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Êîíòèíóàëüíûé èíòåãðàë â êâàíòîâîé ìåõàíèêå

〈x′, t′|x, t = 0〉 ∼
∫ ∏

t

dxt exp

(
i

∫ t′

0

dt

{
m
.
x2

2
− V (x)

})

Ðàçäåëÿåì îòðåçîê t ∈ [0, t′] íà Nt ÷àñòåé ti = i
N t

t′

Òðàåêòîðèÿ ti ↔ xi c ãðàí. óñëîâèÿìè x0 = x, xNt = x′

Óñòðåìëÿåì Nt →∞

Ì. Êðîéö, �Êâàðêè, ãëþîíû è ðåøåòêè�

Â.Â. Áðàãóòà
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Ñòàòèñòè÷åñêàÿ ñóììà

Z = Sp[e−βĤ ] ∼
∫

dx〈x, t′|x, t = 0〉t=−it

Îñöèëëÿöèé íåò, β = t′ = 1

T

Ãðàíè÷íûå óñëîâèÿ: x0 = xNt = x, ( ãåîìåòðèÿ öèëèíäðà )

D. Diakonov, arXiv:0906:2456

Â.Â. Áðàãóòà
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Âû÷èñëåíèÿ íà ðåøåòêå

Ñîçäàþòñÿ N òðàåêòîðèé {xi } ñ âåñîì

exp

(
−
∫

1/T

0

dt

{
m
.
x2

2
+ V (x)

})

Ôèçè÷åñêàÿ âåëè÷èíà f âû÷èñëÿåòñÿ êàê ñðåäíåå

〈f 〉 =
Sp[e−βĤ f ]

Sp[e−βĤ ]
=

1

N

∑
traj

f ({xi })

Â.Â. Áðàãóòà
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ÊÕÄ íà ðåøåòêå

Ñòåïåíè ñâîáîäû: Ux,µ ∈ SU(N), UP = U1 · U2 · U+
3
· U+

4

Ïàðàìåòðû ðåøåòêè: øàã ðåøåòêè a, β = 2N
g2

, ðàçìåð ðåøåòêè Nt × N3

s

Êîíòèíóàëüíûé èíòåãðàë

Zlatt ∼
∫ ∏

x,µ

DU exp

(
−SE ({UP})

)

Íåïðåðûâíûé ïðåäåë a→ 0

Uµ → exp (igaÂµ), UP → exp (iga2F̂µν )

Zlatt → ZQCD

Â.Â. Áðàãóòà
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Ïåòëÿ Âèëüñîíà

Ïàðàìåòð ïîðÿäêà W (C ) = Tr

[
Pexp

(
−ig

∫
C
Âdx

)]

Êîíôàéíìåíò T < Tc (Tc ' 300 MeV)

W ∼ e−σS

V (r) = − limT→∞
1

T
logW (C = r × T ), V (r) ∼ σr

Êâàðêè è ãëþîíû íå ñóùåñòâóþò â ñâîáîäíîì ñîñòîÿíèè

Äåêîíôàéíìåíò T > Tc

σ = 0

Êâàðêè è ãëþîíû ñóùåñòâóþò â ñâîáîäíîì ñîñòîÿíèè

(êâàðê-ãëþîííàÿ ïëàçìà)

Â.Â. Áðàãóòà
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M. Luzum, P. Romatschke, Phys. Rev. C 78, (2008)

Âÿçêîñòü êâàðê-ãëþîííîé ïëàçìû
η
s

= (1− 3) 1

4π

Êâàðê-ãëþîííàÿ ïëàçìà � ñðåäà ñ ìàëîé âÿçêîñòüþ

Â.Â. Áðàãóòà
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Êîìïàêòíàÿ ýëåêòðîäèíàìèêà ( Banks et al., Nucl. Phys. B129, 1977 )

U = eiθ ∈ U(1), θ ∈ (0, 2π), UP = eiθµν

Ñòàò. ñóììà Z(J) = 〈exp
(
ig
∫
C dxµAµ

)
〉 =∫

2π
0

∏
x,µ dθµ(x) exp

[
−β

∑
x,µ,ν (1− cosθµν ) + i

∑
x,µ θµJµ

]
Ñâÿçü ñ ýëåêòðîäèíàìèêîé β = 1

2g2
� 1, θµ = agAµ, θµν = a2gFµν

Ñòàò. ñóììà ìîæåò áûòü ïåðåïèñàíà â ñëåäóþùåì âèäå:

Z(J) = exp

[
− 1

2β

∑
x,y Jµ(x)∆−1Jµ(y)

]
×∑

δm=0 exp

[
−2π2β

∑
x,y mµ(x)∆−1mµ(y) + 2πi

∑
x,y mµ(x)Aµν (x, y)Jν

]
Ïðè β � 1 ïðîèñõîäèò êîíäåíñàöèÿ òîêîâ ìîíîïîëåé ( çàìêíóòûõ ïåòåëü δm = 0), ÷òî
ïðèâîäèò ê êîíôàéíìåíòó

g2e = 1

2β
, g2m = 2π2β, gegm = π

Â.Â. Áðàãóòà
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Ìîäåëü äóàëüíîãî ñâåðõïðîâîäíèêà

Òðåáîâàíèå ìîäåëè

Íàëè÷èå ìàãíèòíûõ çàðÿäîâ

Êîíäåíñàöèÿ ìàãíèòíûõ çàðÿäîâ

Â.Â. Áðàãóòà
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Ìàêñèìàëüíî-àáåëåâà êàëèáðîâêà

ðàáîòàåì ñ SU(2) ÊÕÄ

Â = A1σ̂1 + A2σ̂2 + A3σ̂3, σ1,2,3�ìàòðèöû Ïàóëè

âûáèðàåì Â ìàêñèìàëüíî äèàãîíàëüíîé:

maxΩ R(AΩ), R(A) = −
∫
d4x(A2

1
+ A2

2
)

Ω0 = diag(e−iα(x), e iα(x)) íå ìåíÿåòñÿ R(A)

Â ïðåîáðàçóåòñÿ A± → e±2iαA±(A± = A1 ± iA2),
A3 → A3 − 1

g
∂α

Àáåëåâà äîìèíàíòíîñòü

Îòîáðàæåíèå SU(2)→ U(1)

Åñëè â ïåòëå Âèëüñîíà çàìåíèòü Â→ A3, òî êîíôàéíìåíò

ñîõðàíÿåòñÿ è âîñïðîèçâîäèòñÿ çíà÷åíèå íàòÿæåíèÿ ñòðóíû

Â.Â. Áðàãóòà
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Èññëåäîâàíèå ñâîéñòâ

àáåëåâûõ ìîíîïîëåé
âàæíî äëÿ ïîíèìàíèÿ ÊÕÄ

Â.Â. Áðàãóòà
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Äåòàëè âû÷èñëåíèé

SU(2) ãëþîäèíàìèêà

Ôàçà äåêîíôàéíìåíòà (äèàïàçîí òåìïåðàòóð T/Tc ∈ (1, 7))

Îïðåäåëåíèå òðàåêòîðèé ìîíîïîëåé

Qm ∼
∫
S
~Bd~S

Òîêè ìîíîïîëåé íà ðåøåòêå âèäíû êàê çàìêíóòûå ëèíèè ( òðàåêòîðèè ìîíîïîëåé )

Òðàåêòîðèè çàìêíóòûå (wrapped) è íåçàìêíóòûå (unwrapped) ÷åðåç ÷åðåç îñü x4

Unwrapped-ìîíîïîëè ñîîòâåòñòâóþò âèðòóàëüíûì ïàðàì

Wrapped-ìîíîïîëè ñîîòâåòñòâóþò ðåàëüíûì ÷àñòèöàì

Â äîêëàäå èçó÷àþòñÿ ñâîéñòâà wrapped-ìîíîïîëåé

Â.Â. Áðàãóòà
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Â äîêëàäå áóäóò ïðåäñòàâëåíû ðåçóëüòàòû ðàáîò:

"Thermal Abelian monopoles as selfdual dyons.�,
V.G. Bornyakov, V.V.Braguta, arXiv:1104.1063 [hep-lat]

"Study of the thermal abelian monopoles with proper gauge �xing.�,
V.G. Bornyakov, V.V.Braguta, arXiv:1110.6308 [hep-lat]

"First study of the abelian monopoles in �nite temperature lattice SU(2) gluodynamics with
improved action.�, V.G. Bornyakov, A.G. Kononenko, arXiv:1111.0169 [hep-lat]

V.G. Bornyakov, V.V. Braguta, A. Kotov, to be published

Â.Â. Áðàãóòà
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ÑÒÀÒÈÑÒÈÊÀ

Â.Â. Áðàãóòà
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Ïëîòíîñòü ìîíîïîëåé
Êîððåëÿöèîííûå ôóíêöèè
Ñâîéñòâà òðàåêòîðèé ìîíîïîëåé
Èçó÷åíèå ïîëåé ìîíîïîëÿ

Ïëîòíîñòü ìîíîïîëåé

Ðåçóëüòàòû ôèòèðîâàíèÿ

Dimensional reduction: ρ ∼ (g2(T )T )3

g2(T ) áåðåì â äâóõ ïåòëÿõ

χ2/dof ∼ 1.4, T/Tc ≥ 3, Λ/Tc = 0.397(9)

õîðîøèé êîíòèíóàëüíûé ïðåäåë (a→ 0) ïëîòíîñòè

Â.Â. Áðàãóòà
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Ñâîéñòâà òðàåêòîðèé ìîíîïîëåé
Èçó÷åíèå ïîëåé ìîíîïîëÿ

Ïëîòíîñòü ìîíîïîëåé ( óëó÷øåííîå äåéñòâèå )

Ðåçóëüòàòû ôèòèðîâàíèÿ

ρ ∼ (g2(T )T )3

χ2/dof ∼ 0.28, T/Tc ≥ 2, Λ/Tc = 0.144(3)

Â.Â. Áðàãóòà



Ââåäåíèå
Äåòàëè âû÷èñëåíèé

Ðåçóëüòàòû âû÷èñëåíèé
Âûâîäû

Ïëîòíîñòü ìîíîïîëåé
Êîððåëÿöèîííûå ôóíêöèè
Ñâîéñòâà òðàåêòîðèé ìîíîïîëåé
Èçó÷åíèå ïîëåé ìîíîïîëÿ

Äâóõ÷àñòè÷íûå êîððåëÿöèîííûå ôóíêöèè

gMM (r) =
〈ρM (0)ρM (r)〉

ρ2
=

dNM (r)

ρ 4πr2dr
, gMA(r) =

〈ρM (0)ρA(r)〉
ρ2

=
dNA(r)

ρ 4πr2dr

gMM (r) = exp

(
−
UMM (r)

T

)
, gMA(r) = exp

(
−
UMA(r)

T

)

Â.Â. Áðàãóòà
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Êîððåëÿöèîííûå ôóíêöèè ( íåïðåðûâíûé ïðåäåë )

Ðåçóëüòàòû âû÷èñëåíèé

β = 2.43,Nt = 4, a = 0.1fm, β = 2.635,Nt = 8, a = 0.05fm

Ñòðóêòóðà âçàèìîäåéñòâèÿ âèäíà ëó÷øå íà ìåëêîé ðåøåòêå

Ìîíîïîëü-ìîíîïîëü îòòàëêèâàþòñÿ

Ìîíîïîëü-àíòèìîíîïîëü îòòàëêèâàþòñÿ íà ìàëûõ è ïðèòÿãèâàþòñÿ íà áîëüøèõ
ðàññòîÿíèÿõ

Ìîíîïîëü èìååò ðàçìåð

Â.Â. Áðàãóòà
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Ðàçìåð ìîíîïîëÿ

2× rmon = r0, r0�ïîëîæåíèå ìèíèìóìà â ïîòåíöèàëå

Ïðè ðàñ÷åòå íà ìåëêîé ðåøåòêå rmon óâåëè÷èâàåòñÿ íà ∼ 20%

Íå ÿâëÿåòñÿ ðåøåòî÷íûì àðòèôàêòîì

Â ïðåäåëàõ îøèáêè rmonσ
1/2 íå çàâèñèò îò òåìïåðàòóðû

Â.Â. Áðàãóòà
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Ôèòèðóåì äàííûå

g(r) = exp

(
− α

rT
e−mD r

)
+ c

êîíñòàíòà c-ó÷èòûâàåò ýôôåêò êîíå÷íîãî îáúåìà (ñ ∼ 0.01 )

Â.Â. Áðàãóòà
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Ðåçóëüòàòû

mD/σ
1/2
s íå çàâèñèò îò òåìïåðàòóðû

α ðàñòåò ñ òåìïåðàòóðîé (Shuryak, Liao, Phys.Rev.Lett.101(2008)) (ìàãíèòíàÿ êîíñòàíòà)

â ïðåäåëàõ îøèáêè MD/T × α ∼ const α ∼ 1/g2(T )

íåïðåðûâíûé ïðåäåë: α = 3.0± 0.8 mD/T = 1.9± 0.2 äëÿ T/Tc = 1.5

Â.Â. Áðàãóòà
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Óëó÷øåííîå äåéñòâèå

Â.Â. Áðàãóòà
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Òðåõ÷àñòè÷íûå êîððåëÿöèîííûå ôóíêöèè

gMMM =
〈ρM (r1)ρM (r2)ρM (r3)〉

ρ3
, gMMA =

〈ρM (r1)ρM (r2)ρA(r3)〉
ρ3

Ïðèáëèæåíèå ïàðíîãî âçàèìîäåéñòâèÿ:

gMMM = gMM (r1− r2)gMM (r1− r3)gMM (r2− r3), gMMA = gMM (r1− r2)gMA(r1− r3)gMA(r2− r3)

Âûâîäû

Îòêëîíåíèé îò ïàðíîãî âçàèìîäåéñòâèÿ íå îáíàðóæåíî.

Â.Â. Áðàãóòà
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Ó÷åò òîæäåñòâåííîñòè

Â.Â. Áðàãóòà
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Òîæäåñòâåííûå ÷àñòèöû ( V.G. Bornyakov, A.G. Kononenko, arXiv:1111.0169 )

Âûâîä

Ïðè ïðèáëèæåíèè ê Tc óâåëè÷èâàåòñÿ ÷èñëî òðàåêòîðèè ñ

êâàíòîâîé ñòàòèñòèêîé

Â.Â. Áðàãóòà
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Òîæäåñòâåííûå ÷àñòèöû

ρk = A
e−µk

kα

A. D'Alessandro, M. D'Elia, E. V. Shuryak, arXiv: 1002.4161

Â ñëó÷àå ñâîáîäíûõ ÷àñòèö α = 2.5

Â.Â. Áðàãóòà
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Êîíäåíñàöèÿ ìîíîïîëåé

Ïðè ïðèáëèæåíèè ê Tc õèìè÷åñêèé ïîòåíöèàë µ→ 0, ÷òî

ÿâëÿåòñÿ ñèãíàëîì êîíäåíñàöèè ìîíîïîëåé

Êîíäåíñàò ìîíîïîëåé èëè ïåðêîëèðóþùèé êëàñòåð

Â.Â. Áðàãóòà



Ââåäåíèå
Äåòàëè âû÷èñëåíèé

Ðåçóëüòàòû âû÷èñëåíèé
Âûâîäû

Ïëîòíîñòü ìîíîïîëåé
Êîððåëÿöèîííûå ôóíêöèè
Ñâîéñòâà òðàåêòîðèé ìîíîïîëåé
Èçó÷åíèå ïîëåé ìîíîïîëÿ

Ìàññà ìîíîïîëÿ

∆r
2 = T

∫
1/T

0

dt〈(~r(t)−~r(0))2〉, m =
1

2T∆r2

∆r
2 =

1

L

L∑
i=1

〈(~ri −~r1)2〉

Â.Â. Áðàãóòà
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Ðåçóëüòàòû ðàñ÷åòà

m/T = aLog(T/Λ) χ2/dof ∼ 0.2, a = 3.653(6), Λ/Tc = 0.718(2)

íåïðåðûâíûé ïðåäåë: m/T = 3.96± 0.20

Â.Â. Áðàãóòà
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Ðåçóëüòàòû ðàñ÷åòà

Äåáàåâñêîå ýêðàíèðîâàíèå çàðÿäîâ: H2(r),E2(r) ∼ exp
(
−Mr

)
H2(r) ∼ E2(r), ò.å. ìîíîïîëü èìååò êàê ýëåêòðè÷åñêèé òàê è ìàãíèòíûé çàðÿäû

Ïîäòâåðæäàåòñÿ ðîòàöèîííàÿ èíâàðèàíòíîñòü

Â.Â. Áðàãóòà
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Äóàëüíîñòü

Â.Â. Áðàãóòà
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J.Liao, E.Shuryak, Phys. Rev. C75, (2007)

Äóàëüíîñòü

Äóàëüíûå ïîëÿ ìèíèìèçèðóþò äåéñòâèå

Äèîíû ñ q2m = q2e äàþò ñðåäó ñ ìèíèìàëüíîé âÿçêîñòüþ?

Â.Â. Áðàãóòà
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Õàðàêòåðíûå ìàñøòàáû â êâàðê-ãëþîííîé ïëàçìå

T/Tc ∈ (1.5, 6.9), rcor
<r> ∼ 0.5− 0.6, rs

<r> ∼ 0.16− 0.18,
rf
<r> ∼ 0.16− 0.10

Âûâîäû

Âçàèìîäåéñòâèå ìåæäó ìîíîïîëÿìè ñèëüíîå rcor ∼< r > âî âñåì äèàïàçîíå òåìïåðàòóð
T/Tc ∈ (1.5, 6.9)

rf ∼ rs ìîíîïîëè øàðèêè ñ õðîìîìàãíèòíûì è õðîìîýëåêòðè÷åñêèì ïîëÿìè?

rcor � rf êàê âçàèìîäåéñòâóþò ìîíîïîëè (êîëëåêòèâíûå ÿâëåíèÿ?)

Íåêîòîðûå ñâîéñòâà ñèñòåìû ìîíîïîëåé ñõîäíû ñî ñâîéñòâàìè

æèäêîñòè

Â.Â. Áðàãóòà
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Àáåëåâû ìîíîïîëè íå ÿâëÿþòñÿ ðåøåòî÷íûì àðòåôàêòîì

Ïðîÿâëÿþò ñâîéñòâà ÷àñòèö â ïëàçìå

Îïðåäåëåíû ìàññà ìîíîïîëÿ, ðàçìåð ìîíîïîëÿ,

õèìè÷åñêèé ïîòåíöèàë, ïàðàìåòðû âçàèìîäåéñòâèÿ

ìîíîïîëåé

Ìîíîïîëè êîíäåíñèðóþòñÿ ïðè T = Tc

Àáåëåâû ìîíîïîëè ÿâëÿþòñÿ äèîíàìè c q2m = q2e

Âçàèìîäåéñòâèå â ñèñòåìå ìîíîïîëåé ñèëüíîå

Ñðåäà ìîíîïîëåé ïðîÿâëÿåò ñâîéñòâà æèäêîñòè (J.Liao, E.

Shuryak, Phys. Rev. Lett. 101, (2008))

Â.Â. Áðàãóòà
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Àáåëåâû ìîíîïîëè èìåþò õðîìîìàãíèòíûé çàðÿä

Âçàèìîäåéñòâèå õàðàêòåðèçóåòñÿ ìàãíèòíûì çàðÿäîì

α ∼ 1/g2(T )

Ïðè òåìïåðàòóðàõ T < Tc ïîÿâëÿåòñÿ êîíäåíñàò

ìîíîïîëåé èëè ïåðêîëèðóþùèé êëàñòåð

Äóàëüíîñòü ïîëåé tr(E 2) = tr(H2) ìèíèìèçèðóåò äåéñòâèå

Ïîäòâåðæäàåòñÿÿ
ìîäåëü äóàëüíîãî ñâåðõïðîâîäíèêà

Àáåëåâû ìîíîïîëè êâàçèêëàññè÷åñêèå ðåøåíèÿ,
îòâåòñòâåííûå çà êîíôàéíìåíò?

Â.Â. Áðàãóòà
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Âçàèìîäåéñòâèå ìîíîïîëåé ïàðíîå

Íà ìàëûõ ðàññòîÿíèÿõ ìîíîïîëè îòòàëêèâàþòñÿ

Ýôôåêòèâíàÿ òåîðèÿ (V.I. Zakharov)

Ĥ =
∑
p

p2

2m
a+
p ap +

∑
p1,p2,p′1,p

′
2

Up1,p2,p′1,p
′
2
a+
p′1
a+
p′2
ap1ap2

Ïðè T < Tc ïîÿâëÿåòñÿ êîíäåíñàò ìîíîïîëåé è ñðåäà

ñòàíîâèòñÿ ñâåðõòåêó÷åé

Ñðåäà äèîíîâ ñ q2e = q2m èìååò ìàëóþ âÿçêîñòü?

Ìîíîïîëè ñîçäàþò ñðåäó (æèäêîñòü) ñ
ìàëîé âÿçêîñòüþ?

Â.Â. Áðàãóòà
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ÑÏÀÑÈÁÎ ÇÀ ÂÍÈÌÀÍÈÅ!

Â.Â. Áðàãóòà


	
	 
	 
	 
	 
	   
	  

	

