
Week of Topic Chapter in Associated Exams
Virtual Book Exam "Due"

January 3 The Mathematics of QM 1 1 Exam 1
January 10 The Mathematics of QM 2 1 "
January 17 The Postulates of QM 2 "

January 24 One-Dimensional Problems 1 3-5 Exam 2
January 31 One-Dimensional Problems 2 3-5 "
February 7 The Simple Harmonic Oscillator 8 " Exam 1 due

February 14 Angular Momentum 1 9 Exam 3
February 21 The Hydrogen Atom 10 "
February 28 Make up lectures for Holidays 11 " Exam 2 due

March 7 NR Path Integrals
March 14 Feynman QED videos (exam week)

March 21 Grades Due Exam 3 due

January 17 University Holiday
February 14 University Holiday

Physics 441 Winter Quarter 2011

Professor:  Larry Sorensen
Office:  B-435 Physics-Astronomy Building 
Phone:  543-0360
e-mail:  seattle@u.washington.edu
Class Website:  http://faculty.washington.edu/seattle
Office hours:  Right after class, or by appointment

Virtual Text:  Bra, Ket, Dirac, and all that---free PDF on the class website

Grading:  Three take-home exams



The Four Primary Formulations

of

Quantum Mechanics

Matrix Mechanics
Heisenberg (1925; age 23)

Wave Mechanics
Schrodinger (1926; age 38)

Transformation Theory
Dirac (1925; age 23)

Path Integral
Feynman (1941; age 23)

Also see article describing nine formulations 

on the class web page.



Matrix Mechanics
Heisenberg (1925; age 23)

          

Matrix formulation

H, x, and p are matrices

! is a vector

En is a number



Wave Mechanics
Schrodinger (1926; age 38)

The Schrodinger Equation

          

Differential equation formulation

H is an operator

! is a function

En is a number



Transformation Theory
Dirac (1925; age 23)

Abstract geometric formulation

H is an abstract operator

|!> is an abstract vector

En is a number



Path Integral Formulation

Sum over Histories Formulation

Lagrangian Formulation

Amplitude Formulation

Feynman (1941; age 23)

The probability to go from a to b is the square 

of an amplitude

The amplitude is the weighted sum over all 

possible ways to go to b from a

S is the classical action









The QM professor’s escape:

Ihave taught graduate courses in quantum 

mechanics at Columbia, Stanford, Oxford, and 

Yale, and for almost all of them have dealt with 

measurement in the following manner. On 

beginning the lectures I told the students, 

“You must first learn the rules of calculation 

in quantum mechanics, and then I will discuss 

the theory of measurement and discuss the 

meaning of the subject.” Almost invariably, the 

time allotted to the course ran out before I had 

to fulfill my promise.   

Willis Lamb



Dirac at the University of Wisconsin

Paul Adrien Maurice Dirac  (1902-1984) 
From: Dirac: A Scientific Biography by Helge Kragh

Dirac’s introversive style and his interest in abstract theory were rather foreign to the 
scientists at the University of Wisconsin.  They recognized his genius but had difficulties 
in comprehending his symbolic version of quantum theory.  The Americans also found 
him a bit of a strange character.  A local newspaper, the Wisconsin State Journal, 
wanted to interview the visiting physicist from Europe and assigned this task to a 
humorous columnist known as ‘Roundy’.  His encounter with Dirac is quoted here 
in extenso because it not only reveals some characteristic features of Dirac’s 
personality but also is an amusing piece of journalism: 

I been hearing about a fellow they have up at the U. this spring–a mathematical physicist, 
or something, they call him–who is pushing Sir Isaac Newton, Einstein and all the others 
off the front page.  So I thought I better go up and interview him for the benefit of the 
State Journal readers, same as I do all the other top notchers.  His name is Dirac and 
he is an Englishman.  He has been giving lectures for the intelligensia of the math and 
physics department–and a few other guys who got in by mistake. 

So the other afternoon I knocks at the door of Dr. Dirac’s office in Sterling Hall and a 
pleasant voice says, “Come in.”  And I want to say here and now that this sentence 
“come in” was about the longest one emitted by the doctor during our interview. 
He sure is all for efficiency in conversation. It suits me. I hate a talkative guy. 

I found the doctor a tall youngish-looking man, and the minute I see the twinkle in his 
eye I knew I was going to like him.  His friends at the U. say he is a real fellow too and 
good company on a hike – if you can keep him in sight, that is. 

The thing that hit me in the eye about him was that he did not seem to be at all busy. 
Why if I went to interview an American scientist of his class–supposing I could find 
one–I would have to stick around an hour first. Then he would blow in carrying
a big briefcase, and while he talked he would be pulling lecture notes, proof, reprints, 
books, manuscripts, or what have you, out of his bag.  But Dirac is different. he seems 
to have all the time there is in the world and his heaviest work is looking out the window. 
If he is a typical Englishman it’s me for England on my next vacation! 

Then we sat down and the interview began.  “Professor,” says I, “I notice you have 
quite a few letters in front of your last name.  Do they stand for anything in particular?” 

“No.” says he. 

“You mean I can write my own ticket?” 

“Yes,” says he. 

“Will it be all right if I say that P. A. M. stands for Poincare Aloysius Mussolini?” 

“Yes,” says he. 



“Fine,” says I, “We are getting along great!  Now doctor will you give me in a few 
words the low-down on all your investigations?” 

“No,” says he. 

“Good,” says I.  “Will it be all right if I put it this way–‘Professor Dirac solves all 
the problems of mathematical physics, but is unable to find a better way of figuring 
out Babe Ruth’s batting average’?” 

“Yes,” says he. 

“What do you like best in America?” says I. 

“Potatoes,” says he. 

“Same here,” says I. “What is your favorite sport?” 

“Chinese chess,” says he. 

That knocked me cold! It sure was a new one to me!  Then I went on: “Do you go 
to the movies?” 

“Yes,” says he. 

“When?” says I. 

“In 1920–perhaps also 1930,” says he. 

“Do you like to read the Sunday comics?” 

“Yes,” says he, warming up a bit more than usual. 

“This is the most important thing yet Doctor,” says I.  “It shows that me and you are 
more alike than I thought.  And now I want to ask you something more: They tell me 
that you and Einstein are the only two real sure-enough high-brows and the only 
ones who can really understand each other.  I won’t ask you if this is straight stuff for 
I know you are too modest to admit it.  But I want to know this–Do you ever run 
across a fellow that even you can’t understand?” 

“Yes,” says he. 

“This will make great reading for the boys down at the office,” says I. “do you mind 
releasing to me who he is?” 

“Weyl,” says he. 

The interview came to a sudden end just then for the doctor pulled out his watch and 
I dodged and jumped for the door.  But he let loose a smile as we parted and I knew 
that all the time he had been talking to me he was solving some problem no one 
else could touch. 

But if that Professor Weyl ever lectures in this town again I sure am going to take a 
try at understanding him!  A fellow ought to test his intelligence once in a while.



A true story about the physcist/mathematician Paul Dirac.

 Dirac was apparently a very hard person to get along with. Soon after he was awarded the 

Nobel Prize in Physics, Dirac went on a speaking tour of the country, visiting different 

universities and talking about his research. In those days, it was more convenient for him to 

travel by car, so he had a big car and a driver who took him from one speaking engagement to 

the next. 

 Dirac and his driver got to be very good friends after awhile and at one point, his driver 

remarked, "You know, I am so sick and tired of hearing the same lecture over and over again. I 

easily give it myself!"

 Dirac thought about this for a moment, and then decided that his driver could give the next 

speaking engagement at U. Michigan in Ann Arbor, Michigan. Before reaching the university, 

Dirac and his driver switched clothes. When the reached the university, the driver went up to 

the podium and delivered Dirac's seminar flawlessly. After he was finished, an upstart 

graduate student asked a question, snottily pointing out a perceived mistake in the talk.

 The Driver gave the student a long look of contempt and then exclaimed, "That question is so 

stupid that even my driver could answer it!", and Dirac stepped forward and proceeded to do 

so.

 Today, if you go to U Mich and see a picture on the wall of Dirac and his driver, you would 

have to know this story to realize that the two are switched.



I went to a beer party in the Nassau Tavern in Princeton. There was a 
gentleman, newly arrived from Europe (Herbert Jehle) who came and sat 
next to me. Europeans are much more serious than we are in America 
because they think a good place to discuss intellectual matters is a beer 
party. So he sat by me and asked, "What are you doing" and so on, and I 
said, "I'm drinking beer." Then I realized that he wanted to know what 
work I was doing and I told him I was struggling with this problem, and I 
simply turned to him and said "Listen, do you know any way of doing 
quantum mechanics starting with action--where the action integral comes 
into the quantum mechanics?" "No," he said, "but Dirac has a paper in 
which the Lagrangian, at least, comes into quantum mechanics. I will show 
it to you tomorrow."

Next day we went to the Princeton Library (they have little rooms on the 
side to discuss things) and he showed me this paper. Dirac's short paper in 
the Physikalische Zeitschrift der Sowjetunion claimed that a mathematical 
tool which governs the time development of a quantal system was 
"analogous" to the classical Lagrangian.

Professor Jehle showed me this; I read it; he explained it to me, and I said, 
"What does he mean, they are analogous; what does that mean, 
analogous? What is the use of that?" He said, "You Americans! You 
always want to find a use for everything!" I said that I thought that Dirac 
must mean that they were equal. "No," he explained, "he doesn't mean 
they are equal." "Well," I said, "let's see what happens if we make them 
equal."

So, I simply put them equal, taking the simplest example . . . but soon 
found that I had to put a constant of proportionality A in, suitably adjusted. 
When I substituted . . . and just calculated things out by Taylor-series 
expansion, out came the Schrödinger equation. So I turned to Professor 
Jehle, not really understanding, and said, "Well you see Professor Dirac 
meant that they were proportional." Professor Jehle's eyes were bugging 
out -- he had taken out a little notebook and was rapidly copying it down 
from the blackboard and said, "No, no, this is an important discovery."

Feynman's thesis advisor, John Archibald Wheeler (age 30), was equally 
impressed. He believed that the amplitude formulation of quantum 
mechanics--although mathematically equivalent to the matrix and wave 
formulations--was so much more natural than the previous formulations 
that it had a chance of convincing quantum mechanics's most determined 
critic. Wheeler writes:



Visiting Einstein one day, I could not resist telling him about Feynman's 

new way to express quantum theory. "Feynman has found a beautiful 

picture to understand the probability amplitude for a dynamical system 

to go from one specified configuration at one time to another specified 

configuration at a later time. He treats on a footing of absolute equality 

every conceivable history that leads from the initial state to the final 

one, no matter how crazy the motion in between. The contributions of 

these histories differ not at all in amplitude, only in phase. And the phase 

is nothing but the classical action integral, apart from the Dirac factor h. 

This prescription reproduces all of standard quantum theory. How could 

one ever want a simpler way to see what quantum theory is all about! 

Doesn't this marvelous discovery make you willing to accept the 

quantum theory, Professor Einstein?" 

Einstein replied in a serious voice, "I still cannot believe that God plays 

dice. But maybe", he smiled, "I have earned the right to make my 

mistakes."

John Wheeler



Thirty-one years ago, Dick Feynman told me 

about his ‘‘sum over histories’’ version of 

quantum mechanics. 

‘‘The electron does anything it likes,’’ he said. 

‘‘It just goes in any direction at any speed, . . . 

however it likes, and then you add up the 

amplitudes and it gives you the wave function.’’ 

I said to him, ‘‘You’re crazy.’’ But he wasn’t.
 

Freeman Dyson


























