HAEKTPOAYNAMIKH YXOQOMATIAION XQPIX
2ITIN

Agev UTIdEYOLY CTOLYELWOY CLWHATIOW Ue OTity unoev. BePara
UTBOY 0LV 00EOVLAL UE OTILY UNOEV AAAS OEV elval GTOLYELDON AAAS
CUUTAEYUATA ATLO XOLBEX.

[l var amo@Uyouue T OUOXOALEC ToL oY Vo VeWENOOLUE
“nhextpovia’’ pe omiv=0, yla Vo YeNOIOTONOOUUE TNV Vewpla

OLOLTUEAY WV UE CLUVAAAOLWTO TEOTO.
‘Eva ‘“‘nhkextpovio’’ ce niextpopayvntixo nedio AH

‘Onwc elooue n Klein-Gordon yio ehediepo cwuatiolo yedgpeto ot

CUVOAAOLOLTN oY

(08, +m?) ¢ =0




H rapoucio tou nhextpopayvntikod tediov A = (AY, A) odnyel

TNV AVTIXATAC TUOT)
p' = pt = (—e)A¥
YOl OTNY XBOUVTOUNYOVIXT
10" — 10" + e AH

oTou Yewpnooue to poptio Tou “‘nAextpoviou’ lco ue —e. Tote 1

KG ypdpeto

(5’“(% + m2) o=—-Vo

OTIOV

V = —ie(0"A, + A"D,) — e’ A

To mpdonuo Tou V' emAeyeTal 6 GUUPWVIN UE TO COYETIXO




TEOONUO TNG HVNTIXNG X0 OUVAULXNC EVEQYELAS OTNY ECOWON TOU
Schrodinger.
To duvauxd yopoxtnelCetar amd TNV TOGOHTNTA € Tou oyetiCeTat
UE TNV oTatepd AETTHC LPNC ¢

e’ 1
“4r o 137

AxpBoc, N wxer| auTy| T YOG ETUTEETEL VO AVOTTUCOUPE TO

@

OUVOULXO OE OUVAHELS TOU Qr XAl VO EQUPUOCOLNE Vewpla

Srortopoydv. H yaunhdtepne tdéng (og duvduelc Tou «)

CUVELOPOEE O £VOL TAATOC OXEOAOTC Vo AOTEAEL Lal XA
TEOCEYYION.

AxpBoc, doviebovTac TNy YUUNAOTERN TALY), TaPAAE(TOUUE TO

2

6po avdhoyo Tou e otny €€.9. To nAdtoc oxédaone 1y and ¢;




oe ¢ amd To duvouxo A* eivou
Ty = =i [ d'a gV (@)on(o) =

— i [ ' gj(a)(~ie) (40, + 0,4) 6i(0)

XENOWOTOLWVTIC, YLol TOV OEUTERO 0RO, OAOXANEWOT) XAUTA UEET
(xou OLWY VOVTOC TO ETLPOVELIXO OAXANOWUO ULAC XL TO OUVAULXO

mnyoivel 6To Undév otay |x| — 0o xou t — £0o0)

[ 26500, (Aot = - [ d's (3,65(@) 476,




T0 T'p; ylveTOw

= —i/d% (—ze) (gb}ﬁﬂgbi — gbiﬁﬂgb}) Al = /d% ]u i) AH

OTOU ],Sf) —1€ (gb L Di — gbié’ugb}) clvo To NAEXTEOUAYVNTIXO

oelua Yo TNy petdfBaon and i — f. Av ¢; = N;e P xou
gbf = foi_ipfx, TOTE

le(Lf’i) — —eNiNf(pi _I_pf)ufii(pf_pi)w
E%éSaGn “-’])\ex-cpo\)iou?? 3% OLL “&LLO\)[:OU”

Me o mopamdve UTopoluE Vo UTOAOYIGOUUE TNV OXEOAOT)

“nhextpoviov” and dAlo cwpatidlo, yio topdderyuo C‘udvio” (yia




vat amo@Uyoule duoto owpotid). To oyetind dSdypouuo
Feynman poc xadodnyel yioo to noc Yo ypddouue tn oxedoon. To
oMo “‘mpoBAnua’’ etvon vor Boolue To duvouxd A¥ mou avTioTolyEl
GTO PELUA TOL “‘uloviou’ .

o @ b

‘Aoxnomn 7 Aclcte 6TL oL e€lowoelc tou Maxwell ypdgovton o€
cuvaAlolwtn popwt 9, F* = j¥ onou FH = OFAY — 0V AF.
Xpnoworoiwvtag TNy eheuteplo emAoyNc TN Baduioac uropolue




enione va ypdouue ot [2AH* = j-.

Ané v eliowon tou Maxwell éyoupe 2 A* = j# brov, axpBoe

AVTIOTOLY Ol UE TO EEVLMAL TOV “‘MAExTEOoViOL”, YodpOouUE
jﬂ(z) — —GNBND(]?D —+ pB)Mei(pD_pB)x

ANNG, 2et™ = —g?e?™. "Apa, 1 Moo tne [P A* = j# efvau

I
A= —o"® ue g =pp—pp

Enouevoe, yenotwomolnvoac autod o A¥ nalpvouue un’ 6dn poc to




ps()poc TOU “ptoviou”

. . 1y .
1

= —i/d4x (—e)*NaNgNcNp(pp + pa) <_?> (Pa + pc)ux

— —iNANgNcNp(2m)26W (pp + pe — pa — pp) ¥

0 (@) + o (1% ) Ge)pa -+ o) |

H exgpoon ucoa otnv ayxOAN g TeAeutalac oyeomc




oupforileton ouvhiwe ye —tM

M= (i0)pa + o) (1% ) (Ge)pa -+ po)

To M ovoudletar avarroiwto Thdtog (invariant amplitude) tne
ouyxexpevne oxeooonc. H ocuvdptnon oéhta exgpedletl tnyv
OLaTENoN EVERYELAC Xat opunc. Eoxola umopel vor eheyytel 6T Yo
clyope To (Blo anotéheoua av elyaue To “‘wovio’”’ oto nedlo A* Tou

“n?\sxrpoviou’ 7

ITooomadovTtog vor XaTatdCouUe TOUC OLAPOEOUC OPOLS GTNV
OLULTOROXTLXT) AVATTULY), OVEAOYOL UE T OLOLYQOUUOTOL OTNY W)
OYETXO TIXY| TEQITTWOT), XAVOUUE %L E0G VAAOY L OLOLY QOUUALTOL.
2.TO TEONYOUMPEVO DLy PUUUA, TOU TO Covadelyvouue, N uecolo

XUMOTOELONG YEOUMY| OVOTOOLG T TOV OLAOOTY) TOL PWTOVIOU XAl




QVTLO TOLYEL GTOV OPO —z'g;—; (ot ex¥étec Lorentz ageilovton 6to

OTL TO PWTOVIO EYEL omwv=1). To ¢ xadopileton amd TNV dlatAeNnom
TNG OPUNG - EVEQYELUC OTIC OUO XOPUYES ¢ = Pc — PA = DPp — PB.
‘Apa ¢° # 0: 10 pwTdVIo glvor “extdc Tou protod wdlac” (off mass
shell).

o @ b

> xAe X0pUPT AVTIGTOLYOVUE TOV 6p0 ie(pa + po)* o




ie(pp + pp)” mou mepLéyel T otatepd oUleuEng Tou

nhextpouayvntiopoL e. Ot deixteg 1 xow v Yo Ceuyapwioly ue
TOUC avTioTOLYOUC TOL OLBOTY Tou PwToviou. O didpopot
TOEAYOVTES & ATTAG UTOUYOLV YLl VO UTIOPEGOVUE VAL YEVIXEDGOUVE
cOXOAAL UTOUC TOUC XAVOVES YLOL OVOTEONC TACTC OLOY POUAUOLTOL.
‘Etol gtdyvouue Toug xavovee Feynman mou poc Bontoly va
LTOAOY{COUUE YEH Y0P TIC GUVELCPORES TWV AVTIC TOLY WV

OLOLY QOYLUALTOV.




H evepydg dtatowr) xot T0 avaAAolwTo TAATOG

[l vor ouveyloouue Vo TEETEL VAL TEOCOLOPICOVUE TOY VOPUOALOUO
Tng xupatoouvdptnone ¢ = Ne %, Treviupilouue 6T 1
ruxvéoTnta wdavétntac eivon p = 2E|N |2 Axpde, to 6t n p
clvon avdhoyn tne evépyeloc B, elvar auto mou yeetdleton yia vo
nopapeivel 1 TdavoTnTo OYETIUOTIXG avahholwTn: o dyxog d°x
cuoTEMeTL xatd Lorentz xau n evépyela B amoxothotd auTth TNy
uetofolf; oto ywopevo d’z p. Enouévec, eivar npotiudtepo vo
vopuoiioovye, avti tou “‘eva cwuatiowo oe V', oe “2E cwuatiow

oc oyxo V7

/ d’z p=2F avTi Tou /dga:p =1
.

ométe éyoupe 61t N = 1/1/V.




Tola BruaTa v Tov UTOAOYIOUO TNC EVEQYOU OLATOUNC:
1. O “puludc HETATTWONG VA LOVAOOU OYXOL™, YloL TNV
alnienidpoon A+ B — C + D, eivou

Ty
Wy =
VG

omou T' elva 1 ypovixy) OLdpxela TNS ahANAeTiOopacnc xou, BEfana,
Ty = —iNaNgNeNp(2m)*0™W (ps + ps — pc — pp)M

O TeTPAYOVIOUOS TNS 0, G TECOEPLC OO TAOELS, Yo DWOEL

(69 (pa+ps —pe —pp)) =




1 . o
5(4)(pA +p — PO —pD) (2ﬂ)4 /d4$6 (pc+PD—PA—PB) _

1
(2m)*

Enouevoc,

(VT)0™(pa + ps — pc — o)

1
Wi = (21)*™ (ps + ps — pe — pp)|M|? (—

NG

2. Tt vo oLYXEIVOUUE TELOAUATO TTEETEL VO *‘ATOUOVWCOUUE™ TNV
cCAETNOT ATO TNV POY| TWV ELCEPYOUEVDY CWUATIOIWY Xl ATO TNV

Tcuxvémm TOV Gwpau&wv TOU GTéXOU.




o) Pon mpoomuntoviwy copatidlomy

aprip. cwpat.  (muxy.)-(6yxog)

« v At .
S At S At 0 )
2B4/V -vaAS _ 2Eq ‘\
S A/ R A (VAL S

B) Huxvotnta cwpotdioy otdyov 2E5/V SyAuo 1:

3. Oo TEETEL VA OAOXANPWCOLUE OE OAEC TIC ETUTEETTEC

XOTOO TACELS TWY TEAXDV CWUATIOIWY. TroveTouue tny
“oUyxEoLCT) EVOC CWUATLOOU TOL GTOYOU UE EVA CWUATIO TNG
déounc o byxo V =L (=L/2 < x,y,z <)L/2. Enfdhovye




TEQLOOIXEC GUVOPLOXES CUVUNHES O TIC XUUATOCUVAQTNOELS
U(rx—L/2,y,z) =V (r+ L/2,y,2)
U(r,y— L/2,2) =V(x,y+ L/2,2)
U(x,y,z— L/2) =V(x,y,z+ L/2)

xal 670 Téhoc L — 00. AMd U = e ¥* xau ETOUEVOC

kp(x+ L/2) = k,(x — L/2) + 2mn, ye n, oxépato. Apa

k. = (2w /L)n, xou avéroya k, = (27/L)n, xou k, = (2n/L)n,.
Avtn ebvon axpBoe 1 xBdvtwon tne opurc.

Enopevne, o aptduoc twv duvatoy axcpaiwy An, oTny TeEpLoyN
kuy ki + dk, etvor An, = (L/2m)dk, xou dpota yior Tig GAAEC

ocuvicTwoec. Lo tic miavee xatactdoelc otny neptoy” k, k + dk




L\° Voo
AngAn,An, = | — | dk,dk,dk. = A3k
s (2m)3

[o 0 86 pog vopuaitopd (2E ocwpatidio otov dyxo V), da

v

TE(2n)? d*k. Av opicoupe hoimdv wg

EYOVUE
W
apy et por)

uropolue vo yedoupe (Yewpdvtag o owpatidio B axivnto)

(aprip. TEN. XATAOTACWY)

EVEQYOC OLUTOUY) 0 = / (

do — (271‘)45(4)(]?A +PB — Pc — pD)]./\/l 2% Vdgpc VdBpD _

2abe 20 (2m)32FE¢ (2m)32FEp

= HIMPdQ (10)




OTIOV

F =0v,2E,2Ep,

d’pc d’pp
(2m)32FE¢ (2m)32Fp

dQ = (27)*6"Y(pa + ps — pc — pp)

O bpoc dp/2F eivon avedholwtog xatd Lorentz, adhd uropolye
va 0eliCouye ot xou To F elvon enlone. Na onueldoouye 6Tt yio
vevixn xpolon (to B va unv elvar axivnto) Yo meénet va xdvouue
TNV AVTXATAOTOoN V4 — [V — V5.
Ac dolue Cavd Tt poc Agel 1 faocinn) oyEon: To YLVOUEVO

d*pe d*pp
(2m)32F¢ (2m)32FEp

W (pa + ps — pe — pp)|MJ?

uoc Olvel Tov optiud twv oxedUlOPEVOY COUATIOIWY Ve LOVEDL

Yeovou xou Oyxou. ' va xavouue tnv evepyd OLaToun




AVECEETNTY A0 TO CUYXEXPUWEVO TElpoal, OLLEOUUE UE TNV PO
TWV AEYIXOY OWPATIOIWY (Tou yio axivnTo cwuatidlo etvon 7

TUXVOTNTE TOU). LyNUATLXA

0Pl OHEOUL. CWUAT.
(6yxo)(At)
ng = (ny)(nava)o  dactatnd 1/(L°T) = (1/L°)(1/L° - L/T)o

= (TTUXV.CWUIT.CTOYOL) (TUXY.CWUIT. U4 )T

OTIOL, GTNV TEAEUTAL GYEDT), N TEWTY) TALEVUECT] AVTIOTOLYEL GTOV
oTOYO xou 1) 0eVUTEEN OTn Ocoun. Ildvtote T0 ng Va civon avdAoyo
T0U (nt)(nava). XTo 0 xpLPReTow OAN N PuoLxy.

Ao tatind, to o eivon eufadov(L?). TV autd xon 1o
TEOCOUOLCOVUE WS TNV “EVERYO ETULQAVELX TNC OECUNG TLOU

BAEmel 0 otOY0C, dONAAON 1) eTpdveLlo aAAnAeTidpaonc Twv A xo B.




‘Aoxnon 8 Aci&te 6Tt n éxppaon F = |vy — vp|2E42E g eivau,
Yl P4 Xl Pp CUYYEOULXE xon Ue avtiteTtn @opd, ion ue

4(lpalEg + |pB|EAa) xou 61N cuvéyela OTL elvon (oM e

) 1/2
4 |(phpsu)” —mam5| ondTe xou oYETIGTIXG avoANOlWTT).

‘Aoxnomn 9 Acilte 61t oto chotnua K.M. tnc A+ B = C+ D
ol 6pol I’ xou d@) otov TOTo TN evepyou otatoune, €5.10, yivovta

1 pf
dQ) = o 4\/50[&2, oo = 4p;/s

6mou dS) ebvon 1 oteped yovia yipw and o po, s = (Ea + Eg)?,
pal = |pB| = pi xou [pc| = |Pp| = py-

Xenotwonotwvtac Ty Aoxnon 9, n evepyoc datopr; oto K.M.




YodpeTOL

d_O' _ ’M‘Q 1 Dy
S |y 6472 pys

‘Aoxnomn 10 Aclite 6Tl Lo UPNAESC EVEQYELEC, 1) EVERYOC OLATOWUY

79 K

Yoo TNV oxE0aoT “‘nAextpoviou’-‘uloviou’’ dlvetal amd TN oyEon

do _a_2 3+ cosf)”
d) |t  4s

1 —cosf

O puOuéc SLdonacng wg cuvdetnor Touv |M|
[ daomdoelg tne popphc A — 1+ 2+ 3 4+ ... + n oaxohouvtolpe




