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Ñîõðàíåíèå ýíòðîïèè ïðè ñîõðàíåíèè ðàçíî-
ñòè ÷èñëà ÷àñòèö è àíòè÷àñòèö: d(N − N̄) = 0

Â ñîïóòñòâóþùåì îáúåìå, ñ ó÷åòîì âñåõ òèïîâ ÷à-
ñòèö:

dE = TdS − pdV +
∑

µ(dN − dN̄) =

= TdS − pdV +
∑

µ d(N − N̄) =

= TdS − pdV (6.1)

TdS = dE + pdV = d(ρV ) + pdV =

= V dρ + ρdV + pdV = (p + ρ)dV + V dρ (6.2)

T
dS

dt
= (p + ρ)

dV

dt
+ V

dρ

dt
(6.3)

Ñîïóòñòâóþùèé îáúåì: V = ka3 ⇒ (6.4)

dV

dt
= k3a2ȧ⇒ (6.5)

T
dS

dt
= ka3

[
(p + ρ)3

ȧ

a
+ ρ̇

]
(6.6)

Çàêîí ñîõðàíåíèÿ ÝÈ:

ρ̇ + 3
ȧ

a
(p + ρ) = 0⇒ dS

dt
= 0 (6.7)

dS

dt
=
d

dt
(ka3s)⇒ d

dt
(a3s) = 0 (6.8)

Çàêîí ñîõðàíåíèÿ ýíòðîïèè â ëîêàëüíîé ôîðìå

3ȧs + aṡ = 0 (6.9)

Áàðèîí-ôîòîííîå îòíîøåíèå

Ïðè òåìïåðàòóðå íèæå ïî êðàéíåé ìåðå ∼ 100ÃýÂ
áàðèîííîå ÷èñëî ñîõðàíÿåòñÿ:

(nB − nB̄)a3 = const (6.10)

sa3 = const⇒ (6.11)

∆B =
nB − nB̄

s
= const (6.12)

� õîðîøàÿ õàðàêòðèñòèêà áàðèîííîé àñèììåòðèè
(ñåé÷àñ ∆B = nB/s)

Áàðèîí-ôîòîííîå îòíîøåíèå:

ηB =
nB
nγ

(6.13)

Ïðè òåìïåðàòóðå T . 0.5ÌýÂ (ýëåêòðîíû è ïîçèòðî-
íû ñòàíîâÿòñÿ íåðåëÿòèâèñòñêèìè è àííèãèëèðóþò)∖
Tν = 3

√
4
11Tγ

∖
s = g∗

4π2

90
T 3 =

(
2 +

7

8
· 2 · 3 · 4

11

)
4π2

90
T 3 (6.14)

∆B =
nB
s

=
nB
nγ

nγ
s

= ηB
nγ
s

=

=
2ζ(3)
π2 T

3(
2 + 7

8 · 2 · 3 ·
4
11

)
4π2

90 T
3
ηB = 0.14ηB (6.15)

∆B = 0.14ηB (6.16)

ηB = (6.10± 0.20) · 10−10 (6.17)

∆B = 0.87 · 10−10 (6.18)



×àñòèöû ñòàíäàðòíîé ìîäåëè è g∗(T )

ρ = g∗
π2

30
T 4 (6.19)

g∗ =
∑

áîçîíû

gi +
7

8

∑
ôåðìèîíû

gi (6.20)

Ëåïòîíû Êâàðêè

νe(?) e(0.511ÌýÂ) u(1.5�3.0ÌýÂ) d(3.0�7.0ÌýÂ)

νµ(?) µ(105.7ÌýÂ) c(1.15�1.35 ÃýÂ) s(0.07-0.12 ÃýÂ)

ντ (?) τ (1.78 ÃýÂ) t(169.3�173.5 ÃýÂ) b(4.1�4.3 ÃýÂ))

Êàëèáðîâî÷íûå áîçîíû

γ(0) G(0) Z(91.2 ÃýÂ) W (80.4 ÃýÂ)

Áîçîí Õèããñà h(125.26±0.21 ÃýÂ)

X − áîçîí: mX ∼ 1015 ÷ 1016 ÃýÂ (?) (6.21)

  

Ôàçîâûå ïåðåõîäû â ðàííåé Âñåëåííîé

Î÷åíü âûñîêèå òåìïåðàòóðû, ÐÄ-ñòàäèÿ (ñì. (5.13))

H(T ) =
T 2

M ∗
Pl

; M ∗
Pl =

MPl

1.66
√
g∗

; t =
1

2H
(6.22)

1. Ôàçîâûé ïåðåõîä GUT
ÒÂÎ ïðèâîäÿò ê íåñòàáèëüíèñòè ïðîòîíà

p→ e+ + π0 (6.23)

  

u

u d

dd

e+

d

X



u

d u

uu

e+
X



u

u d

dd

e+

d

X



u

d u

uu

e+

X



Øèðèíà ðàñïàäà ïðîòîíà:

τp > 1032 ëåò; Γp =
1

τp
∼ α2

X

M 4
X

m5
p, αX =

g2
X

4π
(6.24)

gX � êîíñòàíòà ñâÿçè, â àìëèòóäå â êàæäîé âåðøèíå
αX ∼ 1
1/M 2

X � â àìïëèòóäå ïðîïàãàòîðà X
m5
p � ïî ðàçìåðíîñòè



MX ∼ (α2
Xm

5
pτp)

1/4 ⇒MX & 1016 ÃýÂF (6.25)

ÌàññàMX âîçíèêàåò îò ñïîíòàííîãî íàðóøåíèÿ ñèì-
ìåòðèè ïðè TGUT ∼ 1016 ÃýÂ.
g∗ ∼ 200 ïðè T > TGUT ⇒ tGUT ∼ 10−39 ñåê F

S(GUT )→ SU(3)c × SU(2)W × U(1) (6.26)

GUT-ïåðåõîäà ìîãëî è íå áûòü, ò.ê. èíôëÿöèÿ ìîãëà
çàêîí÷èòüñÿ ïðè áîëåå íèçêîé òåìïåðàòóðå.

2. Ýëåêòðîñëàáûé ôàçîâûé ïåðåõîä

MW ≈ 80ÃýÂ,MZ ≈ 91ÃýÂ⇒ TW ≈ 100ÃýÂ
(6.27)

T > TW ⇒ g∗ ∼ 100⇒ tW = 10−11÷10−10 ñåê (6.28)

SU(3)c × SU(2)W × U(1)→ SU(3)c × U(1)em (6.29)

3. Êîíôàéíìåíò êâàðêîâ è îáðàçîâàíèå êâàð-
êîâîãî êîíäåíñàòà. Àäðîíèçàöèÿ

TQCD ≈ 170ÌýÂ (6.30)

g∗ ≈ 60⇒ tQCD ∼ 10−5 ñåê (6.31)

Äâà ñîáûòèÿ:
1. Êîíôàéíìåíò êâàðêîâ, ¾àäðîíèçàöèÿ¿
2. Íàðóøåíèå êèðàëüíîé ñèììåòðèè êâàðêîâ � êâàð-
êè u,d,s îáðåòàþò ìàññû (êâàðêîâûé êîíäåíñàò)

Ïîðÿäîê ñëåäîâàíèÿ íåèçâåñòåí.

Òèïû è ìåõàíèçìû ôàçîâûõ ïåðåõîäîâ

Ìåõàíèçì Õèããñà

• Ôàçîâûé ïåðåõîä ÿâëÿåòñÿ ðåçóëüòàòîì âîçíèêíî-
âåíèÿ íåíóëåâîãî ñðåäíåãî ÷åãî-òî, íàïðèìåð � ïîëÿ
〈ϕ〉T ïðè ñíèæåíèè òåìïåðàòóðû äî íåêîòîðîãî êðè-
òè÷åñêîãî çíà÷åíèÿ.
• Ðàâíîâåñíîå çíà÷åíèå ïîëÿ ìèíèìèçèðóåò áîëüøîé
ÒÄ ïîòåíöèàë

ΦG = U − TS − µN (6.32)

Íà ÐÄ-ñòàäèè µ ∼ 0. Îñòàåòñÿ ñâîáîäíàÿ ýíåðãèÿ:

F = U − TS = ΩVeff(T, ϕ) (6.33)

Ω � îáúåì, Veff(T, ϕ) � ýôôåêòèâíûé ïîòåíöèàë ïîëÿ
ïðè òåìïåðàòóðå T .

Ñèììåòðèÿ, ñóùåñòâóþùàÿ ïðè áîëüøèõ òåìïåðàòó-
ðàõ (T > v), ìîæåò áûòü íàðóøåíà ïðè T = 0:

Âîïðîñ: êàê èìåííî ïðîèñõîäèò òðàíñôîðìàöèÿ
〈ϕ〉T = 0→ 〈ϕ〉T 6= 0?



Ôàçîâûå ïåðåõîäû I è II ðîäà

  

Êðîññîâåð � ïîõîæå íà I ðîäà, íî íåò ðåçêîãî ñêà÷êà

• Ïðèìåð ïåðâîãî ðîäà � æèäêîñòü → ïàð
• Ïðèìåðû II ðîäà � òî÷êà Êþðè, êèðàëüíûé ïåðå-
õîä QCD
• Ïðèìåð êðîññîâåðà � âîäà→ ïàð ïðè âûñîêèõ äàâ-
ëåíèÿõ

Ô.ï. II ðîäà ïðîèñõîäèò ïëàâíî âî âñåì ïðîñòðàí-
ñòâå.
Ô.ï. I ðîäà âî âñåì ïðîñòðàíñòâå ïðîèçîéòè íå
ìîæåò, ò.ê. äîëæåí áûòü ïðåîäîëåí ïîòåíöèàëüíûé
áàðüåð ñâîáîäíîé ýíåðãèè.

Ô.ï. I ðîäà: Âåðîÿòíîñòü îáðàçîâàíèÿ ïóçûðÿ íîâîé
ôàçû

Áàëàíñ îáúåìíîé è ïîâåðõíîñòíîé ýíåðãèè:

∆V = V− − V+ > 0 (6.34)

F (R) = 4πR2σ − 4π

3
R3∆V (6.35)



Åñëè R < Rc ïóçûðåê ñõëîïûâàåòñÿ
Åcëè R > Rc ïóçûðåê ðàñòåò ⇒ Rc � êðèòè÷åñêèé
ïóçûðü

∂F

∂R
= 0→ Rc; Rc =

2σ(T )

∆V (T )
(6.36)

Fc(T ) = 4π

(
2σ

∆V

)2

σ − 4π

3

(
2σ

∆V

)3

∆V =
16π

3

σ3

∆V 2

(6.37)
Âåðîÿòíîñòü ôëóêòóàöèè â åäèíèöó âðåìåíè â åäè-
íèöå îáúåìà äî Fc: áîëüöìàíîâñêèé ìíîæèòåëü +
ðàçìåðíîñòü:

Γ ∼ AT 4e−Fc/T (6.38)

A ñëàáî çàâèñèò îò T , ñïðàâåäëèâî ïðè Fc � T
(Ôîðìóëà Àððåíèóñà)

Èç (6.37), (6.38) âèäíî, ÷òî äëÿ ïåðåõîäà íåîáõî-
äèìî ñóùåñòâåííîå ïåðåîõëàæäåíèå (φ = 0,∆V > 0).

•Óñëîâèå ïåðåõîäà: âåðîÿòíîñòü îáðàçîâàíèÿ 1 ïóçû-
ðÿ â õàááëîâñêîì îáúåìå çà õàááëîâñêîå âðåìÿ ∼ 1:

AT 4e−Fc/T ∼ H4(T ) =

(
T 2

M ∗
Pl

)4

⇒

1

T
=

1

Fc(T )
ln

[
A

(
M ∗

Pl

T

)4
]

(6.39)

Êàê ñ÷èòàòü òåìïåðàòóðó ïåðåõîäà

• Èñïîëüçóÿ êàêóþ-òî òåõíèêó (àíàëèòèêó, ðàñ÷å-
òû íà ðåøåòêå) ñ÷èòàòü Veff(T, ϕ)

• ×åðåç Veff(T, ϕ) ñ÷èòàòü ∆V (T )

• Ñ÷èòàòü σ(T ) (âàðèàöèîííàÿ çàäà÷à: ïðîôèëü
ϕ(r) âáëèçè r = R äîëæåí ìèíèìèçèðîâàòü ñâî-
áîäíóþ ýíåðãèþ)

• ×åðåç ∆V (T ) è σ(T ) íàéòè Fc(T ) (ôîðìóëà
(6.37))

• Ðåøàòü îòíîñèòåëüíî T óðàâíåíèå (6.39) → Tc



Ïðèìåð: ýëåêòðîñëàáûé ïåðåõîä (íà ÷òî ýòî ìî-
æåò áûòü ïîõîæå)

T ∼ 100ÃýÂ (6.40)

Rc ∼
1

T
∼ 10−15 ÷ 10−16 ñì (6.41)

H−1 =
M ∗

Pl

T 2
∼ 1 ñì (6.42)

1 ïóçûðåê ðàçìåðîì 10−15 ñì â 1 ñì3.

Ïóçûðüêè ñëèâàþòñÿ è çàïîëíÿþò âñå ïðîñòðàíñòâî.

ÄëÿmH = 125ÃýÂ ìîæåò èìåòü ìåñòî íå ô.ï. I ðîäà,
à ãëàäêèé êðîññîâåð.

Áàðèîãåíåçèñ � ãåíåðàöèÿ áàðèîííîé àñèì-
ìåòðèè

Äâà îñíîâíûõ âàðèàíòà:
1. Íà ôàçå ïîñòèíôëÿöèîííîãî ðàçîãðåâà.
2. Íà ýòàïå ãîðÿ÷åãî Áîëüøîãî âçðûâà.

Ðàññìàòðèâàåì òîëüêî âàðèàíò 2.
Ïðåäïîëàãàåòñÿ äèíàìè÷åñêàÿ ãåíåðàöèÿ èçáûòêà
áàðèîíîâ

∆B =
nB − nB̄

s
≈ 0.86 · 10−10 (6.43)

èç ïåðâîíà÷àëüíî ñèììåòðè÷íîãî ñîñòîÿíèÿ.

Óñëîâèÿ Ñàõàðîâà:

1. Íåñîõðàíåíèå áàðèîííîãî ÷èñëà

2. Íàðóøåíèå ÒÄ-ðàâíîâåñèÿ

3. Íàðóøåíèå CP -èíâàðèàíòíîñòè

1. � î÷åâèäíî.
2. � ñëåäóåò èç 1. Åñëè áàðèîííîå ÷èñëî íå ñîõðàíÿåò-
ñÿ, òî â ñîñòîÿíèè ðàâíîâåñèÿ ÷èñëî áàðèîíîâ áûëî
áû ðàâíî ÷èñëó àíòèáàðèîíîâ, òàê êàê â ñîñòîÿíèè
ðàâíîâåñèÿ êîíöåíòðàöèè âîîáùå âñåõ óëüòðàðåëÿòè-
âèñòñêèõ ÷àñòèö îäèíîâû, åñëè íè÷òî íå ìåøàåò èì
ïðåâðàùàòüñÿ äðóã â äðóãà.
3. � íåòðèâèàëüíî.

Ñóùåñòâóåò ∼ 10 ìîäåëåé áàðèîãåíåçèñà. Ðàññìàòðè-
âàåì òîëüêî îäíó:



GUT áàðèîãåíåçèñ

Òå æå ÷àñòèöû X , MX ∼ 1016 ÃýÂ, êîòîðûå ìîãóò
ïðèâîäèòü ê ðàñïàäó ïðîòîíà, ñàìè ìîãóò ðàñïàäàòü-
ñÿ íà êâàðêè è ëåïòîíû:

  

X
q

q
X  qq

X
q

l
X  ql

X
q

q
X  qq

X
q

l
X  ql

Èç-çà CP -íàðóøåíèÿ ïàðöèàëüíûå âåðîÿòíîñòè êà-
íàëîâ ìîãóò íå ñîâïàäàòü:

P (X → qq) = r (6.44)

P (X → q̄l̄) = 1− r (6.45)

P (X̄ → q̄q̄) = r̄ (6.46)

P (X̄ → ql) = 1− r̄ (6.47)

Åñëè áûëî nX = nX̄ , òî ïîñëå ðàñïàäà X-÷àñòèö îá-
ðàçóåòñÿ èçáûòîê áàðèîííîãî çàðÿäà:

nB = nXr ·
2

3
+ nX(1− r) ·

(
−1

3

)
+

+ nX r̄ ·
(
−2

3

)
+ nX(1− r̄) · 1

3
=

= nX(r − r̄) (6.48)

Ðàñïàäîâ X è X̄ äîëæíî áûòü áîëüøå, ÷åì ðîæäå-
íèé! (íåðàâíîâåñèå)

Òåìïåðàòóðà GUT-áàðèîãåíåçèñà 1015÷1016 ÃýÂ (êàê
è ôàçîâûé ïåðåõîä GUT)

Èíòåðåñíàÿ âîçìîæíîñòü: åñëè CP-íàðóøåíèå çàâè-
ñèò îò ïðîñòðàíñòâà (íàïðèìåð, ÿâëÿåòñÿ ðåçóëüòà-
òîì ñïîíòàííîãî íàðóøåíèÿ ñèììåòðèè), òî ìîãóò
îáðàçîâàòüñÿ äîìåíû âåùåñòâà è àíòèâåùåñòâà.

Ýëåêòðîñëàáûé áàðèîãåíåçèñ:
T îò 1012 ÃýÂ äî 100ÃýÂ.

Ýíòðîïèÿ çàâåäîìî ñîõðàíÿåòñÿ òîëüêî ïðè
T < 100ÃýÂ.



Çàêàëêà íåéòðèíî

Òåìïåðàòóðà � ÌýÂû
e−, e+ � óëüòðàðåëÿòèâèñòñêèå
µ, τ � óæå ïðîàííèãèëèðîâàëè
Áàðèîíû � íåðåëÿòèâèñòñêèå
Ïðîöåññû: ν + e� ν + e ðàññåÿíèå

ν + ν � ν + ν ðàññåÿíèå
ν + ν̄ � e+ + e− àííèãèëÿöèÿ

Ñå÷åíèå ïðîöåññîâ, ïî ðàçìåðíîñòè:

GF = 1.17 · 10−5 ÃýÂ−2 (6.49)

σν ∼ G2
FE

2 [ÃýÂ−4 · ÃýÂ2 = ÃýÂ−2] (6.50)

Âðåìÿ ñâîáîäíîãî ïðîáåãà

τν =
1

〈σνvn〉
= \v ∼ 1\ =

1

σνn
=

=

∖
ni =

3

4
gi
ζ(3)

π2
T 3

∖
∼ 1

σνT 3
∼ 1

G2
FT

5
(6.51)

Õàááëîâñêîå âðåìÿ

1

H
=
M ∗

Pl

T 2
; g∗ = 2+

7

8
(2+2)+3 ·2 · 7

8
\γ, e±, ν\ (6.52)

Óñëîâèå çàêàëêè ν:

τν ∼
1

H
⇒ 1

G2
FT

5
∼ M ∗

Pl

T 2
(6.53)

Tν,f ∼ 3

√
1

G2
FM

∗
Pl

= 1.2ÌýÂ F (6.54)

Âîçðàñò Âñåëåííîé äëÿ Tν,f

tν,f =
1

2H
=

1

2

M ∗
Pl

T 2
ν,f

= 0.85 ñåê (6.55)

Ôóíêöèÿ ðàñïðåäåëåíèÿ ïî èìïóëüñàì äëÿ ãà-
çà íå âçàèìîäåéñòâóþùèõ ÷àñòèö
(êàê ν ïîñëå çàêàëêè).

Ôóíêöèè ðàñïðåäåëåíèÿ çàìîðîæåííûå è íå ðàâíî-
âåñíûå.

f (p, t) = fi

(
a(t)

a(ti)
p

)
(6.56)

  p0, ti

охлаждение
(красное смещение)



Ñåé÷àñ:

Tν(t0) = Tν,f
a(tν,f)

a(t0)
=

Tν,f
1 + zν,f

(6.57)

• Ñíà÷àëà Tν è Tγ ïàäàþò îäèíàêîâî.
• Ïîñëå çàêàëêè íåéòðèíî, Tν,f = 1.2ÌýÂ îñòàåòñÿ
ìíîãî e±, êîòîðûå àííèãèëèðóþò ïîçæå è äîïîëíè-
òåëüíî ïîäîãðåâàþò ãàç ôîòîíîâ.

Íà ñêîëüêî?

Ñîõðàíåíèå ýíòðîïèè:

s = g∗
4π2

90
T 3; sa3(t) = const⇒ (6.58)

g∗(T )a3T 3 = const (6.59)

Ïîñëå çàêàëêè ν, íî ïåðåä àííèãèëÿöèåé e+, e− â
ýëåêòðîí-ôîòîííóþ ýíòðîïèþ äàþò âêëàä γ, e+, e−:

gem∗ (before) = 2 +
7

8
(2 + 2) =

11

2
(6.60)

Ïîñëå àííèãèëÿöèè e+, e−:

gem∗ (after) = 2⇒ (6.61)

a ìåíÿåòñÿ ìàëî çà âðåìÿ àííèãèëÿöèè

gem∗ (before)a2T 3
ν,γ = gem∗ (after)a2T 3

γ ⇒ (6.62)

T 3
γ

T 3
ν,γ

=
gem∗ (before)

gem∗ (after)
=

11/2

2
=

11

4
⇒ (6.63)

Tγ
Tν

=

(
11

4

)1/3

(6.64)

Ñåé÷àñ:

Tν =
2.73 Ko

(11/4)1/3
= 1.95 Ko (6.65)

Ðåëÿòèâèñòêàÿ ô.ð. ν çàìîðîæåíà ⇒
Ïëîòíîñòü ðåëèêòîâûõ íåéòðèíî êàæäîãî òèïà
(÷àñòèöû + àíòè÷àñòèöû)

nν =
3

4
· 2 · ζ(3)

π2
T 3
ν = 112 ñì−3 F (6.66)

(äàæå åñëè íåéòðèíî ìàññèâíûå è ñåé÷àñ íåðåëÿòè-
âèñòñêèå!)

Îãðàíè÷åíèå ñâåðõó íà ìàññó íåéòðèíî
mν � Tν

ρνi
∼= mνinν (6.67)

Ωνi =
ρνi
ρc

=
mνi × 112 ñì−3

1.88 · 10−29h2ã/ñì3
=
mνi

1 ýÂ
× 0.01h−2 F

(6.68)
Ïîòðåáóåì

∑
Ωνi � ΩM ⇒∑

i

mνi0.01h−2 � ΩM ⇒

⇒
∑
i

mνi � 100h2ΩM ýÂ ≈ 14 ýÂ (6.69)

(ñîâðåìåííîå îãðàíè÷åíèå ïî âñåì íàáëþäåíèÿì:∑
mνi . 1 ýÂ)


