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Arguably the greatest monument to the human
intellect

In any case, the most accurately tested theory
in physics



A couple of millenia before we realized that
the universe is pervaded with quantum fields,
that we are surrounded by quantum fields



What is Quantum Field Theory?

Who “needs” Quantum Field Theory?



These days, one doesn’t even need to know
quantum mechanics to be a professor of
theoretical physics. (I do not speak of
experimental physicists, for whom I have only
admiration since they can do things I cannot
even dream of doing.)



Chapter 1.1 of my textbook on quantum field theory

WHO NEEDS IT?

Quantumﬁefaf tﬁeor y arose out

of our need to describe the
eyﬁemem[ nature @C ﬁfe.



“clouds & smoke passing
in front of our eyes”



No, seriously, quantum field theory
iIs needed when we confront simultaneously

the two great physics innovations
of the last century of the previous millennium:

special relativity and quantum mechanics



FAST

SLOW

Rocketship near lightspeed,

The marriage of quantum

no need for QM mechanics & special
relativity
Classical physics Slow moving electron
scattering off a proton, no
need for special relativity
BIG SMALL

In the peculiar confluence of special relativity & quantum
mechanics a new set of phenomena arises: particles can be
born & particles can die.

A new subject in physics, quantum field theory, 1s needed to

describe birth & death, & some kind of life in between.




Two gold-plated equations of physics

QM: uncertainty principle
AE ~1/ At

“Accounting errors could be tolerated for a short
time”

Special relativity: energy = matter
E = mc?
“Accounting errors could be turned into stuff”
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If both of these principles, then for an
instant, particles could pop out of and pop
back into the vacuum

You need both quantum physics and special
relativity!

No matter how you shake and bake the
Schrodinger equation of one electron, always
one electron
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From mattress to field
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Form wave packets of the normal modes
Anharmonicity causes them to scatter and decay



From field to particle

l.4. From Field to Particle to Force | 27




From particle to force 1

a nucleon?

pion as a marriage broker of ol
is limited by her weight.

Figure 11.3. The
inclination to travel

d. a corpulent lady W

Taken from
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Weinberg’s advice 1984
Write popular book
before textbook on
quantum field theory

>34 years after German,

Spanish, Chinese,
Japanese, Korean
translations,

a French translation in
2018
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Anthony Zee
Traduction de Michel Le Bellac
Préface de Roger Penrose
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From particle to force 2

; LETNIUIVIID . . Deen
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Yukawa d?C:S::cS:::S w't‘:ll. Bo%dly, Yukawa hYpothesmicti\ a new
T ‘:' h became known later as the pi meson, or € ‘r’:fm
e wStl:ikingly enough. he was able 10 predict the properuies
N feat for which he was awarded the Nobel Prize.
of the pion, a i€a ) tiainn mare or less at rest inside an

From Fearful Symmetry (talk given at the National Center
for the Performing Arts in Mumbai)
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From particle to force 3

Another rough analogy: Two lumps on a mattress

Attract due to their distortion of the “field”



The physical world results from a web of interactions,
some attractive, some repulsive.

Quantum field theory answers why:

The sign (+ or - attraction or repulsion between like
objects) depends on whether the spin of the mediating
particle 1s odd or even,

and ultimately could be traced to the difference between
time and space

Spin 0: attraction (strong nuclear force; protons and
neutrons coming together)

Spin 1: repulsion (electromagnetism; like charges repel)
Spin 2: attraction (gravity; the apple and Newton’s head)

18



A lightning history of the universe

Universal gravitational attraction, due to the spin 2 particle,
produces the instability that drives the formation of structure in the
early universe. Dense regions became denser still.

The rich becomes richer! Free streaming photons and neutrinos
1impose taxation.

Attraction between the protons, due to the spin 0 particles, 1gnites
the stars and eventually form the rich variety of nuclei.

The attraction between positively charged nucle1 and the
negatively charged electrons, due to the spin 1 particle, produce
the atoms.
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Concept of field goes back to Faraday

Without a proper education, the mathematics of the
“continental philosophers™ were beyond Faraday, who
was compelled to invent his own pictorial language

A side remark about basic versus applied research:
Faster communication for the Royal Navy
Messing around with wires and frogs

versus breeding stronger pigeons

20



« Maxwell’s theory of the electromagnetic field contains
two hidden symmetries that will rock 20th century
physics (relativistic & gauge)

* Is 1t conceivable that present theory also contains
hidden structure?

* In hindsight, the terrible notation of the 19th century
physics (magnetic field = H?)
* But now also, Yang-Mills theory terrible notation:

redundancy 1n description (twistor perhaps first step in
fixing this!)
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Already, 1n non-relativistic QM, photon (electromagnetic
field) treated as a field but not the electron => Jordan,
Heisenberg, Dirac,... “half-assed treatment”

Fermi: photon can created, electron can also be created
All particles are excitations in some field

(graviton just a particle like any other, an excitation in the
gravitational field (e.g. S. Weinberg’s textbook on gravity)

but somehow also responsible for the spacetime arena in
which all fields work & play —

It 1s somehow different?
Quantum gravity?
Cosmological constant?

(With eravitv. cube of nhvsics) .



2003

_Auantum Field Theory
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Euantum Field Theory in a Nutshell

112YysinN e ul Kioay] pjatl4 wm,uen[.]

Anthony | Zee

P




Translations into Russian
with logically inconsistent title!

and now into Japanese (in press)



— the rise of field theory in condensed matter physics (as
distinct from earlier use of pertubative field theory,e.g. Fetter &
Walecka, Abrikosov, et al)

¢.g. quantum Hall fluid microscopic degrees of freedom =
electrons but long distance physics = Chern-Simon gauge field
with fractionally charged excitations

¢.g. surface growth & renormalization group
e.g. replica & supersymmetry
— gravity introduced as early as possible
st sk sk sk sk sk sieosk sk sieoske sk sieosie s sieosie sk sfosi sk sosk sk sosiosk sk sk skosiosk sk sk
— Try to be much lighter in formalism, stories, jokes, fictitious
characters (Confusio) a la Galileo
— Eight Parts of the Celestial Dragon
kitp.ucsb.edu/~zee/JingYong.html



Quantum field theory has had two near-death experiences

Late 1940s: inability to produce Lorentz covariant results &
divergences

-The young people were the (revolutionary) conservatives

Late 1960s: S-matrix school, inability to deal with the strong
Interaction

-The triumph of field theory = “a victory parade” that made “the
spectator gasp with awe & laugh with joy”

Quantum mechanics = (0 + 1) - dimensional field theory

String theory = (1 + 1) - dimensional field theory

26



When we teach (or learn) QM
Schrodinger or Heisenberg formalism

conceptually more profound (& leading naturally to QFT): Dirac-
Feynman path integral or Schwinger functional integral formalism

"""~~~§~
a” -~
.\\s ™ O
source S~ _ -
Sy -
N~~’I
2 slits screen

add amplitudes

Students almost never ask: What if 3 holes? 29



add amplitudes

30



The most* Zen of all: add c© number of screens &
drill o0 number of holes in each screen

Add amplitudes over all paths

Integral over all paths

*The sutra of Hui Neng (Liu Zhu Tan Jing)
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Quantum field theorv one great big fancy sum (integral)

l/dgoe_s("o) p(z,t)
D dimensional

Quantum mechanics
Call it coordinate or position (t)

—S(p)
l/dSOB 0+1 dimensional field theory

Random matrix theory A matrix Q

l /d —S(p) 0+0 dimensional field theory
pEe
dsoe_s(‘P)

~80 years of QFT finding methods or tricks to do the (functional) integral

q

“‘Ordinary” integral in calculus

e.g. lattice gauge theory, replace | by = & use computer
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Simplest method

Expand
00
12,2 . 4 (—g)n ~im?2p? 4
dpe~2™ ¥ 797 =Z dpe™ 2™ ¥ ™"
/ n! v 7
n=0
A fabulous 1dea:

Draw little diagrams to keep track of the terms

When I was a student, I was really eager to learn about
Feynman diagrams which I had heard so much about
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FEYNMAN’S LAST
BLACKBOARD

sets impossible
standards (two upper

left boxes),

but note “to learn
list” (second box on
right)




Schwinger 1n 1948 calculated the first term of the
anomalous (that 1s, deviation from Dirac’s value)
magnetic moment of the electron, beating Feynman!
Expression carved on his tombstone.

Current value for the anomalous magnetic moment
of the muon = 116,587,705.7 (2.9) x 10”(-11)

(Schwinger got the 116)

To put the accuracy in rough pictorial perspective,
say the distance between Shanghai and Beijing 1s
~1200 km, then the present uncertainty corresponds
approximately to ~6 X 10"(-2) millimeter (width of
human hair ranges from 0.2 times this to about twice
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From my QFT book

Schwinger's triumph

Let us now calculate F,(0) to order o = e?/4r. First draw all the relevant Feynman dia-
grams to this order (fig. 111.6.1). Except for figure 1b, all the Feynman diagrams are clearly
proportional tou(p’, s")y*u(p, s) and thus contribute to F 1(q%), which we don't care about.
Happy are we! We only have to calculate one Feynman diagram,

P’ P
p+k
k
q qp+k
P P

(a) (b) () (d) (e)

Figure 111.6.1
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Schwinger: “Feynman brought
quantum field theory to the masses”
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“In the dark recesses of the sub-basement of
Lyman, where theoretical students retired to
decipher their tablets, and where the ritual
taboo on pagan pictures could be sately

ignored, and...”

Paul Martin
Physica 96 (1979), p70
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Landmarks
Internal space: Heisenberg, 1sospin, ...
Gauge symmetry: Weyl ...

Non-abelian gauge: Yang-Mills, ...
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The influence of Feynman diagrams on quantum field
theory for many years

QFT = 2 Feynman diagrams

“Breaking the shackles of Feynman diagrams”
mid 1970’s: ‘t Hooft & Polyakov + .... 1

* non-perturbative structures (such as magnetic
monopoles) that cannot be seen by Feynman diagrams...

* duality... topology ...

38



What is the purpose of stucfying Joﬁysics?



The purpose of physics
1s to understand Nature
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Intellectual completeness of different areas of physics

For example, Pauli exclusion & the spin-statistics connection
(integer spin = Bosons, 2 integer spin = Fermions)

“There 1s no one fact in the physical world which has a greater
impact on the way things are” Duck + Sudarshan

From atoms to neutron stars to lasers much of condensed matter
physics e.g. band structure, superconductivity, etc.,etc.

Just a rule 1n non-relativistic quantum mechanics

Quantum field theory 1s more complete than
quantum mechanics

Pauli exclusion can be derived: spin-statistics theorem

41



How do you know that all the
electrons are 1identical?

They could have been made 1n a
factory somewhere...

We need QFT to explain this
elegantly simple explanation
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Why 1s the electron charge
exactly equal in magnitude to
the proton charge?

Quantum electrodynamics less
complete than grand unified
theory
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Why 1s spacetime (3+1) — dimensional?

Quantum field theory (can be written 1n
any spacetime dimension)

Less complete than string theory
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One of the deepest mysteries of physics:
Dynamical evolution in the quantum world
e — iHtM
& Boltzmann factor

e —PH
Imaginary time & inverse temperature
Just a coincidence or deeper?

In any case, can be applied, e.g. Hawking
temperature of black hole
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Partition function
tr ¢ — BH

represented as Euclidean field theory ( in
contrast to Minkowskian field theory)

Many other problems 1n physics can be
represented as field theories

46



Two Great Marriages

20t century
quantum physics + special relativity
— quantum field theory

Late 20t century — early 215t century
quantum physics + general relativity
— string theory or ?
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