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×åòûðåõôåðìèîííîå âçàèìîäåéñòâèå

H = −q̄ (iγ∇ + im) q − q̄ taγµ q

∫
dy q̄′ tbγν q′ 〈Aa

µA
′b
ν 〉

〈Aa
µA
′b
ν 〉 = G δab [ δµν F (x − y) ]

F (x) = δ(x) (ÍÈË), F (p) = δ(p) (ÊÊÁ), F (x) ∼ |x |

q(x) =

∫
d p̃

(2Ep)1/2
[
ap,Sup,Se

ipx + b+
p,Svp,Se

−ipx]
Ep =

(
p2 + m2

)1/2
, a |0〉 = 0, b |0〉 = 0, d p̃ = dp/(2π)3

Ïðåîáðàçîâàíèå Áîãîëþáîâà T =
∏
p,S

exp
[
ϕp(a+

p,Sb
+
−p,S + ap,Sb−p,S)

]
A = T a T † , |σ〉 = T |0〉 , E = min

ϕp
〈σ|H|σ〉
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×åòûðåõôåðìèîííîå âçàèìîäåéñòâèå

Ðàâíîâåñíûé óãîë θ = 2ϕ êàê
ôóíêöèÿ èìïóëüñà p â ÌýÂ.
Ñïëîøíàÿ ëèíèÿ îïèñûâàåò ìî-
äåëü ÍÈË, øòðèõîâàÿ ëèíèÿ ñî-
îòâåòñòâóåò ìîäåëè ÊÊÁ.

Òðè âåòâè ðåøåíèé äëÿ äèíàìè÷å-
ñêîé ìàññû êâàðêà â ÌýÂ äëÿ ìî-
äåëè ÊÊÁ, êàê ôóíêöèÿ èìïóëüñà
(ÌýÂ). Òî÷êàìè ïîêàçàíû ìíèìûå
÷àñòè ðåøåíèé.
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Òåðìîäèíàìèêà êâàðêîâîãî àíñàìáëÿ

|N〉 =
∏

|P|<PF ,S

A+
P;S |σ〉, E = min

ϕp
〈N|H|N〉 (T = 0)

ρ = 〈N|q̄γ0q|N〉 = γ P3
F/6π

2 , γ = 2NcNf

µ =
[
P2
F + M2

q(PF )
]1/2

, P = −dE/dV = −E + µ ρ

ξ =
e−Ĥapp/T

Z0
, Z0 = Tr {e−Ĥapp/T} (T 6= 0)

Ω = E − µ Q̄0 − T S̄

Q̄0 = Tr{ξQ0}, S̄ = −Tr{ξS}, S = − ln ξ

P = −dE/dV , dS̄/dV = 0 → dµ/dV , dQ̄0/dV 6= 0

µ̄ = µ , P = −E

V
+

S̄T

V
+

Q̄0µ

V
, Ω = −P V
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Ôóíêöèîíàë Ëàíäàó Ôåðìè æèäêîñòè

sin (θ − θm) =
Mq(p)

P0
, P0 = (p2 + M2

q(p))1/2

sin θm =
m

p0
, p0 = (p2 + m2)1/2

Mq(p) = m +

∫
d q̃ F (p + q) M̃(q)

w =
E

V γ
=

∫
d p̃p0 −

∫
d p̃(1− n− n̄)P0 +

1

4G

∫
d p̃d q̃F (p+ q)M̃(p)M̃(q)

δw
δM̃(p)

→ Mq = m + 2G
∫
d q̃ (1− n′ − n̄′) F (p + q)

M ′q
P ′0

δw
δn = P0,

δ2w
δn2

= f0
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Ôóíêöèîíàë Ëàíäàó Ôåðìè æèäêîñòè

vf = ∂P0/∂p||p|=PF
ãðóïï. ñê. êâàç÷. íà ï.Ô.

NF = γ
∫
d p̃ δ(P0 − µ) = ÑF (1 + F0)−1 ïë. ñîñò. íà ï.Ô.

ÑF = γ/(2 π2)PFP
0
F ïë. ñîñò. èäåàëüíîãî ãàçà

F0 = ÑF f0 = Mq/PFdMq/dPF

K = 9ρdµ/dρ = 3P2
F/µ (1 + F0) ìîäóëü ñæàòèÿ

C 2
1 = K/(9µ) = v2F/3 (1 + F0) ñêîðîñòü ïåðâîãî çâóêà

CV = 1
3 π

2NF T òåïëîïðîâîäíîñòü

NF C 2
1 = ÑF C̃ 2

1 àíàëîã òåîðåìû Ëàòòèíæåðà
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Ôóíêöèîíàë Ëàíäàó Ôåðìè æèäêîñòè

Ãðóïïîâàÿ ñêîðîñòü êâàçè÷à-
ñòèö vF íà ïîâåðõíîñòè Ôåðìè.
Ñïëîøíàÿ ëèíèÿ îïèñûâàåò ìî-
äåëü ÍÈË, øòðèõîâàÿ ëèíèÿ ñî-
îòâåòñòâóåò ìîäåëè ÊÊÁ, òî÷êà-
ìè îáîçíà÷åíû äàííûå äëÿ ìî-
äåëè ÊÊÁ, ñ íàñòðîéêîé íà ìàñ-
ñó π-ìåçîíà. Àíàëîã. ñëåä. ðèñ.

Ìîäóëü ñæàòèÿ K â ÌýÂ.
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Ôóíêöèîíàë Ëàíäàó Ôåðìè æèäêîñòè

Ñêîðîñòü ïåðâîãî çâóêà C1. Êîýôô. íàêëîíà ïðè ìàëûõ òåìï.
1
3π

2NF , CV = 1
3π

2NFT .
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Ôóíêöèîíàë Ëàíäàó Ôåðìè æèäêîñòè

Ôàêòîð F0 òåîðèè ôåðìè-æèäêîñòè Ëàíäàó.
F0 > 0 îòòàëêèâàíèå, êîëåáàíèÿ íóëåâîãî çâóêà

−1 < F0 < 0 ñëàáîå ïðèòÿæåíèå, çàòóõàþùèé íóëåâîé çâóê
F0 < −1 ñèëüíîå ïðèòÿæåíèå, íåóñòîé÷èâîñòü

Ñ.Â. Ìîëîäöîâ (ÎÈßÈ, ÈÒÝÔ) Íåêîòîðûå âîïðîñû êâàðêîâûõ êîíäåíñàòîâ
Ñåññèÿ ßÎ ÐÀÍ 5�8.11.2013 9 /

28



Òåðìîäèíàìèêà êâàðêîâîãî àíñàìáëÿ

Õèìè÷åñêèé ïîòåíöèàë â ÌýÂ.
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Òåðìîäèíàìèêà êâàðêîâîãî àíñàìáëÿ

Äàâëåíèå àíñàìáëÿ P,
ÌýÂ/Ôì3, êàê ôóíêöèÿ
ïëîòíîñòè çàðÿäà Q0 ïðè òåìïå-
ðàòóðàõ: T = 0 ÌýÂ, ... , T = 50
ÌýÂ. Ñàìàÿ íèæíÿÿ êðèâàÿ
� T = 0. Øòðèõîâîé êðèâîé
ïîêàçàíà ãðàíèöà ôàçîâîãî
ïåðåõîäà ãàç�æèäêîñòü.

Ôðàãìåíòû èçîòåðì. µ, ÌýÂ, êàê
ôóíêöèÿ äàâëåíèÿ, P, ÌýÂ/ôì3.
Ñàìàÿ âåðõíÿÿ êðèâàÿ�íóëåâàÿ
èçîòåðìà. Äàëåå âíèç ñ øàãîì 10
ÌýÂ, äî èçîòåðìû 50 ÌýÂ (ñàìàÿ
íèæíÿÿ êðèâàÿ). Tc ∼ 46 ÌýÂ,
Q̄0 ∼ 0.12 ç/Ôì3. ρl = 3 × 0.19
ç/Ôì3.
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Ïîâåðõíîñòü ðàçäåëà ãàçà è æèäêîñòè (T=0) Q0 → ρ

ρg ∼ 0, M = 335 ÌýÂ ρl = 3× 0.16 ç/Ôì3
∗
M≈ 70 ÌýÂ

L = −q̄ (∂̂ + M) q − 1

2
(∂µσ)2 − U(σ)− 1

4
FµνFµν −

m2
v

2
VµVµ −

−gσ q̄q σ + igv q̄ γµ q Vµ ,

Fµν = ∂µVν − ∂νVµ , U(σ) = m2
σ σ

2/2 + b σ3/3 + c σ4/4 + . . .

Ìîæíî ëè íàñòðîèòü ïàðàìåòðû ëàãðàíæèàíà
gσ , gv , mσ , mv , b , c ,
è ïîëó÷èòü àïïðîêñèìèðóþùèå ðåøåíèÿ.
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Ïîâåðõíîñòü ðàçäåëà ãàçà è æèäêîñòè (T=0)

∆ σ −m2

σ σ = b σ2 + c σ3 + gσ ρs ,

∆ V −m2

v V = −gv ρ ,

(∇̂+
∗
M) q = (E − gv V ) q ,

∗
M= M + gσσ, E =

(
p2+

∗
M

2
)1/2

,

ξ(x) =

PF∫
d̃p qp(x)q̄p(x)

ρs(x) = Tr {ξ(x), 1} , ρ(x) = Tr {ξ(x), γ4}

Ïðèáëèæåíèå Òîìàñà�Ôåðìè, PF (x) :

ρ = γ

PF∫
d̃p = γ P3

F/6π
2 , ρs = γ

PF∫
d̃p

∗
M /E
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Ïîâåðõíîñòü ðàçäåëà ãàçà è æèäêîñòè (T=0)

Èíòåðåñóþùèå íàñ íàñòðîéêè è ðåøåíèÿ ñóùåñòâóþò, ïðè÷åì
ïàðàìåòðû àïïðîêñèìèðóþùåãî ëàãðàíæèàíà îòâå÷àþò ñèãìà
ìîäåëè b ∼ 1.5 m2

σ gσ/M, c ∼ 0.5 m2
σ (gσ/M)2.

Îñíîâíûå õàðàêòåðèñòèêè: êîýôô. ïîâ. íàòÿæåíèÿ,

òîëùèíà ïîâ. ñëîÿ t

us = 4π r2o

∞∫
−∞

dx

[
e(x)− El

ρl
ρ(x)

]

e(x) = E(x)/ρ(x) , El , ρl

E(x) = γ

PF (x)∫
d p̃ [p2+

∗
M

2

(x)]1/2 +
1

2
gv ρ(x) V (x)− 1

2
gσ ρs(x) σ(x)
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Ïîâåðõíîñòü ðàçäåëà, êâàðêîâûå êàïëè (T=0)

Êîýôôèöèåíò ïîâ. íàò. us
â ÌýÂ. t ∼ 1�2ôì.

Ðàñïðåäåëåíèå ïëîòíîñòè êâàðêîâ ρ
(ç/Ôì3) êàê ôóíêöèÿ ðàññòîÿíèÿ r (Ôì).
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Êàïëè êâàðêîâîé æèäêîñòè (T=0)

ρF (r) =
ρ̃0

1 + e(R0−r)/b
, ρ̃0,R0, b, t = 4 ln(3)b R0 = r0N

1/3
q

Nq ρ̃0 (ç/Ôì
3) R0 (Ôì) t (Ôì) r0 (Ôì) mσ (ÌýÂ) η

15 0.34 1.84 2.24 0.74 351 0.65
43 0.43 2.19 2.28 0.75 384 0.73
159 0.46 4.19 2.29 0.77 409 0.78
303 0.47 5.23 2.29 0.78 417 0.795
529 0.47 6.37 2.27 0.79 423 0.805
742 0.47 7.15 2.27 0.79 426 0.81

Nq ρ̃0 (ç/Ôì
3) R0 (Ôì) t (Ôì) r0 (Ôì) mσ (ÌýÂ) η

18 0.81 1.56 1.63 0.57 524 0.7
46 0.9 2.14 1.63 0.6 557 0.75
169 0.93 3.43 1.6 0.62 586 0.79
278 0.94 4.08 1.6 0.62 594 0.8
525 0.94 5.04 1.6 0.62 603 0.81
776 0.94 5.76 1.6 0.63 607 0.815
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Ïëîòíîñòü ÿäåð Êèðàëüíûé ñîëèòîí

Ð. Õîôñòàäòåð, ÓÔÍ 63 (1957) 693; W. Broniowski and M. K. Banerjee,
Phys. Lett. B158, 335 (1978)
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Öâåòîâàÿ ñâåðõïðîâîäèìîñòü

Ùåëü êàê ôóíê. èìïóëüñà êâàðêà
ÊÊÁ. m = 5 ÌýÂ. Êðàéíÿÿ ëåâ.�
íîðì. óñë. Íàïðàâî�äëÿ ðàñòóùå-
ãî õèìè÷åñêîãî ïîòåíöèàëà ñ øàãîì
100 ÌýÂ.

Äèíàìè÷åñêàÿ ìàññà êâàðêà
(ñïëîøí. ëèíèÿ) è ùåëü (øòðèõ.
ëèíèÿ) êàê ôóíêöèè áàðèîííîé
ïëîòíîñòè â ìîäåëè NJL.
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Öâåòîâàÿ ñâåðõïðîâîäèìîñòü

Ýíåðãèÿ ôàçû êèðàëüíîãî êîíäåíà-
òà è ôàçû öâåòîâîé ñâåðõïðîâîäè-
ìîñòè (øòðèõ. êðèâàÿ) êàê ôóíêöèè
ïëîòíîñòè áàðèîííîãî çàðÿäà.

Ýíåðãèÿ ôàçû êèðàëüíîãî êîíäåíà-
òà è ôàçû öâåòîâîé ñâåðõïðîâîäè-
ìîñòè (øòðèõ. êðèâàÿ) êàê ôóíêöèè
ïëîòíîñòè áàðèîííîãî çàðÿäà äëÿ
ìîäåëè NJL.
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Ôåðìèîííûé êîíäåíñàò

Õîäåëü Â. À., Øàãèíÿí Â. Ð. Ïèñüìà ÆÝÒÔ. 1990. Ò. 51 Ñ. 488

Ω = E − µ Q0 − T S

−(1− n)
Mq

P0
+

M

2G
= 0 ,

P0 − µ− T ln(n−1 − 1) = 0 .

Ïðè T = 0. Äëÿ ôåðìè-êîíäåíñàòà ïðåäëàãàåòñÿ â êà÷åñòâå
îïîðíîãî ðàññìàòðèâàòü âòîðîå óðàâíåíèå ñèñòåìû, è èñêàòü
ðåøåíèå â âèäå

T ≡ 0 ,

P0 = µ ,

âûðîæäåííîå ïî ýíåðãèè (àíàëîãè÷íîå ïîâåäåíèå äåìîíñòðèðóåò è
ìîäåëü ÊÊÁ). Îòêóäà äëÿ äèíàìè÷åñêîé ìàññû êâàðêà èìååì

Mq = ±(µ2 − p2)1/2
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Ôåðìèîííûé êîíäåíñàò

Ñòàíäàðòíàÿ ñòóïåíüêà Ôåðìè

n =
1

eβ(P0−µ) + 1
, P0 = [p2 + M2

q(p)]1/2

Äèíàìè÷åñêàÿ ìàññà êâàðêà

Mq

P0
=

M

2G
, n = 0 , |p| > PF ,

M = 0 , n = 1 , |p| < PF .

Äëÿ ôåðìè-êîíäåíñàòà

n± = 1− µ

2G
± µ

2G

m

(µ2 − p2)1/2
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Ôåðìèîííûé êîíäåíñàò

Ïëîòíîñòü ýíòðîïèè (íà Ôì3), êàê ôóíêöèÿ ïëîòíîñòè êâàð-
êîâîãî àíñàìáëÿ (íà Ôì3) äëÿ ñîñòîÿíèÿ ôåðìèîííîãî êîí-
äåíñàòà. Ñïëîøíàÿ êðèâàÿ ïîëó÷åíà â êèðàëüíîì ïðåäåëå.
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Ôåðìèîííûé êîíäåíñàò

−(1− n − n̄)
Mq

P0
+

M

2G
= 0 (T 6= 0)

P0 − µ− T ln(n−1 − 1) = 0

P0 + µ− T ln(n̄−1 − 1) = 0

(m→ 0) 1− n − n̄ =
P0
2G

Âîçìîæíû ñëó÷àè, êîãäà ýíåðãèÿ êâàðêà ñòàíîâèòñÿ îòðèöàòåëüíîé
(ñâÿçàííîå ñîñòîÿíèå êâàçè÷àñòèöû). Ïðè íåíóëåâîé äèíàìè÷åñêîé
ìàññå −2G < P0 < 2G . Ïðè P0 > 2G , Mq = M = 0

(x = µ/(2G ), y = T/(2G )) n̄ =
(
e2x/y+ln(n

−1−1) + 1
)−1

1− n − n̄ = x + y ln(n−1 − 1)
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Ôåðìèîííûé êîíäåíñàò

Ïÿòü âåòâåé ðåøåíèé óðàâíåíèé
äëÿ ïëîòíîñòè êâàðêîâ è àíòèêâàð-
êîâ (êîòîðûå îòâå÷àþò êðèâûì ñ
áîëåå ðàçðåæåííûìè òî÷êàìè) ñ ïà-
ðàìåòðîì y = 0.25, êàê ôóíêöèÿ
ïàðàìåòðà x .

Ýíåðãèÿ êâàðêà P0 äëÿ ïðåäñòàâ-
ëåííûõ ðåøåíèé. Èíòåðåñíî îòìå-
òèòü, ÷òî èìåþòñÿ êîðíè, ñ îòðèöà-
òåëüíîé ýíåðãèåé.
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Ôåðìèîííûé êîíäåíñàò

Ïëîòíîñòü ýíòðîïèè, êàê ôóíêöèÿ ïëîòíîñòè áàðèîííîãî çà-
ðÿäà, ïðè òåìïåðàòóðå y = 0.25. Øòðèõîâàÿ ëèíèÿ îòâå÷àåò
íóëåâîé òåìïåðàòóðå.
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Êîíñòàíòà âçàèìîäåéñòâèÿ

Ïåðâûå ÷ëåíû ðÿäà òåîðèè âîçìóùåíèé äëÿ íàáëþäàåìîé
êîíñòàíòû ñâÿçè.

Π̃π,σ = 4Nc

∫
d k̃

E

−2E 2 + M2 ∓M2

ε2/4− E 2

ãäå ε�ïåðåäàâàåìàÿ ýíåðãèÿ, E = [k2 + M2(k)]1/2�ýíåðãèÿ
êâàçè÷àñòèöû â ïåòëå. V�îáúåì.

Go = G + VG Π̃ + (VG Π̃)2 + · · ·

Π = Π̃− Π0

Gπ,σ
o =

G

1− VG 3Ππ,σ
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Ôåðìèîííûé êîíäåíñàò

Íàáëþäàåìàÿ êîíñòàíòà ñâÿçè Gσ
o êàê ôóíêöèÿ ïå-

ðåäàâàåìîé ýíåðãèè ε (â áåçðàçìåðíûõ ïåðåìåí-
íûõ). Øòðèõîâàÿ êðèâàÿ ïîëó÷åíà äëÿ m = 0.9.
Òî÷êàìè ïîêàçàí ñëó÷àé m = 0.6. Ñïëîøíàÿ ëèíèÿ
îòâå÷àåò ñëó÷àþ m = 0.4. Âñþäó ïàðàìåòð V = 1.
Òî÷êà O ïîêàçûâàåò ìåñòî, ãäå Gπ,σ

o = 0. Øòðèõî-
âàÿ êðèâàÿ ñ áîëüøèì øàãîì îòâå÷àåò m = 0.01.

Íàáëþäàåìàÿ êîí-
ñòàíòà ñâÿçè Gπ

o

êàê ôóíêöèÿ ïåðå-
äàâàåìîé ýíåðãèè
ε. Îáîçí. àíàëîãè÷-
íû ñëó÷àþ ñêàëÿð-
íîãî ìåçîíà.

Ñ.Â. Ìîëîäöîâ (ÎÈßÈ, ÈÒÝÔ) Íåêîòîðûå âîïðîñû êâàðêîâûõ êîíäåíñàòîâ
Ñåññèÿ ßÎ ÐÀÍ 5�8.11.2013 27 /

28



Âûâîäû

1) Åñëè áû êâàðêîâûå êàïëè ñóùåñòâîâàëè â ïðèðîäå, òî ïî ñâîèì
ñâîéñòâàì îíè íàïîìèíàëè áû ÿäåðíóþ ìàòåðèþ.
2) Ïî-âèäèìîìó ðåàëèçîâàí ñöåíàðèé (÷àñòè÷íîãî) âîññòàíîâëåíèÿ
êèðàëüíîé ñèììåòðèè è íàáëþäàåòñÿ ñìåøàííàÿ ôàçà âàêóóìà è
áàðèîííîé ìàòåðèè óæå äëÿ íîðìàëüíûõ óñëîâèé.
3) Ïî ñâîåìó ôèçè÷åñêîìó ñìûñëó ëàãðàíæèàí Ãèíçáóðãà�Ëàíäàó
îïèñûâàåò áàëàíñ ïðèõîäà è óõîäà òîêîâûõ êâàðêîâ èç îäíîé ôàçû
â äðóãóþ, íàïîäîáèå ìîëåêóë âîäû äëÿ íàõîäÿùèõñÿ â ðàâíîâåñèè
æèäêîñòè è ãàçà.
4) Õàðàêòåðíîå ÷èñëî ôîðìèðóþùèõ êâàçè÷àñòèöó òîêîâûõ
êâàðêîâ ïðèìåðíî îäèíàêîâî äëÿ âàêóóìà è äëÿ çàïîëíåííûõ
ñîñòîÿíèé, è îïðåäåëÿåòñÿ, â îñíîâíîì, èìïóëüñîì îáðåçàíèÿ Λ.
Â ýòîì äèíàìè÷åñêîì ñìûñëå âàêóóì òàêæå ïëîòåí, êàê è
áàðèîííàÿ ìàòåðèÿ, à íàøå âîñïðèÿòèå òîëüêî áàðèîííîãî çàðÿäà,
êàê ïëîòíîñòè ìàòåðèè, ìîæåò îêàçàòüñÿ âñåãî ëèøü íåêîòîðîé
èëëþçèåé, ñâÿçàííîé ñ èçìåðèìîñòüþ âåëè÷èíû çàðÿäà îäíîé èç
ôàç.


