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Fundamental Concepts — Constants and how they were determined.

e Some topics we will cover

- Units and constants

- Atomic mass of proton, neutron and electron as well as the Avogadro’s number
- Millikan’s Oil drop

-Interferometry

- Relativity

- Classical Wave Phenomena

-Blackbody radiation (more in depth as a check)



The fundamental constants of the universe tell us that specific numbers
guantify and underpin the very fabric of our existence.

3
From Handbook of Chemistry & Physics



Electron, e-

e Electron mass me =9.109 383 56 (11) x 103! kg with (16) x107-7 kg/mol with relative standard
relative standard uncertainty 1.2x10°8 uncertainty 2.9x107-11

e Energy equivalent mec? = 8.187 105 65 (10) x1014 ) e Compton wavelength h/m_c=L., =2.426 310 2367
with relative standard uncertainty 1.2x10 [also (11) x107-12 m with relative standard uncertainty
expressed in MeV] 4.5x107-10

e Electron-neutron mass ratio me/mn =5.438 673 4428 e Electron magnetic moment p, =-928.476 4620 (57)
(27) x107-4 with relative standard uncertainty x107-26 J/T with relative standard uncertainty
4.9x107-10 6.2x107-9

e Electron-proton mass ratiom_/m_ =5.446 170 213 e Electron gyromagnetic ratio 2|, |/h =y /2rn =28
52 (52) x107-4 with relative stanorard uncertainty 024.951 64 (17) MHz/T with relative standard
9.5x10/7-11 uncertainty 6.2x10"-9

e Electron molar mass Name = M(e) = 5.485 799 090 70
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The electron mass and charge

e Mass to charge ratio in magnetic cathode ray
tubes 1890, Arthur Schuster and J J Thomson

e Robert Millikan’s oil drop experiment

e Spectroscopic techniques from the Rydberg
constant and fine structure constant

Image on left: Beam of cathode rays (electrons) moving in a circle in
a magnetic field (cyclotron motion). The electrons are produced by
an electron gun at bottom, consisting of a hot cathode, a metal plate
heated by a filament so it emits electrons, and a
metal anode (right) at a high voltage with a hole which accelerates
the electrons into a beam. Cathode rays are normally invisible, but
enough air has been left in the tube so that the air molecules glow
pink from fluorescence when struck by the fast-moving electrons.
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https://en.wikipedia.org/wiki/cathode_ray
https://en.wikipedia.org/wiki/electron
https://en.wikipedia.org/wiki/electron_gun
https://en.wikipedia.org/wiki/hot_cathode
https://en.wikipedia.org/wiki/electrical_filament
https://en.wikipedia.org/wiki/anode
https://en.wikipedia.org/wiki/fluorescence

Cathode Ray Tubes

e Magnetic fields to bend electron path.

* Measurement gives the mass to charge ratio.
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Caption — ma = ma

By Theresa Knott - en:Image:Cathode ray Tube.PNG, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=100143
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Cathode Ray Tubes

e Magnetic fields to bend electron path.

SOURCE

- + &
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F = q(E + vxB) caption
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= ma =m—
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By Marcin Biatek - Own work, CC BY-SA 4.0, (_)a — E + UXB
https://commons.wikimedia.org/w/index.php?curid=5257178 q —e/Me = _175882001076(53)x1011 C.kg—l
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likan’s Oil Drop Experiment

oil droplets

* Millikan’s experiment was designed to determine the \ | atomizer

eIectroQ charge. The weight of a single dropletisw = D I o —— =
__ .3 - Ehe

mg = ?7‘ (,0 R pair)g a

* Oil droplets sprayed into vertical vacuum chamber and charged
allowed to drop downwards from gravity. Electrodes to metal
generate electric field. E =V /d plate (+)

charged

* The force experienced is F = gE = qV /d D | op/cts

e At sufficient field strength, the electric field balances the
weight of a single droplet dropping from gravity (including
the viscous drag forces). F; = 6mrnv,

viewing
microscope

e Thatis, gE — w = 6mrnv, = q = (6mrnv, + ?r3(p — o charged
: tal
pal'rg))/E rpr::tg =)
light source ionizing radiation
© 2012 Encyclopadia Britannica, Inc.
PHILLIP WU 2020.9.14 https://www.britannica.com/science/Millikan-oil-drop- 1q

experiment
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Millikan’s Oil Drop Experiment

1.83 x10™
e Some parameters: Air viscosity n Newton seconds
meter2
-3
Oil density : 8r4 kgm at.ZO
degrees Celsius
i -3
Air density ha 1.30 kg m at. 20
degrees Celsius
Plate Spacing D 6.00 x 103 m
-19
Electronic Charge E 1.(?(())u)l(o%r(1)b
Electron Mass M ) ?1%_??( igﬁ_g? kg
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Spectroscopic Techniques

e This requires understanding of Planck’s constant, h, and the basic quantum description of an atom (such as
the Bohr moglel). Bohr foungd that the wavelength of emitted or absorbed light in vacuum has a relation

that goes as = Ry, (n2 nZ) . This function allows determination of wavelength of light from for example

the hydrogen atom duting tfansitions. Importantly, as we will see, the Energy, wavelength and frequency
of light are connected,

F—h hc
= ny —=—  —.
A
. . Mmeca? mee*
* The Rydberg constant is defined as Ryy = hcRyr = Ripr = — 862h36/ (21) 160 731.568 973 10=m.
0

Mmp

* For hydrogen, the simplest atom, the Rydberg constantis Ry = R = 1.09678x10"7/m

inf Me+m,,

e Spectroscopic techniques form the basis of many of the physics probes in the modern era. We will discuss
optics concepts next week.

PHILLIP WU 2020.9.14 13



Compton Wavelength

/, . \ .-*“/ B “\H
Gravitational! ] [ x> M
\ £ / N
e The Compton wavelength of a particle, after Arthur %G e
Compton, is the wavelength of the photon whhose energy - -
is the same as the mass of that partlcle A= — with f = / ~ TN
Inertial |l M | [x<> | E j
x107-12 m with relative standard uncertamty 4.5x107-10. N ./
 The reduced (inverse) Compton wavelength is a natural (R i}{ hj
representation of mass on the quantum scale. (take the c
lambda expression and divide by 2m). AN N
\ / C \
Quantum | 2;\-[ | f DY |
\_" \._ "/

Parameters and concepts defining quantum, inertial,
gravitational concepts
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The Electron Magnetic Moment and
Gyromagnetic Ratio

e Arises from considering the effect of magnetic field on the energetic state of the electron or
particles — also called the Zeeman effect (considerations to first order). Experimentally we

can quantify the moment as

loop solenoid

OEner : : M M
U= pye 7Y and the magnetizationas y = — = £o =

e The description of an electron moving for example in a circular orbit is its angular
momentum L, which interacts with the external magnetic field to give an enéergy @ "

AE (L) = —° I - B. The electron has also an intrinsic “spin,” akin to thinking of a top spinning \

my

on its axis.
—e
AE(S) = m—OS - B.

e The electron magnetic moment is then the interacting term, u = —= I, and the

. . zmo
gyromagnetic ratio is —e/2m * m,
Image here of moment pp. 222 Beiser

e We will discuss in further detail the s?jn of electrons with the Stern-Gerlach experiment (Oct.
12), and magnetism of materials starting (Oct. 19).

15

https://commons.wikimedia.org/wiki/File:VFPt_dipoles_magnetic.svg#/media/File:
VFPt_dipoles _magnetic.svg
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Electron, e-

v' Electron mass me =9.109 383 56 (11) x 103! kg with
relative standard uncertainty 1.2x10S

v Energy equivalent mec? = 8.187 105 65 (10) x10%4 J
with relative standard uncertainty 1.2x10 [also
expressed in MeV]

v’ Electron-neutron mass ratio me/mn = 5.438 673
4428 (27) x10* with relative standard uncertainty
4.9x107-10

v’ Electron-proton mass ratiom_/m_=5.446 170 213

52 (52) x107-4 with relative standard uncertainty
0.5x107-11

v' Electron molar mass Namn = M(e) = 5.485 799 090

70 (16) x10°7 kg/mol with relative standard
uncertainty 2.9x1011

v Compton wavelength h/mec= L. =2.426 310 2367
(11) x1012 m with relative standard uncertainty
4.5x1010

v’ Electron magnetic moment p, =-928.476 4620 (57)
x10-2° J/T with relative standard uncertainty 6.2x10~

v’ Electron gyromagnetic ratio 2| .|/ h =y, /2m = 28
024.951 64 (17) MHz/T with relative standard
uncertainty 6.2x10

16



Periodic table of the elements

[ ] Alkali metals ] Halogens
7 group ] Alkaline-earth metals [_] Noble gases
§ 1" |_] Transition metals [ ] Rare-earth elements (21, 39, 57-71) 18
1 and lanthanoid slements (57-71 only) 2
1 L] Other metals
H - [ ] Other nonmetals [ ] Actinoid elements O Tl ...
5 f 7 8 10
[ 2 [c|n[o|F |
13 I i |15 |16 18
3Nans 5 6 7 8 9 100 11 12 | Al P SAr
zomzzzamzszszvzs.zoaom 33 (34 36 |
4KS(: Ti | V | Cr | Mn| Fe | Co| Ni | Cu| Zn | Ga ASSQKr
39 46 47 48 52 |53 |54
o s | | o (o 'Te o 'n 'pa |'an | 0a | |'sn |'s0 7o |1 50
55 |56 |57 73 76 80 |81 84 |85 |86
*1cs |8 |'a e 'Ta |'w ['me |00 " |'ex |'au g | 7 vo | At | B
88 |89 105 [106 10 113 116 17 118 '
' "% | 'a | Ac | mt [ Do |'so | | e | Wt [ Do | R [n | e | 1 | o |'tv | o
R REEELREE
Ce Nd Eu | Gd | Tb | Dy | Ho | Er

actinoid senes 7

97
Th Pa Np Bk Cf Es

‘Numbering system adopted by the International Union of Pure and Applied Chemistry (IUPAC).

B.

@ Encyclopaadia Britannica, Inc.
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Proton, p

Proton mass m, = 1.672 621 898 (21) x 10 27 kg with relative
standard uncertamty 1.2x108

Energy equivalent m c? = 1.503 277 593 (18)x10™° J with
relative standard uncertamty 1.2x108

Proton-electron mass ratio m / m, = 1836.152 673 89 (17)
with relative standard uncertamty 9.5x1012

Proton-neutron mass ratiom,/ m_=0.998 623 478 44 (51)
with relative standard uncertamty '5.1x1010

Proton charge to mass quotient e/ m, =9.578 833 226 (59)
x107 C/kg with relative standard uncertalnty 6.2x107

Proton molar mass N, m, = M(p) = 1.007 276 466 879 (91) x10r

3 kg/mol with relatlve standard uncertainty 9.0x1011

Proton Compton wavelength h/ m,c=LC; =1.321 409 853 96

(61) x101> m with relative standard uncertainty 4.6x101°

* Proton rms charge radius r, = 0.8751 (61) x10™> m with
relative standard uncertamty 7.0x103

* Proton magnetic moment p, = 1.410 606 7873 (97) x10%° J/T
with relative standard uncertamty 6.9x107

* Proton gyromagnetic ratio 2 u,/h =y, /2n=42.577 478 92
(29) MHz/T with relative standard uncertainty 6.9x10~
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Neutron, n

Neutron mass m_=1.674 927 471 (21) x 10*-27 kg
with relative standard uncertainty 1.2x10/-8

Energy equivalent m_c”2 = 1.505 349 739 (19)x10A-
10 J with relative standard uncertainty 1.2x107-8

Neutron-electron mass ratiom_/ m_=1838.683 661
58 (90) with relative standard uncertainty 4.9x10"-
10

Neutron-proton mass ratiom_/ m, =1.0013/8 413
98 (51) with relative standard uncertamty 5.1x10/-
10

Neutron molar mass N, m_ = M(n) =1.008 664
91588 (49) x10/-3 kg/mol with relative standard

uncertainty 4.9x107-10

Neutron Compton wavelength h/ m_c=LC, =1.319
590 904 81 (88) x107-15 m with relative standard
uncertainty 6.7x107-10

Neutron magnetic moment p, =-0.996 236 50 (23)

x107-26 J/T with relative standard uncertainty
2.4x107-7

Neutron gyromagnetic ratio 2| u [/hbar=vy_/2n =
29.164 6933 MHz/T with relative standard

uncertainty 2.4x107-7
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rom-theNucleus-and
pwards

e From the nucleus, proton (and neutron) spins
and moment, arises techniques such as
nuclear magnetic resonance (NMR) and
magnetic resonance imaging (MRI), Medical
Physics topics we will discuss Dec. 28.

* The nucleus is also the basis of our nuclear
physics understanding, which we will discuss
in early January.

20
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https://simple.wikipedia.org/wiki/Chest_x-ray
https://creativecommons.org/licenses/by-sa/3.0/

Alpha Particle, alpha

* Alpha particle mass m_ =6.644 657 230 (82) x
107-27 kg with relative standard uncertainty
1.2x107-8

e Energy equivalent m_c”2 =5.971 920 097 (73)
x107-10 J with relative standard uncertainty
1.2x107-8

 Alpha particle-electron mass ratiom / m,_ =

7294.299 541 36 (24) with relative standard
uncertainty 4.9x10"-11

e Alpha particle-proton mass ratio m /m =3.972

599 689 07 (36) with relative standard
uncertainty 9.2x107-11

* Alpha particle molar mass N, m, = M(a) = 4.001

506 179 127 (63) x10/7-3 kg/mol Wlth relative
standard uncertainty 1.6x107-11
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From the energy equivalent, the relation of mass and energy Is
defined. Already this well known concept tells us that
something is special about the relationship between energy,
mass and light.

Let’s see why light 1s such a special thing.

Consider a swimmer trying to cross perpendicularly the river
bank .

Michelson had this thought experiment: Suppose we have a
river of width w (say, 100 feet), and two swimmers who both
swim at the same speed v feet per second (say, 5 feet per
second). The river is flowing at a steady rate, say 3 feet per
second. The swimmers race in the following way: they both
start at the same point on one bank. One swims directly
across the river to the closest point on the opposite bank, then
turns around and swims back. The other stays on one side of
the river, swimming upstream a distance (measured along the
bank) exactly equal to the width of the river, then swims back
to the start. Who wins?

The Michelson-Morley Experiment

S, source

In time t, the swimmer crossing the bank
moves diagonally ct relative to water, and
has been carried vt distance by water flow.

While the other swimmer swims along one
bank edge for also 100 feet, then back to the

River start.

100 feet

Turns out, swimmer crossing the bank will
take shorter time to return to the start (if
swimming the same distance).

b,
mirrors

[Actually, it is not who wins but who is
swimming faster]

a, 45 degree
half silvered
mirror C,

mirrors

22
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Albert Einstein
14 March 1879 - 18 April 1955

World-famous theoretical physicist

e Mathematically:

2 2
v __ 1+1(”—) ~2—W(1: ’ ),3<< 1,
2 2 C

* tacross—stream T thack = V(c2-v2) ¢ c2 c

1 1
V1 —x~1——x, ~1 4+ x

2 1—x
* Michelson repeated the experiment in numerous ways, modifying apparatus, measuring on top
the time light took to traverse

of a high mountain in California, and observed no difference in
the two different paths.

e The conclusion: that light does not travel via a medium such as sound in air or waves in water.

e And! Light has a speed that is a constant.

* From this, several important concepts in relativity were stated: “The Laws of Physics are the
same in all Inertial Frames” (Galileod’s principle of relativity restated by Einstein) and “The speed

of light in free space has the same value in all inertial frames of reference”.

e That value for light is c=3 * 10 m/s.

23



Time Dilation and Fitzgerald Contraction

1. “The Laws of Physics are the same in all Inertial Frames” (Galileo’s principle of relativity restated by Einstein)
2. “The speed of light in free space has the same value in all inertial frames of reference”.

That value for lightisc =3 * 10% m/s.

1. The path and time for the light traveling straight across or the light-
pulse clock seen by observer on the ground. Each time light hitstop 0 _
mirror, clock moves on click-tik tok. 2 C

2. Suppose now the clock is moving at v,

ct 2 , v\ 2 t =
(7) :L0+(7) or

e Time Dilation:

MmIrrors

\

e http://galileoandeinstein.phys.v
irginia.edu/more stuff/Applets/
Lightclock/home.htm|

24


http://galileoandeinstein.phys.virginia.edu/more_stuff/Applets/Lightclock/home.html
http://galileoandeinstein.phys.virginia.edu/more_stuff/Applets/Lightclock/home.html

Time Dilation and Fitzgerald Contraction

1. “The Laws of Physics are the same in all Inertial Frames” (Galileo’s principle of relativity restated by Einstein)

2. “The speed of light in free space has the same value in all inertial frames of reference”.

e Fitzgerald Contraction: even
lengths are scaled by the factor, Y!
Effectlvelﬁ, the faster movin

That value for lightisc =3 * 108 m/s.

object will seem shorter, in the 1
direction of movement. Y‘ — Example: the muon has speed 2.994 * 108 m/s (0.998c) and lifetime 2.2
*10°s
] - : 2
e This was verified with muon v
measurements, David H. Frisch 9
and James A. Smith N C

“Measurement of the Relativistic This gives vt, = 0.66 km

Time Dilation Using Muons”
American Journal of Physics, 31,

342 1963. The lifetime of the muon observed by us, traveling not close to speed of
. . oo ioht ic t = _ * 106
. The reality of SB%CIaLRelatIVI’[y lght st =gammaty = 34.8 7 107 s
Is well Illustrated by the GPS, 1
which depends on'very I =1
ggtCmeaég CT Ce g Igtg]rgVIPGQdS 0 2 So we see and detect muons to be traveling vt = 10.4 km! (passing
c . 3/ y U through the atmosphere)
serlo_usle/ Incorrect results If the 1 5
relativistic clock slowing Is N C
ignored.

The muon though, really only goes 0.66 km in its frame of reference,
which is what we would observe too if traveling at 0.998¢

25



Mass and Energy

e The foundations of modern physics rests on the conservation laws of energy and momentum. Even
considering that the velocity of light is fixed (though fast), energy conservation is found to still be true. The
outcome of these is that an object’s speed cannot keep increasing in proportion as more work is done on
the object --- in other words, as the object’s speed increases, so does its mass, so that the work done (from
something) becomes kinetic energy of the object, while always keeping v less than or equal to c.

Vy=mgpV V= ! .V !
my Vqg= MpVp A= To B _T
In the S’ reference frame,

R
172
T — TO/ 1 — C_Z
N\
I
UZ

SO, mA=mB\1—C—2

For the masses very small compared to the velocity, then the rest mass is on the left hand side (m,=m,)

26



Massless Particles

e Can a massless particle exist? (photons!) Turns out we can describe the electron and photon energies and
momentums in the following way.

MqpC MoV 2

= ;P = = E = |mgc* + p?c?
-z ek
C C

e An example: an electron with m,=0.511 MeV/c? and a photon m, = 0 both have momenta of 2.000 MeV/c?. The total energy is

o Electron E = 1/{0.511 MeV?2 + 2.000 MeV?2} = 2.064 MeV

MeV
C

» Photon E = pc = (2.000") c = 2.000 MeV

27



Doppler Effect

 The increase in pitch of a sound when its source approaches us (or we approach the source) and the
decrease in pitch when the source recedes from us (or we recede from the source). These changes in
frequency constitute the Dopper Effect.

B 1+v/c
v= o (1—V/c)

e Little “v” is the speed of observer and big “V” is the speed of the source.

e The Doppler Effect in sound varies depending on who or what is moving. Note that as sound waves exist in
a material medium such as air or water, the medium itself is a frame of reference with respect to which
motions of source and observer are measurable.

e Light, has no medium.
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Doppler Effect

e Observer moving perpendicular to a line between him/her and the light source. The proper time between
ticks is t, = 1/v,, so between ticks t, y elapses in the reference frame of the observer. The frequency

UZ

1

C 2

v (transverse) = — = A
t to

>V =7V, |1

UZ

2
\ C

e The observed frequency is always lower than the source frequency.

AN observer receding from the light source. Now the observer travels the distance vt away from the source
between ticks, which means that the light wave from a given tick takes vt/c longer to reach him than the

previous one.

1%
T:tI :to
C UZ
1
\ c?

:to

\

v
C
(%
1+E

e The observed frequency is lower than the source frequency, regardless of the medium movement.
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Doppler Effect

e Observer approaching the light source. The observer here travels the distance vt toward the source
between ticks so each light wave takes vt/c less time to arrive than the previous one. T=t-vt/c

1+~

C
4
C

v(longitudinal) = v,
1 —

\
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Doppler Effect — An example

e Adriver is caught going through a red light. The driver claims to the judge that the color she/he saw was
green (frequency = 5.6 * 10'* Hz) and not red (frequency, = 4.8 * 10'* Hz) because of the Doppler effect.
The judge accepts this explanation and instead fines her/)hlm for speeding at the rate of S1 for each km/h
she/he exceed the speed limit of 80 km/h. What was the fine?

v = Vo 3 % 108 507 — 4.8 4.59 107m 1.65 * 108km/h
— — %k — ] % — . X
v vZ + 1§ 5.62 + 4.82 S m/

e The fine is therefore $(1.65*108-80)=5164,999,920!!!

e Thtls s the scale of astronomical experiments! The Doppler effect is actually very important in the study of
astronomy

31



Doppler Effect

e The observed frequency is higher than the source frequency. The convention is that v is + for source and
observer approaching each other and — for source and observer receding from each other.

rA4180

 The speeds of recession are observed to be proportional to distance, with the proportionality called
Hubble’s Law.

32



An example of the expanding universe

e A distant galaxy in the constellation Hydra is receding from the Earth at 6.12*10’ m/s. By how much is a

green spectral line of wavelength 500 nm emitted by this galaxy shifted toward the red end of the
spectrum?

(%

C 1+E
A=—-1=21, <
V 1 -2

\ C

e Compared to the green spectral wavelength of 500 nm, the observed value is 615 nm, in the orange part of
the spectrum. This shift of 115 nm tells us that the galaxy is nearly 3.6 billion light-years away.

1 light-year = 9460730472580800 metres (exactly)
=~ 9.461 petametres

=~ 9.461 trillion kilometres (5.879 trillion miles)

=~ 63241.077 astronomical units

=~ 0.306601 parsecs

33


https://en.wikipedia.org/wiki/Metre
https://en.wikipedia.org/wiki/Petametre
https://en.wikipedia.org/wiki/Kilometre
https://en.wikipedia.org/wiki/Mile
https://en.wikipedia.org/wiki/Astronomical_unit
https://en.wikipedia.org/wiki/Parsec

An image of distant galaxies captured by the NASA/ESA Hubble Space Telescope. Credit:
ESA/Hubble & NASA, RELICS; Acknowledgment: D. Coe et al.
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How many light-years away?

Earth is approximately...

&

8.3 light-minutes
from the Sun

320 light-years
from the North
Star, Polaris

2.5 million light-years
from Andromeda, our
closest neighboring
galaxy

4.3 light-years away
from Proxima Centauri,
our closest neighboring
star

26,000 light-years
away from the center

of our galaxy, the Milky
Way

13.4 billion light-years
away from one of the
oldest galaxies ever
found, called GN-z11

https://spaceplace.nasa.gov/light-year/en/
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General Relativity

e Special relativity is concerned with the inertial frames of reference, frames that are not accelerated.

e General relativity concludes that the force of gravity arises from a warping of spacetime around a body of
matter (containing mass). The principal of equivalence is the observational conclusion (and postulated by
Einstein): An observer in a closed laboratory cannot distinguish between the effects produced by a
gravitational field and those produced by an acceleration of the laboratory.

a=-g

e

e

36



General Relativity

e Other findings of General Relativity: Warping of the speed of light by massive gravitational objects and the
confirmation of gravitational waves.

Quasar

Earth

Massive object Source
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Lorentz Transformation

e [et’s make sure to understand the transformations

e Before special relativity, transforming measurements from one inertial system to another seemed obvious.
If clocks in both systems started when the origins S, S’ coincide, then lengths vary by the speed times time of

the moving system.
x'=x—vt y =vy;z' =zandt'=t
This is the Galilean transformation. In the S’

reference frame, the velocities are simply the

time derivatives.
dx’ ~ody’ - dz’
de’  x~UWY T g T W2 T g

/

Vy =

— UZ
Using this transformation, the speed of light will work out to be ¢c’'=c-v
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Lorentz Transformation

e [et’s make sure to understand the transformations

e for a correct transformation, we make a guess based on the considerations that a single event in S must be
also a single event in S’, that we seek simple solutions and that when the speeds are close to “normal” we

should get the Galilean before.

/ /

x'=k(x —vt)orx = k(x' +vt") Yy =y,Z =2Z

In time however, we have to consider

kZ
x =k*(x —vt) + kvt'or t’' = kt + 1_E X

In this case, x=ct and x'=ct’
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Lorentz Transformation

e [et’s make sure to understand the transformations

e for a correct transformation, we make a guess based on the considerations that a single event in S must be
also a single event in S’, that we seek simple solutions and that when the speeds are close to “normal” we

should get the Galilean before.

At t=0, t'=0 also. Then a signal is sent, and
observers in each system measure the speed
with which the sighal spreads out

k(x —vt) = ckt + (1 — k*/kv)cx

1Y 1Y
~ ckt+vkt " k+zk | " 1+-
X = k—l_kZC — C 11— kz(c) = C 1_1—k2(c)
kv k \v
1 . L,
So k = . In this case, x=ct and x’=ct
V2 40
1=7=
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Spacetime

e We can now formulate an underpinning of our visual universe

s =x%+vy*+z*— (ct)*
=x"“+y'* 4+ 2% — (ct')?
e The invariance of spacetime under a Lorentz

transformation is the same as describing a rotation of the
S and S’ coordinate systems.

e Similarly, the (electric) fields and (linear) momentum are
Invariant
2
E

pg + Dy + 05— p
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Spacetime — velocity addition

e Suppose a car speeds down a road with its headlights on when the velocity is v. What do observers in the
car and on the road see?

dy dz odx' o dy'  dZ
ac g e =gy =g = g
e The invariance of spacetime under a Lorentz
transformation is the same as describing a rotation of the
S and S’ coordinate systems.
e Similarly, the (electric) fields and (linear) momentum are
invariant
vdz'
dt’ + V! +
dy = dy';dz = dz'; dt = c? Ly =X _,
' ’ ’ 2z F T 1+l /c?
\ o
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In classical physics, we imagine a wave and
particle as distinct from one another.

Some waves can carry particles, or are made up
of particles that move, such as the ocean water
waves generated by water molecules that move
upwards and downwards to generate a wave
motion.

In other waves, fields may be vibrating in space
and time.

For light, our finding is that photons can be
considered the result of vibrations from electric
and magnetic energy waves.
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Imagine a stone thrown into a pond, generating ripples in space and time
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ko+Ak | 2sin(Ak(x — x
F(x,xg) = f dk e*(x=Xo) — (Ak( 0) e

ko—Ak X — XQ

iko(x—xq)

i/ = Plot[Re[ (1#Sin[x-08] / (x-0)) = (Exp[I+1% (x-8)])]s {% -5, 5}]

w/Ak T

Plot[Re[ {(1xSin[x-@] / (x-0) ) = (Exp[I+1x (x-0)]) # (1+x5in[x-8] / (x-8)) =
(Exp[I=1# (x-@)])]s {% =55 5}]

Il.4: ]
0.2
_Il“_l..__,.-l"l'-._.-"_ﬂ | L L . ] L L L | i, PRI |
x=X0 X > s - = = N
-0.2
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e Something classical couldn’t also explain.

e See in class lecture notes.
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e End of Slides for Fundamental Concepts

47



Generating Electricity with
Captured Water
Potential energy gain of falling water assuming ENe el gl w Ra e e
6 inch tube with 1 inch width of water (18/cC) inciruments dusing masine oil exploration
mgH = 221.36 [kgm?/s*=]]. expeditions.
Can the flow b
[net head (feet) x flow (gpm)] +10=W | P —— agattimﬂ? e

An estimate of power output at 53% efficiency

Can the system be
connected to a
storage unit, for

water and for
electricity?

For 10 kW system with 40 ft net head, we'll
need a flow of 2 gpm.

Small turbines such as on the right which can
use as little as 13 inches of water.

Pelton wheels, like this one, can be purchased with one or more nozzles. Multi-

Wa te r/SO I uti O n ba Se d’ ru n p u m pS i n reve rse ? nozzle systems allow a greater amount of water to impact the runner, which can

increase wheel output.
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