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15t paragraph:
About
Heisenberg’s
theory that
uses matrices

In a recent paper* Heisenberg puts forward a new theory, which suggests
that it is not the equations of classical mechanics that are in any way at fault,
but that the mathematical operations by which physical results are deduced
from them require modification. All the information supplied by the classical
theory can thus be made use of in the new theory.

Dirac went on to (classical) Hamilton’s mechanics, especially on the Poisson bracket

the Poisson (or Jacobi) bracket expression
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We make the fundamental assumption that the difference between the Heisen-
berg products of two quantum quaniities is equal to ih|2m times their Poisson
bracket expression. In symbols,

xy — yr = ih[2% . [z, y]. Dirac 1925 (11)
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Then U@ve,?i’)u% follows (doesn't matter four it & imppeed)

Dirac’s method of “canonical quantization” provides a systematic way to do quantum
mechanics, once L and H of a system are known! Part of his 1933 Nobel Prize.



Revisiting Schrodinger’s Quantum Mechanics (1926)
from Dirac’s viewpoint

Go Quantum!
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The point is: Schrodinger Equation turned out to be a way
to satisfy Dirac’s assumption on the commutator [x,p]. Of
course, Schrodinger did not think about his equation this
way back in 1925.

We will stick to Schrodinger’s way of doing QM for a large part
of our course.

Names related to Schrodinger’s way of doing QM:

* Schrodinger picture [it is the wavefunction that evolves in
time, i.e., W(x,t) as we have been discussing so far]

e Schrodinger representation
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[Note: The discussion here is meant to bring out the point that Schrodinger’s way is
not the only way to do QM.]

Nafh Af)fwl aboil the @siﬁﬁm (%) apace.., oncept Hia
owr @@%afﬁm cgf f?ﬂS&Jﬁw aomes mgﬁj
=PI BB p 2T

S RID fx dl Hy)
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to momentum (when we see someone, we already evaluate mass x velocity in
our mind) than to position.] 5
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Stop here! This is as much as momentum-space approach as we will do in this course.

Any other way? How about Matrices?

Our strategy: Let’s get used to doing QM in Schrodinger Equations. It is the easiest
approach for development our quantum sense. Only after that, you could play with
different ways of doing QM.

)



Optional Part: Quantizing EM fields — Let’s put the ideas together

Dirac’s way of imposing a commutator to “go quantum” is
called “canonical quantization”. It provides a systematic way to
do quantum mechanics, once L and H of a system are known!

The method has far reaching consequences. It is being used in

Dirac’s equation of an electron (relativistic QM)

Operator methods in solving QM problems

Quantum many-body theories

Quantizing classical fields (e.g. quantizing EM fields -> what
are photons?)

Quantizing already quantized equations => quantum field
theories QFT (QED, QCD, electroweak theory)

See beginning chapter of any book on QFT



Optional Part: Quantizing EM fields without Mathematics

Think like a physicist! Flip the arguments and see if it works!

Do we know the equation of motion?
Yes, we have Maxwell’s equations (fortunately)

Flip the argument — Find Lagrangian that gives the right (known)
equation when it is plugged into Euler-Lagrange equation

Then we know the coordinates (e.g. vector field A) and their
corresponding momenta

From L get H for EM fields in terms of coordinates and momenta

Then impose Dirac’s canonical quantization L{f}il = i {x;fojpg =ik

i

[EM fields are “quantized” in Step 4] 5},% - %Aa:

For coordinate-momentum gairs



The resulting EM Hamiltonian is found to be a set of quantum
harmonic oscillators!

From QM oscillator physics Ep=(n+z)fo  n=0123..

i = 2mifrequency)
fi = Planck's constant /21

* Ground state has some (zero point) energy but n=0 excitations
* First excited state has n=1 quanta of energy above ground state,
etc.

* Thus, we have photons!
* Ground state is vacuum (but with much energy)
* Excited states have n=1,2,... photons (quanta of energy)

We have just done the beginning of Quantum Field Theory by

(words/conceptually) following the ideas developed in this
Chapter without mathematics!

[This ends the optional part] °



