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Etymology of physics: To be or not to be ©

Proto-Indo-European: bheue “to be, exist, grow”

4 N\

Greek: QUOIKOG (physikos) Proto-Germantic : beuna
“of nature” by Aristotle 1
Latin: physica Old English: beon
(study of nature) l

1 English : be (f71%)

English: physic (E%)
physics (¥ HFR—VIFESFYRIFEN)



Physics studies how the universe works

« Principles of matter, motions in space and time, and
inseparable relations among them.

1. Cognitive revolution: celestial objects (Sun, Moon, planets)
are not propelled by angels, but obey the same laws of
mundane objects like apples.

2. Understand the birth, evolution, and fate of the universe
3. Lay foundations for the optoelectronic and information era

4. Explore organization principles of complex matter, including
superconductivity, magnetism, life, and society.
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Richard P. Feynman

1918, born in New York

1942, Ph. D of Princeton
1943-1945, the Manhattan Project
1945-1949, Cornell

1952-1987, Caltech |
1988, died of cancer H'Riehard P. Feynman

1961-1963, general physics teaching for undergrads
1965, Nobel Prize in physics for establishing quantum
electrodynamics (shared with Schwinger and Tomonaga)
1986, commission member for the Challenger disaster

Path integral method for quantum mechanics
Theory of superfluid helium

Theory of beta-decay for weak interaction
Parton model for strong interaction
Autobiography and popular science writings



The Feynman Lectures on Physics (Vol [, II, I11)

https://www.feynmanlectures.caltech.edu/

“Tough, but nourishing and full of favor. After 25
years it is the guide for teachers and for the best
of beginning students” — Scientific American

%
§
3
3
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The Feynman Lectures on Physics

Reformulating physics, reducing deep ideas e _
into simple, understandable terms et e D el

Extended Edition (2nd edition,
2005)

“The lectures... are very serious. I thought to address them to the
most intelligent in the class, ..., and even the most intelligent
student was unable to completely encompass everything... "

“Many of the students and faculty... said that having 2 years of
physics with Feynman was the experience of a lifetime. But that’s
not how it seemed at that time. Many of the students dreaded the
class, and as the course wore on, attendance by the registered
students start dropping alarmingly.



Feynman’s writing — an elegant prose style

If, in some cataclysm, all of scientific knowledge were to be destroyed,
and only one sentence passed on to the next generations of
creatures.... I believe it is the atomnic hypothesis ... that all things are
made of atoms

--- The Feynman lectures on physics Vol 1 Chapter I

A poet said, “The whole universe is in a glass of wine” ....

There are the things of physics: the twisting liquid which evaporates
depending on the wind and weather ... and our imagination adds the
atoms. The glass is a distillation of the earth’s rocks, and in its
composition we see the secrets of the universe’s age, and the
evolution of stars.

If our small minds, for some convenience, divide this glass of wine,
this universe, into parts—physics, biology, geology, astronomy,
psychology, and so on— remember that nature does not know it! So
let us put it all back together, not forgetting ultimately what it is
for....Let it give us one more final pleasure: drink it and forget it all!
--- The Feynman lectures on physics Vol | Chapter 3



Feynman’s Epilogue

 Finally, may I add that the main purpose of my
teaching has not been to prepare you for some
examination....

« I wanted most to give you some appreciation of
the wonderful world and the physicist’s way of
looking at it, which, I believe, is a major part of
the true culture of modern times. (There are
probably professors of other subjects who would
object, but I believe that they are completely

%=, (Richard
Phillips Feynman,

wrong.) 1918--1988) ,

. X & LB A

» Perhaps you will not only have some | Bk, 19654F 1K/
appreciation of this culture; it is even possible VE LR A s

that you may want to join in the greatest

adventure that the human mind has ever bequn.  #EFFFKIHAK,
DURRSL AT ZE R .
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The atomic hypothesis

« The modern concept of atom is inspired
by the fact that the appearance of integer
numbers in chemical reactions

« Small particles in motion even at zero
temperature (thermal and quantum
motions). Repulsion when inter-particle
distances are small, and attraction when Democritus John Dalton

large. (460BC-370BC)  (1766-1844)

 Phase transitions.
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ice crystal: long-range water: long-range

ordered, rigidity; disordered vapor: volume expansion
comparisons to glass, Isordere ~ 1000 times
porcelain (ceramics)



The kinetic theory of gases

e Pressure comes from collisions of atoms

on walls. Gas in vessel: P(T, n/V)
« Ideal Boltzmann gas (A good approximation m
gas (A good app ) ARRRRRAR
\ T
P =kgTN/VT i A /
1 -
— [ 2
Toc(Ek)—(zmv) 1*-’!\

Question: Why does P « v"27?

Question: What happens if the piston is pushed inward adiabatically,

which means the process is very slow and has no heat exchange with
the environment?

« Question: What happens if the gas expands adiabatically?



Aristotle and Archimedes

* Physics (Aristotle): A pioneer rather than
an anti-hero.

Q: Why was Aristotle not able to develop
Newton’s law of dynamics?
A: Lack of precision measurement of time.

 Statics: the equilibrium condition of lever Aristotle
Can you prove that F;l; = F,1,? (384BC-322BC)

» Archimedes' principle: Archimedes of
buoyant force = weight of displaced fluid  Syracuse (287BC-212BC)



Galileo: The first modern physicist

 Galileo — the father of modern physics —
indeed of modern science. — A. Einstein

« Scientific methodology: Design
experiments to test hypothesis
and discover new phenomena.

: : : Galileo (1564 — 1642)
« Motion with variable speed — free

fall, projectile

 (Galileo’s ship:

why do we not feel the motion of the earth?
"Dialogue Concerning the Two Chief World
Systems” -

A Gedanken experiment:



« Newton’s first law of motion (the law of inertia) is actually by
Galileo — the existence of the inertial frame.

« Inertial frame and Galilean transformation

« Galileo’s relativity principle: The mechanical laws are
exactly the same in all of the inertial frames. No one is special
from any other.



« Homogeneity in space and time.
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God said, “Let Newton be! And all was light.”

Newton’s Principia (1687)

Nature and Nature's laws lay hid in night:

— Alexander Pope

Victory of rationality: the first complete
scientific theoretical system that mankind
has mastered.

1. Confidence to explore the unknown;
- the 15t industry revolution

2. Abstraction of phenomenological laws

as fundamental principles
Concepts of mass, force,
Newton’s laws I, II, III, gravity

3. Ingenious mathematical capability:
invention of calculus

" Morv  Copol. 4. lifdem pofitis, eft vis

oapoRu,

Isaac Newton
(1642--1726)

48 PHILOSOPHIEZ NATURALIS

centripeta ut velocitas bis directe,
& chorda illa inverfe, Nam velo-
citas ¢ft reciproce ut perpendiculum
§7° per corol. 1. prop. I.

Cored, 5, Hinc {idetur figura quee- :
vis curvilines 4P @, & in eadetur v o

ctiam pun@lum §, ad quod vis cen- . ]
tipeta perpetuo divigitur, invenirt poteft lex vis centripeta, qua

ur,
corpus quodvis P a curfu reftilineo perpetuo retrattum in figura
illius perimetro detinebitur, camque revolvendo deferibet.  Nimi-

rum computandumeit vel folidu SPgx2T9 vel folidum §2'¢-
% PV huic vi reciproce proportionale,  Ejus rei dabimus exempla:
in problematis fequentibus.
PROPOSITIO VII. PROBLEMA IL
Gyretur corpus in circumferensia circuli, requiritur lex vis.
centripete tendentis. ad punélum quodcungue datum, .



Maxwell’s “A treatise on electricity and magnetism” (1873)

%

And Maxwell said. ..

| 7B=0

7% B=pyJ + pyg,CE
at

) James C. Maxwell
| stand on the shoulders (1831--1879)

of Maxwell” -- A. Einstein

And all was light!

From a long view of the history of mankind — seen from, say, ten
thousand years from now — there can be little doubt that the most
significant event of the 19th century will be judged as Maxwell’s discovery
of the laws of electrodynamics. The American Civil War will pale into
provincial insignificance in comparison with this important scientific event
of the same decade.

--- Feynman’s lecture notes for physics Vol 11 Chapter I



Einstein’s special relativity (1905)

A 16-year-aged young man dreamed
for chasing a light .....

If I pursue a beam of light with the light velocity,
I should observe such a beam of light as an

electromagnetic field at rest though spatially ‘
oscillating. A. Einstein (1879-1955)

There seems to be no such thing, however, neither on the basis of experience
nor according to Maxwell's equations.

From the very beginning it appeared to me intuitively clear that, judged from
the standpoint of such an observer, everything would have to happen
according to the same laws as for an observer who, relative to the earth, was
at rest. ...... One sees in this paradox the germ of the special relativity theory
is already contained.

To change the Maxwell equation, or, to the view of space-time?
The existence of magnetic field is a test to relativity.



The epic quantum era (1925---)

“Quantum theoretical re-
Interpretation of kinematic and
mechanical relations”, Z. Phys,
33, 879-893 (1925).
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Objective v.s. subjective (Chuang Tzu'’s fish)

« Quantum world is probabilistic
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High energy and particle physics

e Physics at the smallest space-time scales.

Microscopic structure of space-time,
fundamental particles/interactions.
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The Generations of Matter

Leptons: electron, muon, tauon,
neutrino

Gauge bosons mediate interactions:
photon (EM), W+, W-, Z0 (weak
interaction), gluon (Strong interaction)

Nucleon: proton, neutron)

Quark color: R, G, B

¢e C&o
© ©

Quark flavors: (fractional charge)

+2/3e -e/3
up down
charm strange
top bottom

Higgs particle — mass generation



Astrophysics — the largest space-time scales

e The birth, evolution and fate of the
universe.

 Big bang (Gamow) — 3K cosmic
background radiation

e Stellar evolution: collapse of nebula
- proptostar - main sequence
star = red giant, white dwarf /
supernova, neutron star, black

PRESENT

13.7 Billion Years hole
__ aftertheBigBana | e
A Mass (solar masses) Time (years) Spectral type
2000 60 3 million 03
H,=68 km/s Mpc 30 11 million 07
@ - 10 32 million B4
~ 3 370 million AS
5 1.5 3 billion F5
E 1000 (— 1 10 billion G2 (Sun)
<= 0.1 1000s billions M7
) =
w .
o Virgo Cluster
0_ 1 1 1 1 > - -
0 - ™ * Universe expansion — Hubble’s law
Distance (Mpc)

e Dark matter, dark energy



Atom, molecular, and optical physics

e The most precise controllability — Laser,
atomic clock

® Bose-Einstein condensation of alkali atoms: Li,
Na, K, Rb, Cs. Nearly all atoms condense into a
single quantum state.

Laser cooling to 10~°K, evaporative cooling to
below 107°K.

QUANTUM\. |
" ENTANGLEMENT 2/ /
[/~ DEMYSTIFIED 9~

e Quantum entanglement, information,
computation

'y
\

1
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Condensed matter physics — fundamental or applied?

e Old name: solid state physics (actually sounds better).

e Close relation to daily life:

semiconductor physics -- electronic industry

solid, liquid, gas

metal, insulator, magnetism,
superconductivity/superfluidity ..

soft condensed matter: polymer,
protein, membrane, jamming,
packing, avalanche....




Quantum nature of solids - Bloch theorem, Nobel Prize (1952)

e Bond (chemistry) > band (solid state physics).

Local - global viewpoint: Fourier transform

Foundation to semiconductor physics -- electronic industry

e Are there new principles beyond applying quantum mechanics to
complicated systems?
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Reductionism: Divide and Conquer

e Success: standard model and beyond DREAMS

OF A FINAL
THEORY

Atom - nucleus and electron - proton,
neutron - quark - superstring

... reductionism is a sense of
hierarchy, that some truths are less
fundamental than others to which they

may be reduced... -- S. Weinberg STEVEN

WEINBERG

e Theory of everything or nothing?

KW 8T, @R, REE, BFERNN, Tl VRE 42 v A5 B\ (O BEARE — V) L2 H0 R R
Yy TR B IR B T AR B BEANPTT, THRIXLETHTH, B0 FER

EAEGHEEARMTHAE, BTN RALSH_LHAL



Condensed Matter: Sociology of Particles

o Key features:

Huge amount of particles: 102 per = /
cm? (electrons, molecules) of matter! ﬁ( e

Strong interactions!

e Organization leads to success! -- New states of matter

human: crowd v. s. army

H,0 molecules: vapor, water, and ice.

e Social behavior of particles (e.g. electrons) and the
underlying organizing principles.

Particles (electrons) as “citizens” of a big society



More is different! -- Emergentism

“The behavior of large and complex
aggregates of elementary particles,
It turns out, is not to be understood

In terms of a simple extrapolation of
the properties of a few particles.

L. D. Landau P. W. Anderson
“Instead, at each level of (1908-1968) (1923--2020)
complexity entirely new X Yo
properties appear, and the “1§Ei‘§f§$§? hysics “1‘*;'}11;';;2;-"' particle
understanding of the new chemistry many-body physics
behaviors requires research molecular biology  chemistry
which 1 think is as cell biology molecular biology
fundamental in its nature as
any other”. psychology physiology

social sciences psychology



Outstanding problems? New principles?

e Every sample is a universe, and the universe is just
one sample.

To see a World in a Grain of Sand, And a Heaven in a Wild Flower,

b—1t 5, —f—KR
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https://en.wikipedia.org/wiki/File:YBCO_high_temperature_superconductor.JPG
https://en.wikipedia.org/wiki/File:YBCO_high_temperature_superconductor.JPG
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Mass ~ energy ~ frequency ~length ~ temperature
Relativity (mass-energy ) E~mc?

Quantum mechanics (frequency-energy) E~ hv = hc/A
Statistical Mechanics: temperature-energy E~kgT

Electron rest mass: m,= 9 x 107 31kg

Energy: E = 0.5Mev
Frequency : v, = 1.2 X 10°°Hz,
length: Aemptn = 2 X 10712m
Temperature: T~ 6x10°K

h=6.62x%10"34]/s
kp = 1.38 X 10°23] /K
leV = 1.6 x 10719] ~ 1.2 x 10*K



<uk
3K
<30K
~90K
300K
~1000K
1~10eV

1Mev

1GeV

100GeV
125Gev

Energy (mass, temperature) scales

Ultra-cold atom physics — Bose-Einstein condensation

Cosmic microwave background

Conventional superconductivity

High temperature superconductivity YBaCuO (boiling point of N,)
Room temperature

Fe’s Curie temperature

Atomic transition, quantum behavior of electrons in metal,
chemical bond energy

Quantum Electrodynamics (QED) scale - electron’s mc? --
electron-positron pair-creation

Quantum Chromodynamics (QCD) energy scale, Proton’s mc?
Electro-weak symmetry scale

Higgs boson'’s mc?

10°GeV Planck energy — gravity energy ~ mc?



Length scales A~h/(mc)

1.6 X 1073>m Planck length -- gravity becomes strong

1fm = 10">m Proton radius

1x10724° Electron Compton wavelength, QED length scale

14° = 1071%n  Hydrogen atom Bohr radius 0.54°, crystal lattice constant
1nm =10""m  molecules, atom clusters, chemistry

1um = 10"%m  visible light wavelength

1m daily life
10*km Earth size (R=6400km)
1.5 x 108km Astronomical unit (AU) — the earth-Sun distance

(8 light minutes)
40AU Sun-Pluto distance
100AU Heliosphere (heliopause)



1x 103km  light year (ly)

3.26 ly 1 parsec (pc) -- the nearest star (Proxima Centauri, 1.3pc)
10° ly diameter of the milky way (thickness 1000 ly)

10° 1y galaxy groups; galaxy clusters

108 Iy supercluster

4.6 x 101%1ly the radius of the visible universe

Distant stars

e

Apparent parallax
maotion of near star
P

Parallax angle
=1 arc second

Near stare /s PO : : e o
."| i ¢ : P RGUSURERCLUSTER
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Earth's motion around Sun



Our location in the universe

m Local group
(REZRE)

1071y

Andromeda

({lZZ EE)

Laniakea
supercluster

5.2 x 1081y

Virgo (local)
supercluster
EYZRE () &
ERMHA

1081y

Virgo cluster

(ELEEERE)




Time scales

1.4 x 1010y age of the universe
5x10%y age of the sun, and the earth
1 year period of the earth orbit

1 month period of the moon orbit

1 day period of the earth spin

1s daily life

20Hz — 20KHz audible frequency

Light comparisonl®]

MName Wavelength Frequency (Hz) Photon energy (eV)
Gamma ray | less than 0.01 nm more than 30 EHz maore than 124 keV

X-ray 0.01 nm —10 nm 30 PHz — 30 EHz 124 keV - 124 eV
Ultraviolet 10 nm — 400 nm 750 THz - 30 PHz 124 eV - 3.3 eV

Visible 400 nm =700 nm | 430 THz-750 THz 33eV-17eV
Infrared 700 nm -1 mm 300 GHz — 430 THz 1.7 eV -1.24 meV
Microwave T mm-—1meter | 300 MHz - 300 GHz | 1.24 meV - 1.24 peV

Radio 1 meter and more | 300 MHz and below | 1.24 peV and below



Further readings

e Feynman lectures on physics Vol (I) Chapters 1, 2, and 3, and
listen to the lectures recordings.

e Wiki page of Galileo

e Anderson, P. W's “More is different”
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