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Ìîòèâàöèÿ è öåëü

Ïðîáëåìà: Ðàñ÷¼òû â òàêèõ òåîðèÿ êàê ÊÕÄ êðàéíå ñëîæíû èç-çà

íåèíòåãðèðóåìîñòè òåîðèè.

Ïîäõîä: Èçó÷åíèå èíòåãðèðóåìûõ ìîäåëåé ÊÒÏ êàê ïîëèãîíà äëÿ

ðàçðàáîòêè âû÷èñëèòåëüíûõ ìåòîäîâ.

Îáúåêò èçó÷åíèÿ: Áîçîííàÿ ìîäåëü Òèððèíãà â ïðîñòðàíñòâå

Ìèíêîâñêîãî.

Öåëü ðàáîòû: ïðîâåñòè âñåñòîðîííþþ ïðîâåðêó ãèïîòåçû îá

èíòåãðèðóåìîñòè áîçîííîé ìîäåëè Òèððèíãà ñ ÷åòâåðòè÷íûì

âçàèìîäåéñòâèåì â ñòàðøèõ ïîðÿäêàõ òåîðèè âîçìóùåíèé è äîêàçàòü

(îïðîâåðãíóòü) äóàëüíîñòü äàííîé ìîäåëè êîìïëåêñíîé ìîäåëè

ñèíóñ-Ãîðäîíà.

Ëèòåðàòóðà: M. Al�mov, A. Kurakin, ¾On bosonic Thirring model in Minkowski signature¿,
Nucl. Phys. B 998, 116418 (2024).
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Íàó÷íàÿ íîâèçíà

Äâóõïåòëåâîé àíàëèç ìîäåëè Òèððèíãà

Ïðîâåðêà èíòåãðèðóåìîñòè çà ïðåäåëàìè îäíîïåòëåâîãî

ïðèáëèæåíèÿ

Íîâûå ìåòîäû âû÷èñëåíèÿ sunset-èíòåãðàëîâ

Ïðîâåðêà ãèïîòåçû î äóàëüíîñòè ìîäåëåé
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Ïðàâèëà Ôåéíìàíà äëÿ ìîäåëè

Ñâîáîäíûé ëàãðàíæèàí çàïèñûâàåòñÿ â ìàòðè÷íîé ôîðìå:

Lfree = −1

2
ΦT K̂Φ, Φ =

(
β+ β− γ̄ γ

)T
ãäå K̂ � ìàòðèöà êèíåòè÷åñêîãî îïåðàòîðà.

Ìàòðèöà ïðîïàãàòîðîâ íàõîäèòñÿ êàê îáðàòíàÿ ê K̂ â èìïóëüñíîì

ïðåäñòàâëåíèè:

D(k) = −i ˜̂K−1(k)

ßâíûé âèä ïðîïàãàòîðîâ:

⟨β̃+(k)β̃−(−k)⟩ = im

k2 −m2 + iε

⟨˜̄γ(k)γ̃(−k)⟩ = im

k2 −m2 + iε

⟨˜̄γ(k)β̃+(−k)⟩ = 2k−

k2 −m2 + iε

⟨γ̃(k)β̃−(−k)⟩ = 2k+

k2 −m2 + iε
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Òèïû äâóõïåòëåâûõ äèàãðàìì

¾Çàêàòíûå¿ (Sunset)
(à)

Ñâÿçàííûå
ïåòëè (b)

Ðàçäåëåííûå ïåòëè (c)

Õàðàêòåðèñòèêè äèàãðàìì

Sunset: J0(k
2), J±1 (k), J±∓

2 (k2), J±∓±
3 (k)

Ñâÿçàííûå ïåòëè: I1(0), I
+−
2 (0)

Ðàçäåëåííûå ïåòëè: Ñâîäÿòñÿ ê I1 × I1
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Àíàëèç ðàñõîäèìîñòåé

Èíòåãðàëû äëÿ äâóõòî÷å÷íîé ôóíêöèè:

J0(k
2) = −im3(3m2A(k2) + B(k2))

J±1 (k) = −2i

3

k±

m
J0(k

2)

J+−
2 (k2) = −k2 − 3m2

6m2
J0(k

2) +
i

2m
I 21

Êîíòð÷ëåíû:

δ
(1)
m óñòðàíÿåò ðàñõîäèìîñòè èç äèàãðàìì (b) è (c)

δ
(2)
m íåîáõîäèì äëÿ äèàãðàìì (a)

δ
(2)
m =

1

16π2

(
1

ϵ2
+

2

ϵ
(· · · )

)
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Èäåÿ âû÷èñëåíèÿ

Êëþ÷åâàÿ ñëîæíîñòü: Âû÷èñëåíèå sunset-èíòåãðàëîâ, îñîáåííî òèïà

J3, ñîäåðæàùèõ ïðîèçâåäåíèÿ ñâåòî-êîíóñíûõ êîìïîíåíò èìïóëüñîâ:

J±±∓
3 (k) =

∫
d2p1d

2p2
(2π)4

8p±1 p
±
2 (k − p1 − p2)

∓

(p21 −m2)(p22 −m2)((k − p1 − p2)2 −m2)

Ïðåäëàãàåìàÿ èäåÿ:

Ïðåäñòàâèòü ÷èñëèòåëè sunset-èíòåãðàëîâ â âèäå ñêàëÿðíûõ

ïðîèçâåäåíèé (pi · pj) è ïðåîáðàçîâàòü èõ äî ñîêðàùåíèÿ ñî

çíàìåíàòåëÿìè, ÷òî ìîæåò ïðèâåñòè ê óïðîùåíèþ è óñòðàíåíèþ ÷àñòè

ðàñõîäèìîñòåé.

Öåëü: Ðàçðàáîòàòü ýôôåêòèâíûé ìåòîä âû÷èñëåíèÿ J3 è äðóãèõ

ñëîæíûõ sunset-èíòåãðàëîâ äëÿ ïîëó÷åíèÿ êîíå÷íîé äâóõïåòëåâîé

àìïëèòóäû.
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Äèàãðàììà (a)

3 ñêàëÿðíûõ ïðîïàãàòîðà:

g4J0
m2 + k2

(k2 −m2)2

2 ñêàëÿðíûõ + 1 ñìåøàííûé:

−g4
2im

(k2 −m2)2
(k+J−1 + k−J+1 )

2 ñìåøàííûõ + 1 ñêàëÿðíûé:

−g4J+−
2

m2 + k2

(k2 −m2)2

3 ñìåøàííûõ:

g4
2im

(k2 −m2)2
(k+J−+−

3 + k−J+−+
3 )
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Ñóììàðíûé âêëàä sunset-äèàãðàìì

Äâóõòî÷å÷íàÿ êîððåëÿöèîííàÿ ôóíêöèÿ:

⟨γ̃(k)˜̄γ(−k)⟩ = g4
m2 + k2

(k2 −m2)2
(J0−J+−

2 )− 2img4

(k2 −m2)2
(k+J−

1 +k−J+
1 −k+J−+−

3 −k−J+−+
3 )

Ñ ó÷åòîì ñèììåòðèè:

= g4
m2 + k2

(k2 −m2)2
(J0 − J+−

2 )− 4img4

(k2 −m2)2
k+(J−

1 − J−+−
3 )

ßâíàÿ ïîäñòàíîâêà èíòåãðàëîâ:

= −g4
im

(k2 −m2)2

∫∫
d2p1d

2p2
(2π)4

1

D

× [(m2 + k2)(m2 + 4p+
1 p

−
2 )− 4k+(2m2p−

1 + 8p−
1 p−

2 (k − p1 − p2)
+)]

ãäå D = (p21 −m2)(p22 −m2)((k − p1 − p2)
2 −m2)
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Ïðåîáðàçîâàíèå k+J−+−
3

+ k−J+−+
3

Èñõîäíîå:

N = 8
[
k+p−

1 p−
2 q+ + k−p+

1 p
+
2 q

−], q = k − p1 − p2

Ðàçëîæåíèå ÷åðåç ñêàëÿðû è ε-òåíçîð:

k+p−
1 =

k · p1 − ε(k, p1)

4
, p−

2 q+ =
p2 · q + ε(p2, q)

4

k−p+
1 =

k · p1 + ε(k, p1)

4
, p+

2 q
− =

p2 · q − ε(p2, q)

4

Ïîñëå ïðåîáðàçîâàíèé:

N = (k · p1)(p2 · q)− ε(k, p1)ε(p2, q)

Èñïîëüçóåì òîæäåñòâî:

εµνεαβ = −gµαgνβ + gµβgνα

Ïîäñòàâëÿåì q = k − p1 − p2:

N = 2(k · p1)(k · p2)− p22(k · p1)− p21(k · p2)− k2(p1 · p2)
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Äâóõòî÷å÷íàÿ ôóíêöèÿ

Îáùåå âûðàæåíèå:

⟨γ̃γ̃⟩(2)sunset = −g4
im

(k2 −m2)2

∫∫
d2p1d

2p2
(2π)4

1

D

[
(m2+k2)(m2+p1p2)−2N

]
Ïîäñòàâëÿåì N:

⟨γ̃γ̃⟩(2)sunset = −g4
im

(k2 −m2)2

∫∫
d2p1d

2p2
(2π)4

1

D

×
[
(m2 + k2)(m2 + p1 · p2)− 4(k · p1)(k · p2)

+ 2p22(k · p1) + 2p21(k · p2) + 2k2(p1 · p2)
]
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Âûäåëåíèå ýëåìåíòàðíûõ èíòåãðàëîâ

Âûäåëÿåì p2i −m2:
p2i = (p2i −m2) +m2

Èòîãîâîå âûðàæåíèå:

⟨γ̃γ̃⟩(2)sunset = −g4
im

(k2 −m2)2

∫∫
d2p1d

2p2
(2π)4

1

D

×
[
(m2 + k2)(m2 + p1 · p2)− 4(k · p1)(k · p2)

+ 2m2(k · p1 + k · p2) + 2k2(p1 · p2)
+ 2(p21 −m2)(k · p2) + 2(p22 −m2)(k · p1)

]
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Çàêëþ÷åíèå

Â õîäå ïðîäåëàííîé ðàáîòû

Èçó÷åíà áîçîííàÿ ìîäåëü Òèððèíãà â ïðîñòðàíñòâå Ìèíêîâñêîãî:

ïîñòðîåíèå ïðàâèë Ôåéíìàíà, âû÷èñëåíèå îäíîïåòëåâûõ ïîïðàâêè

ê äâóõòî÷å÷íûì è ÷åòûð¼õòî÷å÷íûì ôóíêöèÿì Ãðèíà, ðàñ÷åò

ìàòðèö ðàññåÿíèÿ è S-ìàòðèö â ïåðâîì ïîðÿäêå òåîðèè

âîçìóùåíèé, âû÷èñëåíèå äâóõïåòëåâûõ ïîïðàâîê ê ïðîïàãàòîðàì.

Ïðîâåäåíî ïðåîáðàçîâàíèå ÷èñëèòåëåé sunset-èíòåãðàëîâ ê

ñêàëÿðíûì ïðîèçâåäåíèÿì èìïóëüñîâ. Ýòî ïîçâîëèëî ÷àñòè÷íî

ñîêðàòèòü ñëîæíûå ñòðóêòóðû è âûäåëèòü ýëåìåíòàðíûå

èíòåãðàëû.
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Ñïàñèáî çà âíèìàíèå!
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