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ANTISWMATIDIAOi perissìtere
 allhlepidr�sei
, p.q.

e+e− → µ+µ−, eq → eq, γq → e+e−qapoteloÔn sust mata poll¸n swmatid�wn kai apì ta peir�matapou èqoume sth di�jes  ma
 briskìmaste sthn perioq  th
sqetikistik 
 kinhmatik 
. Ep� plèon emfan�zontai kaiantiswmat�dia pou den apaitoÔntai sthn mh sqetikistik  jewr�a.Qrhsimopoi¸nta
 th jewr�a diataraq¸n ja qrhsimopoioÔme ti
kumatosunart sei
 pou perigr�foun eleÔjero swmat�dio (IN kai

OUT katast�sei
) kai thn allhlep�drash metaxÔ twn swmatid�wnja th jewroÔme w
 diataraq  se periorismèno q¸ro kai qrìno.
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QrhsimopoioÔme sqetikistikì formalismì th
 jewr�a
diataraq¸n. Shmantikì rìlo pa�zoun ta ��diagr�mmata

Feynman��. Me th qr sh twn ��kanìnwn Feynman�� mporoÔme naupolog�soume fusikè
 posìthte
 (energè
 diatomè
, rujmoÔ
met�bash
 k.lp.) qwr�
 na katafeÔgoume k�je for� sth jewr�aped�ou. Bèbaia, oi kanìne
 auto� kajor�zontai apì tonLagkranzianì formalismì kai th jewr�a ped�ou.Arqik� ja agno soume to spin twn swmatid�wn, pou k�pw
periplèkei thn eikìna, kai ja asqolhjoÔme me �hlektrìnia� qwr�


spin.
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Mh sqetikistik  Kbantomhqanik Me ti
 antikatast�sei

E → i~

∂

∂t
, p → −i~∇

h klasik  sqèsh E = p2

2m

g�netai (~ = 1)
E =

p2

2m
→ i

∂Ψ

∂t
+

1

2m
∇

2Ψ = 0ìpou ρ = |Ψ|2 e�nai h puknìthta pijanìthta
 (|Ψ|2d3x d�nei thnpijanìthta na broÔme to swmat�dio ston ìgko d3x). Aut  e�nai hex�swsh Schrödinger gia eleÔjero swmat�dio m�za
 m.
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An�loga me thn diat rhsh fort�ou ston hlektromagnhtismì, hdiat rhsh th
 pijanìthta
 ma
 odhge� sthn ex�swsh

∂ρ

∂t
+ ∇ · j = 0 diaforik  morf 

d

dt

∫

V

ρ dv +

∮

S(V )

j · da = 0 oloklhrwtik  morf 

ìpou j e�nai h puknìthta reÔmato
 pijanìthta
. A
 broÔme thmorf  tou. Pollaplasi�zoume thn ex�swsh Schrödinger me −iΨ∗kai thn suzug  th
 me iΨ kai ajro�zoume
−iΨ∗

(

i
∂Ψ

∂t
+

1

2m
∇

2Ψ

)

+ iΨ

(

−i
∂Ψ∗

∂t
+

1

2m
∇

2Ψ∗

)

= 0

Ψ∗
∂Ψ

∂t
−

i

2m
Ψ∗

∇
2Ψ + Ψ

∂Ψ∗

∂t
+

i

2m
Ψ∇

2Ψ∗ = 0
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∂|Ψ|2

∂t
−

i

2m

(
Ψ∗

∇
2Ψ − Ψ∇

2Ψ∗

)
= 0

∂ρ

∂t
+ ∇ ·

[

−
i

2m
(Ψ∗

∇Ψ − Ψ∇Ψ∗)

]

︸ ︷︷ ︸

= 0

jH lÔsh th
 ex. Schrödinger gia to eleÔjero swmat�dio

Ψ = N exp [i (p · x − Et)] d�nei ρ = |N |2 kai
j =

−i|N |2

2m
(∇(ip · x) − ∇(−ip · x)) =

|N |2

2m
2p =

|N |2

m
p
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TetradianÔsmata kai anallo�wta Lorentz
'Askhsh 1 De�xte ìti o metasqhmatismì
 Lorentz antistoiqe�me strof  kat� gwn�a iθ ston q¸ro (ict, x)'O,ti metasqhmat�zetai ìpw
 to (ct,x) kale�tai tetradi�nusma.QrhsimopoioÔme ton sumbolismì

(ct,x) = (ct, x1, x2, x3) = (x0, x1, x2, x3) ≡ xµ

Ep�sh
, to E/c kai p sugkrotoÔn tetradi�nusma

(E/c,p) = (E/c, p1, p2, p3) = (p0, p1, p2, p3) ≡ pµOr�zoume to bajmwtì ginìmeno dÔo tetradianusm�twn

Aµ = (A0,A) kai Bµ = (B0,B)

A · B = A0B0 − A · B7



Or�zonta
 to Aµ = (A0,−A) mporoÔme na gr�youme to bajmwtìginìmeno w
 (epanalambanìmeno
 de�kth
 �nw kai k�twajro�zetai)
A · B = AµBµ = AµB

µ = A0B0 + A1B1 + A2B2 + A3B3 =

A0B
0 + A1B

1 + A2B
2 + A3B

3 = A0B0 − A1B1 − A2B2 − A3B3

Or�zoume ton (metrikì) tanust  gµν

g00 = 1, g11 = g22 = g33 = −1, oi �lloi ìroi mhdeniko�O ant�strofì
 tou gµν (dhlad  gµνgνµ′ = δµ
µ′) eÔkola fa�netai ìtièqei tou
 �diou
 ìrou
. To ginìmeno twn dÔo tetradianusm�twnmpore� na grafe�

A · B = gµνA
µBν = gµνAµBν8



Me to gµν kai to gµν mporoÔme na anebokateb�soume tou
de�kte
 enì
 tetradianÔsmato


Aµ = gµνAν , Aµ = gµνA
ν

To di�nusma me �nw de�kth onom�zetai antalo�wto(contravariant), en¸ me k�tw de�kth sunallo�wto (covariant).Gia na sqhmatiste� èna anallo�wto, w
 pro
 metasqhmatismoÔ


Lorentz, mègejo
 ja prèpei gia k�je �nw de�kth na up�rqei oant�stoiqo
 k�tw. Ep�sh
, mia sqèsh e�nai Lorentz sunallo�wthìtan oi mh epanalambanìmenoi (�nw kai k�tw) de�kte
 sti
 duopleurè
 th
 isìthta
 antistoiq�zontai èna
 pro
 ènan.

'Askhsh 2 De�xte ìti gµνg
µν = 4
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Parade�gmata bajmwt¸n ginomènwn e�nai

pµxµ ≡ p · x = Et − p · x, pµpµ ≡ p · p ≡ p2 = E2 − p2

'Askhsh 3 DÔo swmat�dia me �sh m�za M sugkroÔontai stosÔsthma Kèntrou M�za
. H sunolik  enèrgeia e�nai Ecm. De�xteìti

s ≡ (p1 + p2)µ(p1 + p2)
µ ≡ (p1 + p2)

2 = E2
cmAn h sÔgkroush g�nei sto sÔsthma ergasthr�ou ìpou to ènaswmat�dio e�nai ak�nhto, tìte h enèrgeia Elab tou �llouswmatid�ou d�netai apì th sqèsh (upolog�ste to s sto sÔsthmaergasthr�ou)

Elab =
E2

cm

2M
− M
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Prosoq  sto tetradi�nusma

(
∂

∂t
,−∇

)

= ∂µ kai (
∂

∂t
,∇

)

= ∂µ

Mpore�te na de�xete ìti to pr¸to metasqhmat�zetai ìpw
 to (t,x)en¸ to deÔtero ìpw
 to (t,−x).H antikat�stash th
 enèrgeia
 kai th
 orm 
 me tou
ant�stoiqou
 telestè
 genikeÔetai
pµ → i∂µ

Tèlo
, qrhsimopoe�tai o sumbolismì

�

2 ≡ ∂µ∂µ
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