Šěőàĺï ’^4: Ćëçĺáńěŋĺě łőŋáâăŋâ ŕěàěŋőàňĺàőćłĺ ć ďćãåŕěâńěćőň ŕàĺąńĺęěŋĺĺ

Ĺáŕőńìğãěâáï àăğňěàŋăï àěčãńïàĺğăæĺï ĺ áåěňă ňĺŋĺňăńìŋëå ćëçĺâăŋĺľ (MS). Ŕàĺ íâőň łőŋáâăŋâë ŕěàěŋőàňĺàőćłĺ őŕàěďěńïîâáï äőàňãńőľ

Z = 1 − K R0, (1)

čďě K őąőğŋăçăěâ áĺŋčãńïàŋãî çăáâì, ă R0 - ŋěŕőńŋãî R őŕěàăæĺî ąěğ ŕőáńěďŋěčő ćëçĺâăŋĺï.

• Ńăčàăŋęĺăŋ: L = 1 2 (∂_μφ)^2 − λ 4! φ^4 (2)

• Ŕàăćĺńă Ťěľŋňăŋă: = −iλ = i p^2 • • � �@@ @^•

1 ŕěâńï

• Ŕàőŕăčăâőà: • •ŒÆ

Øø_{• = J1 = 0}

ć áĺńã ŕàăćĺń àăğňěàŋőľ àěčãńïàĺğăæĺĺ ďńï ąěğňăááőćëå ďĺăčàăňň. Śőőâćěâáâćěŋŋő, łőŋáâăŋâă ŕěàěŋőàňĺàőćłĺ ŕàőŕăčăâőàă àăćŋă

Z�^1_2 = 1. (3)

• Ćěàèĺŋă: @�•¯˘˚ˇ�•@ + @� •¯˘ ˚ˇ_{�•@ + �}�^�_• ¯˘ ˚ˇ_{•@}@^@_{= I1(s) + I1(t) + I1(u) ,}

s = (p_1 + p_2)^2 = (p_3 + p_4)^2, t = (p_1 − p_3)^2 = (p_2 − p_4)^2, u = (p_1 − p_4)^2 = (p_2 − p_3)^2.

I_1(s) = (−iλ)^2 2 (μ^2)^ε (2π)^4 i^2

∫ d^4�^{2ε}k k^2(p − k)^2 = λ^2 2 iπ^2 (2π)^4 ( μ^2 −s )ε Γ(1 − ε)Γ(1 − ε)Γ(ε) Γ(1)Γ(1)Γ(2 − 2ε) = (1/2 - łőňąĺŋăâőàŋëľ łőíääĺæĺěŋâ) = i 2 λ^2 16π^2 ( μ^2 −s )ε 1 ε(1 − 2ε) = i 2 λ^2 16π^2 ( 1 ε + 2 + ln μ^2 −s ) Ůěâćěàŋăï ćěàèĺŋă àăćŋă:

Γ_4 = −iλ { 1 − λ 16π^2 ( 3 2ε + 3 + 1 2 ln μ^2 −s + 1 2 ln μ^2 −t + 1 2 ln μ^2 −u )} .

Łőŋáâăŋâă ŕěàěŋőàňĺàőćłĺ çěâćěàŋőľ ćěàèĺŋë ć MS áåěňě àăćŋă áĺŋčãńïàŋőľ çăáâĺ á őąàăâŋëň ğŋăłőň Z_4 = 1 + 3 2ε λ 16π^2

. (4)

”Čőńëľ” ĺ àěŋőàňĺàőćăŋŋëľ ğăàïďë áćïğăŋë áőőâŋőèěŋĺěň: λ_{Bare} = μ^{2ε}λZ_λ, (5) čďě łőŋáâăŋâă ŕěàěŋőàňĺàőćłĺ ğăàïďă λ àăćŋă:

Z_λ = Z_4Z�^2_2 = 1 + 3 2ε λ 16π^2

. (6)

2 ŕěâńĺ

• Ŕàőŕăčăâőà: ¯˘˚ˇ = J_2(p^2) .

J_2(p^2) = (−iλ)^2 3! i^3(μ^2)^{2ε} (2π)^8

∫ d^4�^{2ε}kd^4�^{2ε}q

q^2(k − q)^2(p − k)^2 = (1/3! - łőňąĺŋăâőàŋëľ łőíääĺæĺěŋâ) = iλ^2 6 (iπ^2)^2 (2π)^8 p^2 ( μ^2 −p^2 )2ε Γ(1 − ε)Γ(1 − ε)Γ(1 − ε)Γ(−1 + 2ε)

Γ(1)Γ(1)Γ(1)Γ(3 − 3ε) =

= i 6 λ^2 (16π^2)^2 ( μ^2 −p^2 )2ε p^2 (2 − 3ε)(1 − 3ε)(1 − 2ε)2ε = i 24 λ^2 (16π^2)^2 p^2 ( 1 ε + 13 2 + 2 ln μ^2 −p^2 )

Šăłĺň őąàăğőň ŕàőŕăčăâőà ĺňěěâ ćĺď: • •¯˘ ˚ˇ_{• • •= +• • •• •} ¯˘ ˚ˇ_{= • •}{_{1+} ¯˘ ˚ˇ_• }_{• • =} = i p^2 { 1 − 1 24 λ^2 (16π^2)^2 ( 1 ε + 13 2 + 2 ln μ^2 −p^2 )} . Łőŋáâăŋâă ŕěàěŋőàňĺàőćłĺ ŕàőŕăčăâőàă ěáâì őąàăâŋăï łőŋáâăŋâă ŕěàěŋőàňĺàőćłĺ ćőńŋőćőľ äãŋłæĺĺ. Ć MS áåěňě őŋă àăćŋă áĺŋčãńïàŋőľ çăáâĺ á őąàăâŋëň ğŋăłőň

Z�^1_2 = 1 + 1 24ε ( λ 16π^2 )2 . (7)

• Ćěàèĺŋă: @�•¯˘˚ˇ̄˘˚ˇ

• �_•@ + ŕěàěłàñáâŋëě çńěŋë = I_2(s) + I_2(t) + I_2(u).

I_2(s) = (−iλ)^3 4 ( (μ^2)^ε (2π)^4 i^2

∫ d^4�^{2ε}k

k^2(p − k)^2 )2 =

(1/4 - łőňąĺŋăâőàŋëľ łőíääĺæĺěŋâ) = − i 4 λ^3 (16π^2)^2 ( 1 ε + 2 + ln μ^2 −s )^2.

Ćëçĺâăŋĺě àăáåőďïéĺåáï ŕőďčàăäőć (R-őŕěàăæĺï ąěğ ŕőáńěďŋěčő ćëçĺâăŋĺï) ćëčńïďĺâ áńěďãîéĺň őąàăğőň:

R0 @�¯˘˚ˇ̄˘˚ˇ�@_= @�¯˘˚ˇ̄˘˚ˇ�@_- @�¯˘˚ˇ¯˘˚ˇ�@_-

• • @�¯˘˚ˇ¯˘˚ˇ

�@_{• •} ĺńĺ R0I_2(s) = − i 4 λ^3 (16π^2)^2 { ( 1 ε + 2 + ln μ^2 −s )^2 − 2 ε ( 1 ε + 2 + ln μ^2 −s ) } =

= − i 4 λ^3 (16π^2)^2 ( − 1 ε^2

+ 4 + ln^2 μ^2 −s + 4 ln μ^2 −s ) . Ğăňěâĺň, çâő ŕőáńě ćëçĺâăŋĺľ ŕőďčàăäőć áĺŋčãńïàŋăï çăáâì ĺňěěâ ńőłăńìŋëľ åăàăłâěà, â.ě. ć ĺňŕãńìáŋőň ŕàőáâàăŋáâćě ŋě ğăćĺáĺâ őâ ln p^2. Ůńěŋë ŕěàćőčő ŕőàïďłă ŕő 1/ε őâáãâáâćãîâ ć áĺńã âőčő, çâő ďĺăčàăňňă äăłâőàĺğãěâáï ŋă ďćě ďĺăčàăňňë ŋĺğèěčőő ŕőàïďłă.

Ćłńăď ć ćěàèĺŋŋãî äãŋłæĺî àăćěŋ:

ΔΓ_4 = −iλ { 1 4 λ^2 (16π^2)^2 ( − 3 ε^2

+ 12 + ln^2 μ^2 −s + 4 ln μ^2 −s + ln^2 μ^2 −t + 4 ln μ^2 −t + ln^2 μ^2 −u + 4 ln μ^2 −u )}

Ĺ áőőâćěâáâćěŋŋő ćłńăď ć łőŋáâăŋâã ŕěàěŋőàňĺàőćłĺ çěâćěàŋőľ ćěàèĺŋë ć MS áåěňě àăćěŋ áĺŋčãńïàŋőľ çăáâĺ á őąàăâŋëň ğŋăłőň

ΔZ_4 = + 3 4ε^2 ( λ 16π^2 )2 . (8)

• Ćěàèĺŋă:

fflffi fifl æß^{@ �}_{�@}^{• •}• + ŕěàěłàñáâŋëě çńěŋë (ćáěčő 6 ćăàĺăŋâőć)

Řăááňőâàĺň őďĺŋ ĺğ ŋĺå. Ŕőáłőńìłã ŋăá ĺŋâěàěáãîâ âőńìłő ŕěàěŋőàňĺàőćłĺ, łőâőàëě ć MS áåěňě ŋě ğăćĺáïâ őâ ćŋěèŋĺå ĺňŕãńìáőć, âő ďńï ŕàőáâőâë ćëçĺáńěŋĺľ ŕőńőęĺň őďĺŋ ĺğ ĺňŕãńìáőć àăćŋëň ŋãńî. Šőčďă ďĺăčàăňňă ŕàĺőąàěâñâ ćĺď: p → → p̊¯ ˇ̆¯ 0

Śőőâćěâáâćãîéĺľ ĺŋâěčàăń àăćěŋ:

I_2(p^2) = (−iλ)^3 2 (μ^2)^{2ε} (2π)^8 i^4

∫ d^4�^{2ε}qd^4�^{2ε}k q^2(k − q)^2k^2(p − k)^2 =

(1/2 - łőňąĺŋăâőàŋëľ łőíääĺæĺěŋâ) = iλ^3 2 (μ^2)^{2ε} (2π)^8 iπ^2 Γ(1 − ε)Γ(1 − ε)Γ(ε) Γ(1)Γ(1)Γ(2 − 2ε)

∫ d^4�^{2ε}k (k^2)^{1+ε}(p − k)^2 = = − i 2 λ^3 (16π^2)^2 ( μ^2 −p^2 )2ε Γ(1 − ε)Γ(1 − ε)Γ(ε)Γ(1 − 2ε)Γ(1 − ε)Γ(2ε) Γ(1)Γ(1)Γ(2 − 2ε)Γ(1 + ε)Γ(1)Γ(2 − 3ε) = = − i 2 λ^3 (16π^2)^2 ( μ^2 −p^2 )2ε 1 2ε^2(1 − 2ε)(1 − 3ε) = = − i 2 λ^3 (16π^2)^2 { 1 2ε^2 + 5 2ε + 2 + ln(−μ^2/p^2) ε + ln^2 μ^2 −p^2 + 5 ln μ^2 −p^2 } . Ćëçĺâăŋĺě àăáåőďïéĺåáï ŕőďčàăäőć (R-őŕěàăæĺï ąěğ ŕőáńěďŋěčő ćëçĺâăŋĺï) ćëčńïďĺâ áńěďãîéĺň őąàăğőň: R0˚ ¯ ˇ ˘¯^= ˚ ¯ ˇ ˘¯^- ´`ıȷ^•ff� ĺńĺ R0I_2(s) = − i 2 λ^3 (16π^2)^2 ( μ^2 −p^2 )2ε 1 2ε^2(1 − 2ε)(1 − 3ε) − ( μ^2 −p^2 )ε 1 ε^2(1 − 2ε) =

= − i 2 λ^3 (16π^2)^2 {( 1 2ε^2 + 5 2ε + 2 + ln(−μ^2/p^2) ε + ln^2 μ^2 −p^2 + 5 ln μ^2 −p^2 ) − − ( 1 ε^2 + 2 ε + 4 + ln(−μ^2/p^2) ε + 1 2 ln^2 μ^2 −p^2 + 2 ln μ^2 −p^2 )} = = − i 2 λ^3 (16π^2)^2 { − 1 2ε^2 + 1 2ε − 2 + 1 2 ln^2 μ^2 −p^2 + 3 ln μ^2 −p^2 } . Őŕïâì ŕőáńě ćëçĺâăŋĺï àăáåőďïéěčőáï ŕőďčàăäă áĺŋčãńïàŋăï çăáâì ĺňěěâ ńőłăńìŋëľ åăàăłâěà, â.ě. ć ĺňŕãńìáŋőň ŕàőáâàăŋáâćě ŋě ğăćĺáĺâ őâ ln p^2.

Ćłńăď ć ćěàèĺŋŋãî äãŋłæĺî àăćěŋ:

ΔΓ_4 = −iλ { 1 2 λ^2 (16π^2)^2 ( − 3 ε^2 + 3 ε − 12 + 1 2 ln^2 μ^2 −p^2 + 3 ln μ^2 −p^2 + . . . )} ĺ áőőâćěâáâćěŋŋő ΔZ_4 = ( 3 2ε^2 − 3 2ε ) ( λ 16π^2 )2 . (9)

Šăłĺň őąàăğőň, ć áĺńã (8) ĺ (9) ć ďćãåŕěâńěćőň ŕàĺąńĺęěŋĺĺ łőŋáâăŋâă ŕěàěŋőàňĺàőćłĺ çěâćěàŋőľ ćěàèĺŋë ĺňěěâ ćĺď:

Z_4 = 1 + 3 2ε λ 16π^2 + ( λ 16π^2 )2 ( 9 4ε^2 − 3 2ε ). (10)

Ś ãçñâőň ďćãåŕěâńěćőľ ŕěàěŋőàňĺàőćłĺ ŕàőŕăčăâőàă (7) ĺňěěň:

Z_λ = Z_4Z�^2_2 = 1 + 3 2ε λ 16π^2 + ( λ 16π^2 )2 ( 9 4ε^2 − 17 12ε ). (11)