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1. Theory :
murmur

a) Real field ¢

b) Lagrangian : 2=1214412- Europe

c) Eon : (02T m2) 4=0 ( Klein - Gordon equation)
t gon

d) Hamiltonian : 71=1272+126412 + Im > 0/2

2
.

Canonical quantization : ( (Xi, Pj ] -- i dig' ) Real field ⇒ Hermitian
-

operator
[ 055,5553 - is , 04=0
id#D= 0 It -¢

⇐⇐bites, ] ← o
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3 . Spectrum of Hamiltonian ?

4. Motivation

a) Fourier transform of 4G equation in space :

Gtx't) - 14¥, e' ftp.t,
Then

[ Of + ( F' Ztuuz) ] I it) - O → decoupled harmonic oscillators
-

0,5 with frequency

( and constraint of #Fit ) - IC-F. t) since 4*-4) cop -_V⑦l2tuT

b) ¢ Hamiltonian Hs,+o= IZTTZ + { Co2 IZ and introduce

§=L⇒(atat) and F = - ie (a-at) with [d. at 3=1

→ Hs.no -- alata + E)
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.

This motivates the

Fieldopeoalorsio=/ (ape"⇒t apt' e - i ) win momentum

= ff÷¥tap) ei ⇐ 2) modes

of [d¥agt3=⇐i3kE
it I =/ ⇐ IIEIT Cape- a e

"
12.3,

- ftp.i.a.E' ? O

E
[a i. at:30

→ (23 ) r ( 22) ⇒ (2h)

x Eco) - a
6. Hamiltonian :

1-H-SET.co#faoa...tEcap!aETy



7.EigeusfafesE-spectrua-EH.AT] = op→apt.

b) Vacuum 107¥ Eigenstates ate AIE . .. . .. .
107
\

c.) Energy : E; = OF V 12't m?

d.) ( kinetic. ) momentum.
:

Pi = f.cl?.xtcxiC-dildCxl=fdIIppi.chEap (2,41

e) Statistics : eetfsatq I at a to>

→ Excitations Units canonUte and carry energy and momentum.

→ Bosonic particles (in momentum space)



8.Normalizah.am VF7mT

a) & I = R'↳ 6) R E 504,3) → P' = ( Epa , F
') = Ip with p-IEE.FI

b) Torosian in space : det (87) ± ddhp.IE E÷÷
→ S E- E) = s CF '- EY

→ 8 (F'- g
') is not Lorentz invariant but EE's (F- E

') is !

c) Single-phase: IF> :=VTEEa¥, lo> ⇒ III > = @E) 3125¥45'- EY
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Lorentz transformations I C- SO GB) :

t
,

⇐ a%Eu#=F÷a



10
. Interpretation of ¢ :

⑧

¢#Ilo> =/ I e-"
⇒
IF >

For uou - relativistic 131am ⇒ Ep a coast

→ ¢ (57 creates a particle at position I
'

( "position -

space representation
"

2014157125'> I e
"

Notes

1
. Projector on single -particle sector : I

,
= f ¥7,3 IF> ¥, I

2
. ¢ fcp) Lorena invariant → 1¥75, ffI÷, is Lorena invariant
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. Heisenberg operators : ¢c×) = of# it, = eittt ¢⇐, e-
i Ht

2
. Heiseuberyeguah.am# idf 0=[0,1-1] for 0=4, IT yields

• ictocxl = [ 4*1 , fd3y{ It at t Eff ti)
'

tf m2 42#H} ]
= f d3y is"#⇒ IT#t)

= it Cx)

• iott# I - if- It wer) of

⇒(9+2-D2tui)¢Cx1=0(Vleiu-Goodouequafiou
3

. Time evolution of modes :

eitttgp, e - int = up, e-
i Eis't

@
"Ht

qsf e - int = gpt, eti EE
't



4. Fieldopeat:

0 = f Kept ( UF e- "get apt e
"" ) lpo=⇐⇒

ITCH = 0+0/61 p×= pmxm = Ept - F?

Note2

1
.

Hamiltonian generates time translations :
i Ht - iltt

¢# t) = e 6*10) e
-

ol

2
. Total momentum operator generates space foundations :

OH, I e-
i'*
¢ , eiFx

3
.
→ Four-momentum operator generates space-time translations :

¢c× , = eiP× ¢ e-
IPF PM-_ (H

,
F ) as defined in 12.4)



Note 2.3
→

• e-
"×
a positive frequency solution of UG equation ← annihilation operator 9ps

• et
'

'M
a negative frequency solution of UG equation ← creation operator 9¥


