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Ñòðóêòóðà ïðåçåíòàöèè

Ïîñòðîåíèå Q-øàðîâ

Âçàèìîäåéñòâèå ìàññèâíûõ ôåðìèîíîâ ñ ïîëåì Q-øàðà

Ïåðåõîä ê íåðåëÿòèâèñòñêîìó ïðåäåëó è ïðåîáðàçîâàíèå

Ôîëäè-Âàóòõàéçåíà
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Ïîñòðîåíèå Q-øàðîâ

Ëàãðàíæèàí òåîðèè ñêàëÿðíîãî ïîëÿ èìååò âèä

L = |∂µφ|2 − V
(
|φ|2

)
.

Ðåøåíèå óðàâíåíèÿ äâèæåíèÿ áóäåì èñêàòü â âèäå

φ (x) = ρ (r) e iωt .

Óñëîâèå ñóùåñòâîâàíèÿ Q-øàðîâ:

ω2
0 ≡ min

V
(
|φ|2

)
|φ|2

<
V
(
|φ|2

)
|φ|2

∣∣∣∣
φ=0

≡ M2
φ,

ââåä¼ì âåëè÷èíó

ρ0 = arg min
ρ

V
(
ρ2
)

ρ2
.

Ñîîòíîøåíèå äëÿ ÷àñòîòû Q-øàðà:

ω =
dEQ/dω

dQ/dω
.
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Ïîñòðîåíèå Q-øàðîâ

Êóñî÷íî-ïàðàáîëè÷åñêèé ïîòåíöèàë:

V
(
ρ2
)

= M2
φρ

2θ

(
1− ρ2

v2

)
+ M2

φv
2θ

(
ρ2

v2
− 1

)
.

Ðåøåíèå èìååò âèä

ρ (r) = A
sin (|ω|r)

r
ïðè ρ2 > v2, r < R,

ρ (r) = B
e
−
√

M2
φ−ω2r

r
ïðè ρ2 < v2, r > R.

Ïîòåíöèàë, îïèñûâàþùèé òîíêîñòåííîå ïðèáëèæåíèå,

V
(
ρ2
)

= Aρ2 − Bρ4 + Cρ6,

Ïðèáëèæ¼ííîå ðåøåíèå â òîíêîñòåííîì ïðèáëèæåíèè

ρ (r) ' ρ0
2

(
1− tanh

(
r − R

δ

))
.
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Âçàèìîäåéñòâèå ìàññèâíûõ ôåðìèîíîâ ñ ïîëåì Q-øàðà

Ëàãðàíæèàí âçàèìîäåéñòâèÿ èìååò âèä

L = iψ̄γµ∂µψ −mψ̄ψ +
g

2
φψ̄cψ +

g †

2
φ∗ψ̄ψc + |∂µφ|2 − V (|φ|2).

Ââåä¼ì âåëè÷èíó χ = iγ2ψ∗ è, èñïîëüçóÿ ðàçëîæåíèÿ

ψ(x) =

+∞∫
−∞

dp0e
−ip0t−iωt/2ψ(~x , p0),

χ(x) =

+∞∫
−∞

dp0e
−ip0t+iωt/2χ(~x , p0),

à òàêæå ââåäÿ îáîçíà÷åíèÿ

ψ(~x , p0) =

(
ξψ

ηψ

)
, χ(~x , p0) =

(
ξχ

ηχ

)
çàïèøåì óðàâíåíèÿ äâèæåíèÿ â âèäå
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Âçàèìîäåéñòâèå ìàññèâíûõ ôåðìèîíîâ ñ ïîëåì Q-øàðà


(p0 + ω

2 −m)ξψ + iσk∂kη
ψ − f ξχ = 0,

(p0 + ω
2 + m)ηψ + iσk∂kξ

ψ + f ηχ = 0,

(p0 − ω
2 −m)ξχ + iσk∂kη

χ − f ξψ = 0,

(p0 − ω
2 + m)ηχ + iσk∂kξ

χ + f ηψ = 0,

ãäå f = gρ, ïðè ýòîì ñòîèò ó÷èòûâàòü ñâÿçü χ(~x , p0) = iγ2ψ∗(~x ,−p0).

Ðàññìîòðèì ðàçëè÷íûå äèàïàçîíû ω:

1 |ω| � m,

2 |ω| ≤ 2m (ýòîò ïðåäåë ìû è áóäåì ðàññìàòðèâàòü â äàëüíåéøåì),

3 |ω| > 2m,

4 |ω| � 2m.
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Ïåðåõîä ê íåðåëÿòèâèñòñêîìó ïðåäåëó

Áóäåì ñ÷èòàòü |ω| ' m è ïåðåéä¼ì ê íåðåëÿòèâèñòñêîìó ïðèáëèæåíèÿ

äëÿ ñëåäóþùèõ ìîä:

p0 = −ω
2

+ m + ε,

p0 = −ω
2
−m − ε.

Äëÿ ïåðâîé ïîäñòàíîâêè ïðè ìàëûõ ãðàäèåíòíûõ ÷ëåíàõ è ε� m,

f � m ïîëó÷èì óðàâíåíèÿ
ηψ = −

(
iσk∂kξ

ψ + f ηχ
)
/ (2m) ,

ξχ =
(
iσk∂kη

χ − f ξψ
)
/ω,

ηχ =
(
iσk∂k f ξ

ψ/ω + if σk∂kξ
ψ/ (2m)

)
/ (2m − ω) ,

εξψ +
∂2kξ

ψ

2m + f 2ξψ

ω = 0.

Óðàâíåíèÿ â ñëó÷àå ω = 2m, ε = 0 ïðèíèìàþò ôîðìó:{
σk∂kη

ψ = f σ2η
ψ∗,

2mηψ + iσk∂kξ
ψ − if σ2ξ

ψ∗ = 0.
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Ïðåîáðàçîâàíèå Ôîëäè-Âàóòõàéçåíà

Çàïèøåì óðàâíåíèÿ äâèæåíèÿ â âèäå(
m + ε 0

0 m + ε

)(
ψ
χ

)
= Ĥ

(
ψ
χ

)
,

ãäå Ĥ = Ê + Ô,

Ê =

(
mβ 0
0 mβ + ω

)
,

Ô =

(
−iαk∂k f β

f β −iαk∂k

)
,

Âèä ïðåîáðàçîâàíèÿ äà¼òñÿ âûðàæåíèÿìè(
ψ′

χ′

)
= e i Ŝ

(
ψ
χ

)
,

(
ψ
χ

)
= e−i Ŝ

(
ψ′

χ′

)
.

Â òàêîì ñëó÷àå ýòè óðàâíåíèÿ ïåðåïèøóòñÿ â âèäå(
m + ε 0

0 m + ε

)(
ψ′

χ′

)
= e i Ŝ Ĥe−i Ŝ

(
ψ′

χ′

)
.
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Ïåðåõîä ê íåðåëÿòèâèñòñêîìó ïðåäåëó â ñëó÷àå

êóñî÷íî-ïàðàáîëè÷åñêîãî ïîòåíöèàëà

Óñëîâèå ñòàáèëüíîñòè Q-øàðà: |ω| � Mφ.

Óñëîâèÿ íåðåëÿòèâèñòñêîãî ïðèáëèæåíèÿ: ε� m, f � m,

−iσk∂k f � m2

Óñëîâèå îòñóòñòâèÿ âëèÿíèÿ ôåðìèîíîâ íà ïîëå Q-øàðà: m� EQ .

Òîãäà óðàâíåíèå äâèæåíèÿ èìååò âèä

εξψ = −∂kξ
ψ

2m
+ U (~x) ξψ,

ãäå U (~x) = − f 2

ω + 1
2m−ω (V1 (~r) + V2 (~r) + V3 (~r) + V4 (~r) + V5 (~r)) ,

ãäå V1 (~r) = − (∂k f )
2

2mω , V2 (~r) = −
(

1
2m2 + 2

mω + 2
ω2

)
f (∂k f ) ∂k ,

V3 (~r) = −
(

1
2mω + 1

ω2

)
f
(
∂2k f
)
, V4 (~r) =

(
1

2m2 + 2
mω + 2

ω2

)
f
r
∂f
∂r ~σ

~L,

V5 (~r) = −
(

1
4m2 + 1

mω + 1
ω2

)
f 2∂2k .
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ω=m
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ω=0.4m
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Ðèñ.: Ãðàôèê âåëè÷èíû ïîòåíöèàëà U (r) ïðè ðàçëè÷íûõ çíà÷åíèÿõ ω è ïðè

ôèêñèðîâàííîé ìàññå ôåðìèîíà, ïðè ýòîì ïàðàìåòðû òåîðèè óäîâëåòâîðÿþò

íàëîæåííûì íà íèõ â ýòîé ãëàâå òðåáîâàíèÿì è ðàâíû Mφ = 20, g = 0.05,
v = 0.1, m = 1.
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Ïåðåõîä ê íåðåëÿòèâèñòñêîìó ïðåäåëó â ñëó÷àå

òîíêîñòåííîãî ïðèáëèæåíèÿ

Çàâèñèìîñòü ðàçìåðà Q-øàðà îò çàðÿäà

R ∼
(
Q/

(
ρ0

√
V
(
ρ20
))) 1

3

.

Áóäåì ñ÷èòàòü: m� Mφ.

Óñëîâèÿ íåðåëÿòèâèñòñêîãî ïðèáëèæåíèÿ: ε� m, f � m,

−iσk∂k f � m2

Óñëîâèå òîíêîñòåííîãî ïðèáëèæåíèÿ: < U (r)surf >�< U (r)vol >.

Óñëîâèå îòñóòñòâèÿ âëèÿíèÿ ôåðìèîíîâ íà ïîëå Q-øàðà: m� EQ .

Óñëîâèå ñóùåñòâîâàíèÿ ñâÿçàííûõ ñîñòîÿíèé: R >
√

π2ω0

8mf 20
.
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m=ω0

m=1.5ω0

m=2ω0

99.6 99.8 100.0 100.2
r

-0.05

0.05

0.10

U(r)

Ðèñ.: Ãðàôèê ïîòåíöèàëà U (r) äëÿ ðàçëè÷íûõ çíà÷åíèé ìàññû ôåðìèîíà

ïðè ôèêñèðîâàííîé ÷àñòîòå Q-øàðà. Ìû ïîëàãàëè, ÷òî R = 100,
1/δ = Mφ = 10, g = 0.05, ρ0 = 1, ω0 = 1. Â òåðìèíàõ ïîòåíöèàëà Q-øàðà ýòî

çíà÷èò, ÷òî A = 100, B = 198, C = 99.
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