Quantum Electrodynamics — Intro to Field Theory
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QuANTUM

HOW PHILOSOPHICALLY EXCITING THE
QUESTIONS ARE TO A NOVICE STUDENT

GENERAL
RELATVITY

.

PHRYSICS FLUID
DYNAMICS

HOW MANY YEARS OF MATH ARE
NEEDED T© UNDERSTAND THE ANSWERS

WHY S50 MANY PEOPLE. HAVE WEIRD
IDEAS ABOUT QUANTUM MECHANICS
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(%) Primary goal of OPTI 544:
Quantum description of EM field

(%) Challenge: 1st semester Grad level QM

(OPTI 570) does not tell how to do this

(%) Warm-up: Quantum field theory for
vibrations (sound) in elastic rod

(%) This is in part a review of the classical
Lagrange/Hamilton-Jacobi description
of continuous systems

(%) Here we present the formalism as a
Cookbook Recipe for how we get from
Classical to Quantum Physics

See, e. g., Cohen-Tannoudji Vol. 2,
Appendix Ill, Sections 1-3.

Classical Simple Harmonic Oscillator (SHO)
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Classical Simple Harmonic Oscillator (SHO)

Particle on K wm
a spring g ! . 0=\ m

>4 0
4y osc freq.

dynamical coordinate.

< L . =1 21
Kinetic Energy: T qu_

Potential Energy: V =

i . - - =1 0 —.L *
Lagrangian: ¢ - T-V 5 Mg g Mg’

2 2% _o%_ )
535 g 0O » q-r-wg_ 0

usual eq. of motion

Conjugate BSC
momentum A= g ‘”“1

Hamiltonian
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. > S
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L ox » 4+wg=o
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Phase plane
Scaled variables solution AP
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X=E, a*x ~— K(¢)
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Quantum Harmonic Oscillator
Conjugate 32
momentum = o W‘q; Formal Quantization Procedure:

9~>4, p>p, [4.4]:=ik

Hamiltonian

T I L) % J Nerwesy
ge T(q_ —-'p/ﬂfl\ <t V[Q_\ - Im + lmw’-q_ ChOOSE E, - ;%CJ » Q-D = % , )X" = th‘-c\)
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——_ /G\ natura
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M aX— Vvlw(lﬁ_ q' g. ~
/K] —_ — —_ A - A A _ VAL A . /r.
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[ 164-1
Phase plane
Scaled variables solution a P

Rewrite:
Q-;._ 9,/%, P:/K\/l{lo/ /\
Q= Rel«] >Q H = foo( 4+ 62 = Bua(@*h+ 1h)
A= Q+iPq Pz Tmla] \ \/ N=0*@  (number operator)

X=E,a*x
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Quantum Harmonic Oscillator Commutator [H,N)=0
Formal Quantization Procedure: ®» joint energy/number states v’
9>4, =9, 14,414 Hiw> = faeo (n+1h))
NIny = nin>

Choose Eorie;co . Qo-"-\/%‘%, /xl.=\/2w\£.—co

natural scale ‘-V Commutators
—— - NP alndS=1vnn-1>
X>0=Q+;P = %(«”%) [t)'oi]~a“} » GFInD = w1 [n+1S
T_[a,a+;= 1 [N a] =-a alos = 0

Generating excited states

1
A ALA ny=— a+ h
=@*®  (number operator) ot (@*)" 10>
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Commutator [H,0]) =0

®» joint energy/number states [n?

Hiny = £ico (n+th )y

NS = nind
Commutators
N ~ 5\,{“>=\T;’VI’1>
[N,0*] = a* .
R ) » QYY) = vt 41D
N @& Q a
[N &] QA0S =0

Generating excited states

in)= r la+)m 107

Expectation values for é: and zfl in number states

(niginy = nifln> =0
2
(NIGLINY = 2 (nety) £ 0

3
{nIpny = ﬁ(V\*f'/z) *0

AQOp = Q""“’ (et = A(n+ly)

Phase space visualization
of number states

Quasi-classical
(coherent) state

x> = e:m"/2 z-“—n In>

/n—O
>
\ P
x>

—n:
Moqp=4/, Aq=0pP

-
N
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Lagrange formulation of 1D Scalar Field

KWWMY mWKwmK

—N— (A, == (A —N—

-t % Xy

“vibronium”

Configuration space = {X;z (set of N osc. positions)

-

N
=2 9w, vz tw(x, -x )

ey =l

-

Lagrangian, equations of motion

Continuum limit ® Elastic rod

N = O m/a > ¢ linear mass
/ M density
0~ olx Y& = Y <« Youngs modulus

displacement field

gx?} > ) e (sound)

Rewrite
- Y
T’-b;{g;“‘i( b= fdxga(S)
V=Lim Za o (X% =(°"<z"/(§—,yf—)&
N~ i=
Lagrangian:

=T~V [ 2 et Sy

-‘21_'3_2'.3'“1-0
ottt  m okt

— Not yet ready for Quantization —
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Rewrite Normal Mode Decomposition
: L 01 - i .
T:bzg ;0«2( Jd’(i/u 't) Field in cavity: g E
0 L
: on\?
V=Lim ) azka|—— ’(dxily("—‘
NI .Z ( ) ox ) Solutions to wave eq.
let (x.t) = QEIMI) =G0 2™ (x) S

Lagrangian: W~ artn" = ~ g\ mlx)-w L9l m" (x\ = 0

20 VA PN T M -

awn(xy = = i), Je = W

Solutions in cavity:

) _ Yo' 0
ot: . m oxt Arg ) :\/LISM(YA&\ ,

— Not yet ready for Quantization — These standing waves are a set of Normal Modes
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Normal Mode Decomposition

Field in cavity: % E
0 L

Solutions to wave eq.
let H(x 1) = QEIMMI) = Qo 2™ uix) ¥

-ty = ~wgiE) mix)-wtgElm" (x\ = 0

P

anh(xy = - W‘M(& Ke = 0y,

Solutions in cavity:

Ay K\ = \, 7 Sin(fxy '—"-—

These standing waves are a set of Normal Modes

These modes are orthonormal and complete

‘
x4l = L %q&m Mg (X)

Normal mode expansion of ¥|(X t) in basis Mg (X)

Lagrangian for the acoustic field:

T= (D\&i‘/u\(gg) Z z/ALﬂ&Qz fo?xuh(x\u,.(x]

T4
V={isty (R 7 $vig,q, [de(2e)( 3)
—Zl”\%i&

-




