L

Ledwe 4 "Wy do we wad Guaihu Fidd Thangy 7

 Onpinlly oo sachaiss Fomdhd b
Heiseley g@b’wl»wg{ + oflan ‘Tpov—

| 'mﬂaﬂmmm anLM - |

Gl bl d,a,ssmi .O,wzmuq wegintichimm  relahin.

Sy H o= ?" + Ve
. £

Wm camwém!w_. velotin, | .
o DRl et (50 vl
. Cpsgl [pxo py] = [ 9] =0 -
O weyd A W ot ke dun o weue egusbi,
5<E . l(ﬁ,l) Ay |

It

Lt %‘%m,e) (..-»_;5_’*; A \/z.-.g) Yl t)

| 2
i e Chrodinger enution™ Tl Wil AL
W”M@MS ‘H&‘l ‘\‘{»ﬂ Mq!ecﬁ)\o»\vuﬂuﬂ o(l OMuj masumﬂ:?.e, & (g ")

. ey (GLLW-D j‘l“ Vet QLHL Y

wﬂm e ol = 23 .,
( *-’rpvv- m%?:n.qtaefwidﬂ.o %t ) M v




|2 -

e Mot w2t b ek b et

e okl oty fe iy

! ?M\\c({ a}t‘ v /L\m w G at,s.wmﬁcl wrmf
@ cw&x mJuga}a 4_) gc(«- e% W |

o4 }Jﬁlf z (-'_4_2___? +_V{§))Vf# |

2o

(mmmnj \/(?‘) W, Maﬁ) _ IMLO C@'M—-—PMJ‘LQ .
4,“ <CL2% A (m%)

_aagwy +¢¢g-= w{«zr v - «JrWJ?

| th 2 Vv = 4 V — V
BV - B ST il ﬂf

= "'.)_[‘.,.i _?_.v ( '\}"*_.Yr}r - ?yv%)

g AT T

U AR
o %:E - | B TR

| ‘ ‘ € >
e VT, g% vy




L3

que.

L L{) we.  Sappas %J |
v 'g%m iy sk, T
ofe casidud b ingme <13, = feat? =
| ﬁv dh b e b heo o explicit o olapodiucs.
> ek A bl umy | expasig 2 -
Tl bl mend MY (o e dy He pebebil
huasth) u cmsoved Ve s ook doow Vo vix
i e o ot ok ) dhe wane g, we shins
et e & sl Qxacﬁaj s uowflfde. |




\-¢

F‘“"M‘j Ld"‘"‘ ‘9& d} 'I{uz ﬁupw-‘}\a(! Sorew\&m_g
S TR L L

R __ex <i(Bt-ke).
odt Y - P%_ BEe ')

+E - '—-f&?”(”fi')"'ff o= kY

QM:E-

o

L kl&&J' %Wﬂ Y ‘Huz. (Ja.ssmo.l Wﬂg_ mm%'}\w we_l.m%’tm |

!["“Mewf, mo‘*e,‘{'{m@'l"E:"’O'.. .
/\«L W”MJL ayum{tm wecomcad shde oo boveedsd belno :

*-%@M v a(.siaj@ @' JL mMmmm% wLmL
1 C-MM“'{“ JLQCO-:) m:tfo MAZ)%"-& -’ﬂ-l




- adkasics
b obudd o woe ec?/.bwc}{w ﬁaw & sc'a.g.hz lel{mih’: Pwd{c_lq

|

]‘_
!!'

Mawuj Qbswm veta:ka{s%fc‘ . Hhw %Aomde-\
‘,_.ﬂ,.._'.-u;l & deod it Hore Lot MM

Ef = Y T’ +«ﬁgc“

;}‘E__c;a\»es. o (Wu&?Mﬂ W mmﬁ we,?lace,mds) |

: 3 &tq, ( C"\Z"mea)#;.
whithio Mo Klein- Gaveta\« | eoVuc«:l\ma We  can fond
‘u«z (am{ralr»l'«’l-}, OL&.«J '}'\1 Guwot UA-YM"‘ Ya Hu. Somet. Wirny -

{\lf 29 - I ﬂ WYWP- wiqz‘»)r*}

ot~ Cih

T :
%ﬁ l.( 2 *}f) = Vic <’Q/‘ 1% '4/)
%0 \Haa.{‘ P [ Vl"g.: yr
i* g v 7

Eo%\ ) Mif e rea.fl Howeve, b owt wve dedenk

- \

M S0 c.a,om..o‘(' JR LaLBu."I\F\-QCL o _a, ?{ﬁ%ﬂnh\'\:’) MJIE %ar




¢ 1.6

Ote ollor hond 50 biF [V i ot fua icepondlensh:
o o potde,/ Thoe & o dffied i ihpubig
A e R e s Gupuibe bdee ?
a vxﬂ..jadw. Liow _malquM ovanadizeha ‘:Pw ik y
we  cam waluws '%li&mf"' ao;ai.a'ﬁ@ﬂ S

ar %,«.\H& K- ,-e%q:hm L

| WJ& fwt VA Mo& Mm« {,KMMmLVﬂ le wowre
shautins |

1{,— LXp iﬁ (Et-k=x)

b sddin for B s xR emet
éﬂimMsb}m%MAWMwW ms@m_f
VL\M it qm& a’f%ﬁ




INTRODUCTION TO QFT 2019

SECOND PART OF LECTURE 1: THE KLEIN GORDON EQUATION
CONTINUED

JOHN WHEATER.

We can get a little bit more insight by considering a particle coupled to the electro-
magnetic field through the minimal coupling replacement

pt — p* — eAH (1)

where e is the electric charge and A* = (V, A) is the four vector potential. With this
coupling in a region of constant but non-zero potential the KG equation becomes

. ? 5 \
(Z&—HSV) ¥ = (—@-I-m)\li.

substituting in a plane wave

TU(x,t) = e #EPx) (2)
we get
(B —eV) =p*+m? (3)
80
E=¢V+E, (4)
where

By = ++4/p? +m? (5)
It was first realised by Dirac (in the context of his wave equation, which we will come

to shortly, but it also applies here) that we can interpret this as follows

(1) The ‘+ve’ energy solution with ¥ = eV -+ E, describes a particle of momentum
p, kinetic energy F, and electric charge e.

(2) We note that for the ‘-ve’ energy solution we have
—E=—eV+E, (6)

and interpret it as a particle of momentum p, kinetic energy £, and electric charge
—e. That is to say, we interpret it as an anti-particle.

If this is right then the wave function when V = 0,
\IJ(X, t) = (ae—iEpt + bet’Ept)eip.x (7)

ought to be a mixture of particle and anti-particle! Compute p to check this out.....

— (a*eiEpt + b*eu'iEpt)Ep(aeﬁiEpt _ beﬂ'Ept) (9)
_ (Ep(_a*eiEpt + b*e—iEp.c)(ae—iEpt + bew‘pt)) (10)
= 2B50%a —2E,b' (11)

which is exactly what we would expect if p is actually the charge density!
1




2 JOHN WHEATER

Note that this is a purely heuristic discussion — we have not solved the problems, but
we do have a pointer towards the nature of the ultimate solution which is to be found in
quantum field theory.




