
Mh sqetikistik  jewr�a diataraq¸nA jewr soume ìti gnwr�zoume ti lÔsei th ex�swsh

Schrödinger gia to eleÔjero swmat�dio. H qamiltonian  H0 e�naianex�rthth apì to qrìno.
H0φn = Enφn me ∫

V

φ∗
mφnd

3x = δmn

(normalismì=1 swmat�dio/ìgko, ρ = |φ|2 → N = V −1/2)Zht�me na lÔsoume thn
(H0 + V (x, t))ψ = i

∂ψ

∂t

(1)Oi lÔsei φn apoteloÔn pl re sÔnolo, opìte mporoÔme na
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analÔsoume thn ψ
ψ =

∑

n

an(t)φn(x)e−iEnt

B�zonta aut n thn èkfrash sthn ex.1 pa�rnoume

(H0 + V (x, t))
∑

n

an(t)φn(x)e−iEnt = i
∂

∂t

∑

n

an(t)φn(x)e−iEnt →

∑

n

an(t)Enφn(x)e−iEnt + V (x, t)
∑

n

an(t)φn(x)e−iEnt =

i
∑

n

dan

dt
φn(x)e−iEnt + i

∑

n

an(t)(−iEn)φn(x)e−iEnt

Apalo�fonta ton pr¸to kai teleuta�o ìro sthn parap�nw

21



isìthta katal goume sthn sqèsh

V (x, t)
∑

n

an(t)φn(x)e−iEnt = i
∑

n

dan

dt
φn(x)e−iEnt

Pollaplasi�zonta me φ∗
f kai oloklhr¸nonta

i
∑

n

dan

dt

∫

d3xφ∗
f (x)φn(x)e−iEnt =

∑

n

∫

d3xV (x, t)an(t)φ∗
f(x)φn(x)e−iEnt →

daf

dt
= −i

∑

n

an(t)

∫

d3xφ∗
f (x)V (x, t)φn(x)e−i(En−Ef )t (2)

A upojèsoume t¸ra ìti to V dra se mia orismènh kat�stash φith eleÔjerh qamiltonian  thn qronik  stigm  t = −T/2,22



dhlad 
gia t = −

T

2
, φn = φi →

an = 1, n = i

an = 0, n 6= ikai tìte

daf

dt
= −i

∫

d3xφ∗
f (x)V (x, t)φi(x)e−i(Ei−Ef )t (3)

Jewr¸nta ìti to V e�nai asjenè kai arg� metabalìmeno, hmetabol  k�je an e�nai mikr  kai epomènw k�je an me n 6= i japaramènei kont� sto mhdèn. Me autì to sullogismì h ex.3 isqÔeigia k�je qronik  stigm  (kai ìqi mìno gia t = −T/2).
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Oloklhr¸nonta thn ex.3 pa�rnoume

af = −i

∫ t

−T/2

dt′
∫

d3xφ∗
fV φie

−i(Ei−Ef )t′ → (4)

Tfi ≡ af (T/2) = −i

∫ T/2

−T/2

dt

∫

d3x
(

φfe
−iEf t

)∗
V
(

φie
−iEit

)

→

Tfi = −i

∫

d4xφ∗
f (x, t)V (x, t)φi(x, t)Gia na isqÔei h prosèggish ja prèpei af (t) << 1. MporoÔme naapodìsoume sto |Tfi|

2 thn ènnoia th pijanìthta ìti toswmat�dio apì thn arqik  kat�stash i phga�nei sthn telik  f ?
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A upojèsoume ìti V (x, t) = V (x). Tìte

Tfi = − i

∫ T/2

−T/2

dt

∫

d3xφ∗
fe

iEf tV (x)φie
−iEit =

= − i

[
∫

d3xφ∗
fV φi

]
∫ T/2

−T/2

dt e−i(Ei−Ef )t =

= − iVfi 2π δ(Ef − Ei)ìpou or�same Vfi to olokl rwma mèsa sthn agkÔlh th deÔterhseir� en¸ h sun�rthsh δ de�qnei thn diat rhsh th enèrgeia.All� gia Ef = Ei, h arq  th abebaiìthta ma lèei ìtiqreiazìmaste �peiro qrìno gia na metaboÔme apì th miakat�stash sthn �llh. Gi' autì kalÔtera or�zoume thn posìthta

W = lim
T→∞

|Tfi|
2

T
= lim

T→∞

1

T
|Vfi|

2 4π2 [δ(Ef − Ei)]
2
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pou apotele� thn pijanìthta met�ptwsh an� mon�dou qrìnou(transition probability per unit time). O tetragwnismì thsun�rthsh δ d�nei
(2π)2 [δ(Ef − Ei)]

2 =

∫ T/2

−T/2

dtei(Ef−Ei)tδ(Ef − Ei)2π

= T 2π δ(Ef − Ei)opìte pa�rnoume
W = |Vfi|

2 2π δ(Ef − Ei)Aut  h teleuta�a ex�swsh èqei ènnoia an oloklhrwje� se ènasÔnolo telik¸n katast�sewn. Sun jw xekin�me apì miakajorismènh kat�stash kai katal goume se èna sÔnolo telik¸nkatast�sewn me puknìthta ρ(Ef ) (dhlad  ρ(Ef )dEf e�nai o26



arijmì katast�sewn me enèrgeia metaxÔ twn Ef kai Ef + dEf ).Opìte or�zoume w rujmì met�ptwsh (transition rate)

Wfi =

∫

dEf ρ(Ef )W = 2π

∫

dEf ρ(Ef )|Vfi|
2δ(Ef − Ei) =

= 2π|Vfi|
2ρ(Ei)MporoÔme na p�me m�a t�xh prosèggish parak�tw b�zonta thnlÔsh gia to af , ex.4, sthn diaforik  ex�swsh tou af , ex.2

daf

dt
= ...+ (−i)

∑

n 6=i

[

(−i)

∫ t

−T/2

dt′ Vnie
−i(Ei−En)t′

]

Vfne
−i(En−Ef )t

ìpou ... e�nai o ìro pr¸th t�xh kai h èkfrash mèsa sti
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agkÔle e�nai o suntelest  an. Opìte, èqoume

Tfi = ...+(−i)2
∑

n 6=i

VfnVni

∫ T/2

−T/2

dt e−i(En−Ef )t

∫ t

−T/2

dt′ e−i(Ei−En)t′

Gia na èqei nìhma h deÔterh olokl rwsh eis�goume mia apeirost posìthta ǫ > 0 kai sto tèlo bèbaia ǫ→ 0

∫ t

−∞

dt′ e−i(Ei−En+iǫ)t′ = i
e−i(Ei−En+iǫ)t

(Ei − En + iǫ)kai to Tfi gr�fetai

Tfi = ...+ (−2πi)
∑

n 6=i

VfnVni

Ei − En + iǫ
δ(Ef − Ei)
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'Askhsh 4 De�xte ìti o rujmì met�bash i→f gia thnprosèggish 2h t�xh d�netai apì th sqèsh Wfi = 2π |Vfi|
2 ρ(Ei),ìpou to Vfi antikaj�statai apì th sqèsh

Vfi +
∑

n 6=i

Vfn
1

Ei − En − iǫ
Vni + ...

Poi� e�nai h sqèsh gia thn epìmenh diìrjwsh (3h t�xh se V ).Dhlad  gia k�je shme�o allhlep�drash èqoume ènan par�gonta

Vij kai gia k�je endi�mesh di�dosh èqoume èna diadìth

∼ 1/(Ei − Ej). Aut  h endi�mesh kat�stash e�nai ��eikonik ��(virtual) me thn ènnoia ìti Ei 6= Ej (den diathre�tai h enèrgeia)all� bèbaia Ef = Ei pou fa�netai apì thn parous�a th

δ(Ef − Ei). 'Ola ta parap�nw prèpei na genikeutoÔn giasqetikistik� swmat�dia kai antiswmat�dia.29



Kanìne gia pl�th skèdash sthn eikìna

Feynman-StückelbergPrèpei loipìn na eis�goume antiswmat�dia pou phga�noun p�swsto qrìno. Bèbaia èw t¸ra den èqoume doulèyei se��sunallo�wto perib�llon�� (to dunamikì V (x)  tan statikì).P¸ ja perigr�youme kroÔsei swmatid�wn?A k�noume merik� projÔstera sq mata. A eis�goume tofwtìnio w to swm�tio th hlektromagnhtik  aktinobol�a kaia doÔme thn ep�drash tou dunamikoÔ w skèdash tou swmatid�oume to fwtìnio. Tìte qreiazìmaste mia qronik  ex�rthsh gia tofwtìnio: e−iωt. To qronikì olokl rwma sto Tfi g�netai

1

2π

∫

dt
(

e−iEf t
)∗
e−iωt e−iEit = δ(Ef − ω − Ei)
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ap' ìpou fa�netai ìti Ef = Ei + ω. Gia antiswmat�dio ja èqoume

1

2π

∫

dt
(

e−i(−Ei)t
)∗
e−iωt e−i(−Ef )t = δ(Ef − ω − Ei)

opìte kai p�li èqoume Ef = Ei + ω. Dhlad  o kanìna e�nai

∫

d4xφ∗ektì V φentììpou φ e�nai gia swmat�dia kai ìqi gia antiswmat�dia.
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'Askhsh 5 De�xte ìti o kanìna ∫ φ∗
outgoingV φingoing d

4x plhro�th diat rhsh enèrgeia sthn per�ptwsh th dhmiourg�a zeÔgou

e+e−   sthn ant�stoiqh exaölwsh. Na g�nei to �dio kai gia thndiat rhsh th orm . O ìro tou fwton�ou e�nai e−i(ωt−px).
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H ex�swsh Klein-Gordon kai to hlektromagnhtikìped�oTo hlektromagnhtikì ped�o perigr�fetai apì èna dianusmatikìdunamikì A kai èna bajmwtì dunamikì V . Xekin¸nta apì tiexis¸sei tou Maxwell

∇ × E = −
∂B

∂t
, ∇ · B = 0epeid  h deÔterh ikanopoie�tai an jèsoume B = ∇ × A, h pr¸thgr�fetai

∇ ×

(

E +
∂A

∂t

)

= 0kai epomènw h posìthta sthn parènjesh mpore� na grafe� w h
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bajm�da enì bajmwtoÔ ped�ou

E +
∂A

∂t
= −∇V → E = −

∂A

∂t
− ∇V(to arnhtikì prìshmo sto ìro ∇V epilègetai gia na de�nei thgnwst  sqèsh sthn hlektrostatik  per�ptwsh). Ta dunamik� Akai V den or�zontai monos manta. Ja p�roume ta �dia E kai B meta A′ kai V ′ pou or�zontai apì tou metasqhmatismoÔbajm�da

A′ = A + ∇f, V ′ = V −
∂f

∂t  se tetradianÔsmata A′µ =Aµ − ∂µf, gia Aµ = (V,A)
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ìpou f mia tuqa�a sun�rthsh twn x kai t. Pr�gmati

B′ = ∇ × A′ = ∇ × (A + ∇f) = ∇ × A + ∇ × ∇f = ∇ × A

E′ = −
∂A′

∂t
− ∇V ′ = −

∂A

∂t
−
∂∇f

∂t
− ∇V + ∇

∂f

∂t
= −

∂A

∂t
− ∇VO trìpo eisagwg  twn dunamik¸n sthn Klein-Gordon japrèpei na e�nai tètoia ¸ste aut  h eleujer�a epilog  tou namhn èqei fusik  shmas�a. Autì o trìpo e�nai o legìmeno th��el�qisth antikat�stash�� (minimal substitution)

E → E − qV = i
∂

∂t
− qV, p → p − qA = −i∇ − qA  se tetradianÔsmata pµ → pµ − qAµ = i∂µ − qAµ
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me q to fort�o tou swmatid�ou. H Klein-Gordon g�netai

(

i
∂

∂t
− qV

)2

φ = (−i∇ − qA)2 φ+m2φ

[

(∂µ + iqAµ) (∂µ + iqAµ) +m2
]

φ = 0Aut  paramènei anallo�wth k�tw apì tou metasqhmatismoÔbajm�da an h kumatosun�rthsh all�xei me mia f�sh

φ′ = φeiqf'Askhsh 6 De�xte thn parap�nw prìtash

Sthn hlektrostatik  per�ptwsh, A = 0, o ìro qV e�nai hdunamik  enèrgeia tou swmatid�ou U . Me thn gnwst antikat�stash φ(x, t) = φ(x)e−iEt, ìpou E h enèrgeia tou36



swmatid�ou, pa�rnoume thn qronoanex�rthth ex�swsh

(∂µ + iqAµ) (∂µ + iqAµ)φ+m2φ = 0

(∂t + iqV,−∇) (∂t + iqV,∇)φ+m2φ = 0
[

(∂t + iqV )2 −∇2
]

φ+m2φ = 0
[

(∂t + iqV )2 −∇2
]

φ(x)e−iEt +m2φ(x)e−iEt = 0

(E − U)2φ(x) = −∇2φ+m2φ(x)

(5)

H ex�swsh Klein-Gordon kai to ped�o CoulombH dunamik  enèrgeia enì hlektron�ou sto hlektrikì ped�o enìprwton�ou e�nai U = −e2/r. H sfairik  summetr�a touprobl mato ma odhge� �mesa sto na gr�youme th lÔsh me th
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morf  qwrizomènwn metablht¸n

φ(r, θ, ϕ) = R(r)Y m
l (θ, ϕ) (6)ìpou Y m

l (θ, ϕ) oi sfairikè armonikè (ìpw akrib¸ sthnex�swsh tou Schrödinger). An sugkr�noume to tetr�gwno toutelest  th stroform 
l2 = −

[

1

sin θ

∂

∂θ

(

sin θ
∂

∂θ

)

+
1

sin2 θ

∂2

∂ϕ2

]

me thn Laplasian  se sfairikè suntetagmène
∇

2 =
1

r

∂2

∂r2
r +

1

r2

[

1

sin θ

∂

∂θ

(

sin θ
∂

∂θ

)

+
1

sin2 θ

∂2

∂ϕ2

]
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blèpoume ìti mporoÔme na gr�youme

∇
2 =

1

r

∂2

∂r2
r −

l2

r2Gnwr�zoume ep�sh ìti Y l
m(θ, ϕ) apoteloÔn idiosunart sei toutelest  l2 me idiotimè l(l + 1): l2Y l

m(θ, ϕ) = l(l + 1)Y l
m(θ, ϕ).Opìte, antikajist¸nta thn ex.6 sthn ex.5, pa�rnoume

1

r

∂2(rR)

∂r2
Y l

m −
l(l + 1)

r2
RY l

m +
[

(E − U)2 −m2
]

RY l
m = 0

H Y l
m apalo�fetai. Pollaplasi�zonta ep� r kai or�zonta
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y(r) = rR(r), pa�rnoume thn diaforik  ex�swsh w pro y(r)
∂2y

∂r2
+

[

(E − U)2 −
l(l + 1)

r2
−m2

]

y = 0 →

∂2y

∂r2
+

[

E2 −m2 +
2Ee2

r
−
l(l + 1) − e4

r2

]

y = 0

(7)

ìpou antikatast same thn dunamik  enèrgeia me −e2/r. Epeid y�qnoume gia dèsmie katast�sei, ja prèpei y(r → ∞) = 0 kaibèbaia y(r = 0) = 0 apì ton orismì tou y(r). Gia th lÔsh th,akoloujoÔme thn gnwst  diadikas�a pou akolouje�tai gia thnant�stoiqh lÔsh th Schrödinger. Gia meg�la r, h diaforik ex�swsh gr�fetai

∂2y∞
∂r2

+
[

E2 −m2
]

y∞ = 0 (8)40



Sti dèsmie katast�sei pou anazhtoÔme, h dunamik  enèrgeiae�nai arnhtik , opìte h olik  enèrgeia e�nai mikrìterh apì thnel�qisth m. Opìte, E2 −m2 = −γ2. H lÔsh th ex.8 e�nai

y∞ = e±γr

Krat�me bèbaia thn fj�nousa lÔsh kai xanagr�foume

y(r) = e−γrF (r)ìpou h F ja jèlame na e�nai èna polu¸numo. H ex�swsh gia thn

F (r), b�zonta thn prohgoÔmenh lÔsh sthn ex.7, g�netai

∂2F

∂r2
− 2γ

∂F

∂r
+

[

2Ee2

r
−
l(l + 1) − e4

r2

]

F = 0

An h F e�nai èna polu¸numo n bajmoÔ, gia meg�la r ja èqoume41



F (r) ∼ rn, kai h diaforik  ex�swsh g�netai

n(n− 1)rn−2 − 2γnrn−1 + 2Ee2rn−1 − (l(l + 1) − e4)rn−2 = 0
r→∞
−→

− 2γnrn−1 + 2Ee2rn−1 = 0 → γ =
Ee2

nAn t¸ra s e�nai h mikrìterh dÔnamh tou poluwnÔmou F , tìte giamikr� r ja e�nai F (r) ∼ rs kai h diaforik  ex�swsh ja d�nei

s(s− 1)rs−2 − 2γsrs−1 + 2Ee2rs−1 − (l(l + 1) − e4)rs−2 = 0
r→0
−→

s(s− 1)rs−2 − (l(l + 1) − e4)rs−2 = 0 →

s =
1 ±

√

1 + 4l(l + 1) − 4e4

2
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Krat�me thn jetik  lÔsh
s =

1 +
√

1 + 4l(l + 1) − 4e4

2
=

1

2
+

√

(

l +
1

2

)2

− e4

Bèbaia, o an¸tero bajmì tou poluwnÔmou n kai o kat¸tero ssundèontai me thn sqèsh n = s+ k me k = 0, 1, 2, ....Apì thn E2 −m2 = −γ2 kai thn γ = Ee2

n

prokÔptei h sqèsh giati enèrgeie

E2 −m2 = −E2 e
4

n2
→ E =

m
√

1 + e4

n2
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AnaptÔssonta se dun�mei tou e4 pa�rnoume

E = m−
me4

2n2
+

3me8

8n4
+ ...All�, to n e�nai sun�rthsh tou s (n = s+ k) en¸ to s e�nai kiautì sun�rthsh tou e4, epomènw ja prèpei kai autì naanaptuqje� se dun�mei tou e4

n =
1

2
+

√

(

l +
1

2

)2

− e4 + k =
1

2
+

(

l +
1

2

)

√

1 −
e4

(

l + 1
2

)2 + k =

1

2
+

(

l +
1

2

)

(

1 −
e4

2
(

l + 1
2

)2

)

+ k = l + k + 1 −
e4

2l + 1
+ ...
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Onom�zonta N = l + k + 1 pa�rnoume

1

n2
=

1

N 2
(

1 − e4

N(2l+1)

)2 =
1

N 2

(

1 +
2e4

N(2l + 1)

)

kai h èkfrash gia thn enèrgeia g�netai

E = m−
me4

2N 2
−
me8

2N 4

(

N

l + 1
2

−
3

4

)

O tr�to ìro apotele� thn sqetikistik  diìrjwsh h opo�a ìmwden sumfwne� me thn ant�stoiqh tou tÔpou tou Sommerfeld kai olìgo e�nai ìti to hlektrìnio èqei idiostroform  (spin). H

Klein-Gordon perigr�fei swmat�dia me mhdenikì spin, p.q.swmat�dia p (piìnia). 45



HLEKTRODUNAMIKH SWMATIDIWN QWRISSPINDen up�rqoun stoiqei¸dh swmat�dia me spin mhdèn. Bèbaiaup�rqoun adrìnia me spin mhdèn all� den e�nai stoiqei¸dh, e�naisumplègmata apì kou�rk.Gia na apofÔgoume ti duskol�e tou spin ja jewr soume��hlektrìnia�� me spin=0, gia na qrhsimopo soume thn jewr�adiataraq¸n me sunallo�wto trìpo.'Ena ��hlektrìnio�� se hlektromagnhtikì ped�o Aµ'Opw e�dame h Klein-Gordon gia eleÔjero swmat�dio gr�fetai sesunallo�wth morf 

(

∂µ∂µ +m2
)

φ = 046



H parous�a tou hlektromagnhtikoÔ ped�ou Aµ = (A0,A) odhge�sthn antikat�stash
pµ → pµ − (−e)Aµ

kai sthn kbantomhqanik 
i∂µ → i∂µ + eAµ

ìpou jewr same to fort�o tou ��hlektron�ou�� �so me −e. Tìte h

KG gr�fetai

(

∂µ∂µ +m2
)

φ = −V φìpou

V = −ie (∂µAµ + Aµ∂µ) − e2A2 (9)To prìshmo tou V epilègetai se sumfwn�a me to sqetikì47



prìshmo th kinhtik  kai dunamik  enèrgeia sthn ex�swsh tou

Schrödinger.To dunamikì qarakthr�zetai apì thn posìthta e pou sqet�zetaime thn stajer� lept  uf  α
α =

e2

4π
≃

1

137Akrib¸, h mikr  aut  tim  ma epitrèpei na anaptÔxoume todunamikì se dun�mei tou α kai na efarmìsoume jewr�adiataraq¸n. H qamhlìterh t�xh (se dun�mei tou α)suneisfor� se èna pl�to skèdash ja apotele� mia kal prosèggish.Akrib¸, douleÔonta sthn qamhlìterh t�xh, parale�poume toìro an�logo tou e2 sthn ex.9. To pl�to skèdash Tfi apì φi48



se φf apì to dunamikì Aµ e�nai

Tfi = −i

∫

d4xφ∗
f (x)V (x)φi(x) =

= −i

∫

d4xφ∗
f (x)(−ie) (Aµ∂µ + ∂µA

µ)φi(x)Qrhsimopoi¸nta, gia ton deÔtero ìro, olokl rwsh kat� mèrh(kai di¸qnonta to epifaneiakì olkl rwma mia kai to dunamikìphga�nei sto mhdèn ìtan |x| → ∞ kai t→ ±∞)
∫

d4xφ∗
f (x)∂µ (Aµφi(x)) = −

∫

d4x
(

∂µφ
∗
f (x)

)

Aµφi(x)
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to Tfi g�netai
Tfi = −i

∫

d4x (−ie)
(

φ∗
fA

µ∂µφi − (∂µφ
∗
f )A

µφi

)

=

= −i

∫

d4x (−ie)
(

φ∗
f∂µφi − φi∂µφ

∗
f

)

Aµ = −i

∫

d4x j(fi)
µ Aµ

ìpou j(fi)
µ = −ie

(

φ∗
f∂µφi − φi∂µφ

∗
f

) e�nai to hlektromagnhtikìreÔma gia thn met�bash apì i→ f . An φi = Nie
−ipix kai

φf = Nfe
−ipfx, tìte

j(fi)
µ = −eNiNf (pi + pf )µe

i(pf−pi)x

Skèdash ��hlektron�ou�� kai ��mion�ou��Me ta parap�nw mporoÔme na upolog�soume thn skèdash��hlektron�ou�� apì �llo swmat�dio, gia par�deigma ��miìnio�� (gia50



na apofÔgoume ìmoia swmat�dia). To sqetikì di�gramma

Feynman ma kajodhge� gia to p¸ ja gr�youme th skèdash. Toìlo ��prìblhma�� e�nai na broÔme to dunamikì Aµ pou antistoiqe�sto reÔma tou ��mion�ou��.

'Askhsh 7 De�xte ìti oi exis¸sei tou Maxwell gr�fontai sesunallo�wth morf  ∂µF
µν = jν ìpou F µν = ∂µAν − ∂νAµ.Qrhsimopoi¸nta thn eleujer�a epilog  th bajm�da mporoÔme51



ep�sh na gr�youme ìti �
2Aµ = jµ.

Apì thn ex�swsh tou Maxwell èqoume �
2Aµ = jµ ìpou, akrib¸ant�stoiqa me to reÔma tou ��hlektron�ou��, gr�foume

jµ(2) = −eNBND(pD + pB)µe
i(pD−pB)x

All�, �
2eiqx = −q2eiqx. 'Ara, h lÔsh th �

2Aµ = jµ e�nai

Aµ = −
1

q2
jµ(2) me q = pD − pBEpomènw, qrhsimopoi¸nta autì to Aµ pa�rnoume up' ìyh ma to
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reÔma tou ��mion�ou��
Tfi = −i

∫

d4x jµ(1)

(

−
1

q2

)

j(2)
µ =

= −i

∫

d4x (−e)2NANBNCND(pD + pB)µ

(

−
1

q2

)

(pA + pC)µ×

ei(pD−pB)xei(pC−pA)x =

= −iNANBNCND(2π)4δ(4)(pD + pC − pA − pB)×

(i)

[

(ie)(pA + pC)µ

(

−i
gµν

q2

)

(ie)(pB + pD)ν

]

H èkfrash mèsa sthn agkÔlh th teleuta�a sqèsh
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sumbol�zetai sun jw me −iM
−iM = (ie)(pA + pC)µ

(

−i
gµν

q2

)

(ie)(pB + pD)ν

To M onom�zetai anallo�wto pl�to (invariant amplitude) thsugkekrimènh skèdash. H sun�rthsh dèlta ekfr�zei thndiat rhsh enèrgeia kai orm . EÔkola mpore� na elegqje� ìti jae�qame to �dio apotèlesma an e�qame to ��miìnio�� sto ped�o Aµ tou��hlektron�ou��.Prospaj¸nta na katat�xoume tou di�forou ìrou sthndiataraktik  an�ptuxh, an�loga me ta diagr�mmata sthn mhsqetikistik  per�ptwsh, k�noume kai ed¸ an�loga diagr�mmata.Sto prohgoÔmeno di�gramma, pou to xanade�qnoume, h mesa�akumatoeid  gramm  anaparist� ton diadìth tou fwton�ou kai54



antistoiqe� ston ìro −i gµν

q2 (oi ekjète Lorentz afe�lontai stoìti to fwtìnio èqei spin=1). To q kajor�zetai apì thn diat rhshth orm  - enèrgeia sti dÔo korufè q = pC − pA = pD − pB.'Ara q2 6= 0: to fwtìnio e�nai ��ektì tou floioÔ m�za�� (off mass

shell).
Se k�je koruf  antistoiqoÔme ton ìro ie(pA + pC)µ kai55



ie(pB + pD)ν pou perièqei th stajer� sÔzeuxh touhlektromagnhtismoÔ e. Oi de�kte µ kai ν ja zeugarwjoÔn metou ant�stoiqou tou diadìth tou fwton�ou. Oi di�foroipar�gonte i apl� mpa�noun gia na mporèsoume na genikeÔsouneeÔkola autoÔ tou kanìne gia an¸terh t�xh diagr�mmata.'Etsi fti�qnoume tou kanìne Feynman pou ma bohjoÔn naupolog�zoume gr gora ti suneisforè twn ant�stoiqwndiagramm�twn.
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