NAEXTEOVIOU UE QRVNTLXY] EVEQYELN LOOOLVAUEL UE TpOuUGLa
ToCLTEOVIOU UE XATL SPIn UE VETIXT) EVEQYELOL.

‘Aoxnomn 20 Acilte 6t npdyuatt 1 e€icwon Dirac meprypdpet
coWTERY 6TpoYopUR 1/2. Anhadn, del&te OTL 1 yopthToviovn dev

wotativeton pe TN otpogopur) L ahAd e tov teheotn L+ %E

2T U OYETUO TIXY) TEOCEYYLON 1 ““XAT®’ GUVICTWON TOU
4-spinor elvon xatd v(/c) wxpedtepn and Ty “dvew’’ cuveTOOo:
m+ E ~2m — (o-p)/(2m) ~ v.

‘Aoxnomn 21 Acilte 6Tl 0N PN GYETNO TN TEOCEYYION N
eClowon tou Dirac xatahfyel oty elowor tou Pauli napouvsia

niextpopayyntixo) medlov A* = (V) A)

(p+eA)’

(E—I—e‘/—m)wA: o
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AT6 1oV 6po 50 - B fAEnouye OTL UTdpYEL Yol ECWTERLXY

O TEOPOPWY| TOL NAEXTEOVIOL.

Ac Yuuntoldue ot poyvntiny| o) m, o€ poryvnTixo medlo B eyet
evépyela —m - B. ®optio ¢, udlac M €yet pia poryvntixy| pony
m — %%L onou L n otpogopur). Apa, o dpoc

iQS)-B:Q(iS).B

2M 2M

1 ’ ,
50’) O(VTLOTOLXEL o¢ P.I.O( lSLOOTPOCPOPP.Y] TOL

nhextpoviouv. H avtiotowyn yoyvntinn ponn etvar

(6mou S =

m = 5-2S = 25=8S. Anhodn 0 GUVTEAEC TN UTOCTE Ao TO S

chvon Bimhdotog and autdy Tng otpogopuhc L (—1LL - B). H

2m

OLXALOAOYNOT TOU CLUVTEAECTY| 2 Yewpelton and toug ““Upldupfouc’

e ellowong tou Dirac.
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Avucwpoc‘ci&oc

'Onoc éyoupe #dN meL oL 800 hoeic e~ P*uh?) (p) avtiotoryoly

0T0 €AeLVEPO NAexTEOVIO Ue B, p. To avii-niextpovio Vo
meplypael and Tig dAhec 00o Aboelc. Mevouue Tavtote oTny
TEQLYQAUPN: AVTINAEXTEOVIO UE B xou p mepLypdpeTon omd
“niextpovi) Aoon’ ue —EF xou —p

e~ U=p)z, (3,4) (_p) = P72 (p)

ue p’ = E > 0. To v glvou o spinor tou nolitpoviou. Ac dolue

oL siicwcn Tchoi TO v

(f —m)u(p) =0 = (= — m)u(—p) =0 = (p + m)v(p) =0

Xto Otorypdupoto Feynman cuveytCouue tnv (0o Tonctin:

eloepyouevo (e€epyouevo) tolitpdvio avtxadic toton and
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clepyouevo (eloepydpevo) nhextpovio. Ilpocoyn Hékel 7
1

chxotnta. Otay p — —p xou 0 — —0, 1| EAXOTNTA 50 - P OEY

aANGeL.

HAextpdvio oe nhextpopayvntixd nedio tAneol tny elicwon
V" (i0, + eA,) — m]y = 0. Iloc Yo ypddouue tnv avtictoryn
cllowon yio To ToliTEdVIo. O TEETEL Vo XUTAAACOUUE OE Lo
TOEOUOLOL UE AANOYT) TOU TEOGTUOU Tou QopTiov. Ao TNy

ToEATdve €€{cmom €youue (ToAATAACIACOVTOC And OPLOTERP |UE

C" xou ewodyovtoag tov 6po C'1C" uetd o )
V(=i +edy) —mlPt =0 =
=" (10, — eAy) —m]yp" =0 —
C'(=4")C"1(i0, — eA,) —m| C'Y* =0
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Oa mpEnel homov va Peedel évac nivaxac C' tétolog OoTeE

— 'y O = 4t Yuvndilouye va ypdpouue C' = CHY. "Apa do
npénel —CyVyH* = ~+C0. Av howndv oploovye

Vo = C'Y* = Oy = C(¥)T, 10 e uraolel Ty ekicwon

[(iv"0, — eA,) —m| e =0

‘Aoxnomn 22 Acilte 6Tl Ue TNV CUYHEXQWEVT LOPYPT] TWV

mvdxwv v, 1 popeh Cv° = iv? minpol tnv cuvdfixn
—CyPy = A1C

‘Aoxnon 23 Acilte 611 oydouy ol oyéoeig Oy C = (—*)F
C=-C'l=-Cl=-CT ¢po=—yTC"
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Ac Solue 1 “Bpdomn’’ Tou iy Tévw OE Eval GUYXEXELUEVO SPINoT:
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/

020f,3 — 02013 — —01302

— —O009
0905 = —09079

\
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=AY PAPOUNE, CUUTEQUOUATIXG,

&) = in? [em P (p)]

To nhextpxd pelua etvon j* = —ehy 1) yia 1o NhextedVIo.

*

= eP"ul (—p) = oV (p)

Ondte, 10 pedua Yo 10 Yo Vo ebvan jo = —eto*o. Autd
vodopeTon (o = —pTC™1)
jo = —ebey" e = et CTi o =
= tep! (CTI) 0" = —ep M CTI 0y " =
— —epTAHTAO* — T T AT+ —
= +e (YI0y"y) = +eryt)
H olhay?) Tpooruou otny mpoteicutalor tloOTNTA ElVOL CUAYTIXY.

EmBdiieton amd TNy oYECT GTATIOTIXNC-SPIN. TNV XBavTixy

128



Vewpla mediou mapouotdletat Adyw TNG AVTLIETAVETIXOTNTOC TWV
(PEQULOVIXMY TEAEOTWYV . LNV Vewpla TEOOL 0 TEASOTNC TS
ouCuylac poptiou YeTATEENEL EVa NAEXTEOVIO VETIXTC EVEQYELNC OF
eva tolltpovio Yetnc evepyelac. To anotéleopa eivon ot Vo
TEETEL VAL ELGAYOUUE UE TO YEQL EVOL AOVNTIXO TEOCNUO OE XAUE

Oldypaupa Feynman mou mepleyel €va apvnTixic EVEQYELOC

MAEXTEOVIO oTNY TehXA xatdotaon. O teheothc CHY

XUTOUOXEVACEL XUPATOCUVORTACELC TToClTpoviou. Av o avTtloTolyog
TEAECTAC TOL NAexTEoUayVNTIXOD Tedlou yetotpenel AH — —AH

T61e 1 ellowon Dirac napopevel avohholonTn
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[AYIUJ (Zalu —I_ BAM) — m] w — O — [")/l’lj (Za'u _ eA,uJ) . m] wc — O
NAEXTEOVIO VETIXNC TOCLTEOVIO VeTIXNC
EVEQYELOC EVEQYELOC

Spin ave Spin ave

Topa fAEToLYE TNV avarlolwTnTa Qoptiou yia Tic

NAEXTOOUOY VITIXES OUVUELS
I (A = (=ju)(—A*) = j, A"

NopuaAiopodg TwV sSpINors xol CYECELS TANEOTTNTAS

Ou vopuohicovue Onwe xau e o prolovior: 25 cwuotiow avd

Lovada Oyxou. Ano to pedua mavotntac jH = YyHe) nalpvoupe
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v muxvoTTa miavotntag p = Py = iy = T, Ondre

P = V=u'u =
/ dV /Wd Ty =2F

novdda 6y xou

yio Tic Aboelg pe Yetxeg evepyetec. To u olveton and tn oyeon

)

u=N

7P (5

1
6mou y®) = . BePoua, auto avtiotouyel ue opun
0 1

oTOV dCova TwV 2z, aAAd YVOEICOLUE OTL UE WIol XATAAANAT GTEOYT
UTOPOVUE VO TGUE O OTOLUONTOTE OLELYLVOT) EVEQYWVTAC TEVE

0To U PE Tov TeAeaTh exp(io - nh/2). Ta 8o x elva
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VOpUaAopéVa (aTny povada) xou opBoyovia. Enopévec, yio s =1

"2

Y

oP . (s)
E+m

OF
:N2(1+ b ):N2

(E 4+ m)? E+m

Enopevewe, N = v E + m. Edxoha gatveton 6Tt T0 {010 Yot 1oy del
YOl Lot TOUC SPINOTS U UE HOVNTLXT) EVEQYELAL.

To u unoxolel tnv eClowor Dirac:
("0 —m) Y =0—= (v'py —m)u=0— ( —m)u=0

[Towa efvon 1 avtiotolyn ellowon yio to @; Halpvouue ™ culnyn
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NG TEONYOUUEVNC oyéomne xat tohhamhaotdlouye pe 7P and delid

u! (10,[%“r — m) =0 —ul (plﬁ“’wo — m”yo) =0—

ul (P — %) = 0 = @ —m) = 0

o o yvwpilouue 6t 7040 = 7,. ‘Opowa, and v eZiowon
mou mAneol to v: (P +m)v = 0 maipvoupe v(p +m) = 0.
Topa, uropolue vo deléovue TIC GYETELC

e =2m v 70 = —2m, s=1,2

Ac deléovue v mpw TN oyeon. IHoramhaoidlovue tnv

(P —m)u =0 pe w0y’ and apotepd xou Ty @ (P — m) = 0 ye Yu
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amd 0ecLd, o avpollouue

\

uy(p —m)u =0

— 0 i 0 —9 — 0 :O
a(g—myy o [P TITummE

m

o2p’tu — 2mutu = 0 — qu = EUTU = 2m

uoc xou u'u = 2F. ‘Opova detyveton xou 1) deltepn oyéon yio 1o v.

‘Aoxnomn 24 Acilte TIc oYEoElc TANROTNTIC

“p)a® (p) = ¢ +m,

‘Aoxnon 25 Acilte 6u gy = p?
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‘Aoxnom 20 Acidte 6T mpdypatt 1 e¢lowor Dirac neprypdpet

coWTERY 6TpoYopUR 1/2. Anhadn, del&te OTL 1 YopthToviovn dev
uetotideton pe T otpogoppr) L odhd pe tov teheoth L+ 3 (1)
Abon

Noa Beolue tnv nocodtnta |[H,L|, 6mrou H =a-p+pm, L=r xp
xot Yvwpilovpe Ot 1y, p;| = id;;. Ondte

[HaL] — [ap7L] T [ﬁm7L] — [a'par X p] —
mik = az’[pia Tj]kamjk —

= —ia;pre™ "0, = —ia;pre™” = —ia x p

= a;|Pi, TPk €

‘Apa, 1) 6TPOYORUN OeV dlatnpeeltat. Ac unoloyloouue TwEA TO
H,3X|.

H, Y] =[a-p, X[+ [mB,X] = [aivzj]pi + 8, X]m =
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0

0 O'j

p; = 2i(a X p)

Eropévoe, |H,L + %2] = 0, dnAad1), N GUVOAXY| BLATNENOLUN

otpoopuy) etvar L + %E.
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‘Aoxmorn 21 Acilte 6TL 6TN Un OYETXNO TIXT] TROCEYYLON N

eClowon Tou Dirac xoatahfyel otny eliowon Tou Pauli tapouocia

niextpopayyntixod medlov A* = (V) A) (1I)

Abon
H eldyrotn aviicatdotaon pt — pt + eA* onualvet £ — B + eV

xat p — p + eA. Ondte Yo €youvye and tnv eCiowon tou Dirac

VA
VB

E
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(E+eV) (

VB

)

H mpdtn e€lowon divel (B 4+ eV )y =0 - (p+ eA)vg + mipa.
AN, hp = ZREeA) ) ‘Apa Todpvoupe

2m

(E+eV —m)ypy =0 (p+ecA) a-(p+eA)i¢a

Xenoonowovtog tny Tautotnta (o -a)(o -b) =ab +io-a x b.
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Enoyévnc,

o-(pteA)o-(p+eA)=(p+eA) +io-(p+eA)x(p+eA
— (p+eA)* +eiog- (px A)+eio- (A xPp)
= (p+eA) +eig- (—i)VxA=(p+eA) +co-B

[ var xataAaBouye T T youe and Ty 0EUTEEN oTny Teltn
YOOUMY) TNS TEONYOUUEVNC OYECTC A OOVUE TWC 1) T-CUVLO TMOO
0P OE EVAL

(PXA)+(AXP),v=—i[VXA+AXV| =
|0,A, — 0. A, + A,0, — A0, ¢
Oy A )Y + A0y — (0.4,)Y — Ayo.b + Ay0.9) — A.0y)]
[0y A, — 0. Ay = —i(V X A)0

379



Omndte n eCliowon Dirac yiveto

(p+eA)
2m

(E—|—€V—m)¢14 =

mou ebvon axplBac 1 e€iocwon tou Pauli.
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