« Absorption if gasiscooler than the background sour ce.
 Emission if gasishotter than the background.

« Elementsabsorb and emit at specific wavelengths. Thisimplies an
atomic structure for the elements.

* Elementsemit in all directions.
— Spectroscopy: study of spectra
Figure5-15
« Continuum tellsabout temperature.
o Linestell about composition.
 “DNA fingerprinting” of stars.
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e Atomic Structure of Elements

— Rutherford’s M odel
» a-particlesdeflected from nuclei of atoms.
« Atomic nuclei have a positive charge.

. :c\luclei made up of protons (+ve) and neutrons (neutral) bound by strong
or ce.

* Nucle surrounded by electrons (-ve).
— Atomic Nucle

e protons: 1.7x10%" kg

e neutrons; »1.7x102%7 kg

e mass proton = 2000 x mass electron

o Atom isneutral:
number of protons= number of electrons

» lonsare charged: missing electrons

— Spectral Line Emiss a
I?ecB(r)ﬁr: Slpr)]eectrgl]ll_sﬁlgof Hydrogen H (a) = 656.3 nm
H(b) = 486.1 nm

H(g) =434.0 nm

H(d) = 410.7 nm

* Regular seriesof lines: Balmer series
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— Balmer Series (Hydrogen)

* R: Ryberg'sConstant (1.097x107 m-1)
e n:integer (n>2)
Ha n=3
i=1.097x107 %- 3—12

=1.524x10°m™
/, =656.3nm
Hb n=4
Hg n=5

» Electronscan only orbit at particular energy levels (unlike planets).
* Bohr orbitsn=1,2,3.....

» Electronsjump from one energy level to the next emitting and
absor bing photons.
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e Bohr Atomic Modd
Box 5-5

1 1 1
_:R -
/ N 2 n 2

* N: number of theinner orbit
* n: number of the outer orbit
* R: Rydberg’sconstant
* | : wavelength

— N=1: Lyman series (ultraviolet)

1 =1.097x10’ 1—12 1 =122nm

22

~|k

— N=2: Balmer series (optical)
— N=3: Paschen Series (infra-red)
— lonizing an Atom
 Moving an electron from N=1to n=¥

» Electron removed: atom ® ion (+ve)
1 7
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« Energy Levels
— Changein Energy

_hc
/

DE

* DE: differencein energy between levels
* | : Wavelength of emitter/absorbed photon
— Emission/Absor ption
» Electronsgain alevel: absorbsa photon.
» Electronslosealevel: emitsa photon.
— Emission lines
 Hot gashasalot of kinetic energy (rapidly moving particles).

Collisions excite electrons (higher energy level). Electrons cascade
down emitting light.

— Absorption lines

» Cool, slow moving atoms hit by photons. Electrons are kicked to a
higher energy level absorbing the photon.
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o Doppler Shifts
Figure5-23

— Theobserved wavelength of light depends on the motion of the
sour ce
« Car siren changes frequency/wavelength

Approaching® Compressed ® Shorter | ® blue shift
Receding ® Expanded ® Longer | ® red shift

DI : Wavelength shift / /e
| -: Wavelength emitted

| o Wavelength observed

v: velocity of source

C. speed of light

— Measuring Redshift

» |dentifying spectral linesand measuring shift from restframe gives
obj ects r edshift.

» Redshift isa measure of radial velocity.
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— Example 1. Receding Spaceship
¢ Space movesat 300 km st away from usand firesa 633nm laser.

D/ _ 30,000kms* _

/ ~ 300,000kms®

/o=, +01/,
=633nm +63.3nm
=696.3nm

e Couldn’'t exciteaHeNegas

— Example 2: Randy Johnson Fastball
* 100 mph fastball = 0.04 km st
* Observetheball in thevisible (500 nm)

D/ _ 0.04
/ 300,000

D/ =7.4x10% m
=7.4x10° nm

=1.5x10"

» Redshift of light isnot a big effect in every day life.
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