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Èäåÿ èíôëÿöèè (êà÷åñòâåííî)

Ïîñëå Ãîðÿ÷åãî Áîëüøîãî âçðûâà

ä < 0 (14.1)

Èíôëÿöèÿ, ïî îïðåäåëåíèþ �
ðàñøèðåíèå âñåëåííîé ñ

ä > 0 (14.2)

Ââîäèòñÿ íîâàÿ øêàëà âðåìåíè, â êîòîðîé èíôëÿöèÿ
íà÷èíàåòñÿ â ìîìåíò tPl, à äî òîãî áûëî íåèçâåñòíî
÷òî (ýïîõà êâàíòîâîé ãðàâèòàöèè). Ïðåäïîëàãàåòñÿ:

� Èìååò ìåñòî îò t ∼ tPl äî tE (E çíà÷èò End)

� Â ìîìåíò tE èíôëÿöèÿ ñìåíÿåòñÿ ãîðÿ÷åé ñòàäè-
åé

� (Ïðèáëèæåííî) ïðåäïîëàãàåòñÿ, ÷òî ãîðÿ÷àÿ ñòà-
äèÿ íàñòóïàåò ìãíîâåííî ïîñëå îêîí÷àíèÿ èí-
ôëÿöèè è íàñëåäóåò H(tE) (íå H =∞!)

� Â íà÷àëå ãîðÿ÷åé (ÐÄ!) ñòàäèè

H =
T 2

M ∗
Pl

⇒ Treh =
√
M ∗

PlH(tE) (14.3)

Âàæíàÿ âåëè÷èíà:

ȧ = a
ȧ

a
= aH (14.4)

ä < 0⇒ aH óáûâàåò, ãîðÿ÷àÿ ñòàäèÿ (14.5)

ä > 0⇒ aH âîçðàñòàåò, èíôëÿöèÿ (14.6)

Ðåøåíèå ïðîáëåìû ïëîñêîñòíîñòè

Óðàâíåíèå Ôðèäìàíà ñ êðèâèçíîé:(
ȧ

a

)2

= H2 =
8πG

3
(ρ + Λ)− κ

a2
(14.7)

8πG

3

[
ρ + Λ− 3

8πG

κ
a2

]
= H2 (14.8)

8πG

3
ρc(t) = H2(t)⇒ ρc(t) =

3

8πG
H2(t) (14.9)

ρK(t) = − 3

8πG

κ
a2

(14.10)

ΩK(t) ≡ ρK(t)

ρc(t)
=

1

a2(t)H2(t)
(14.11)

Õîòèì, ÷òîáû íà÷àëüíàÿ (íà ìîìåíò ¾êâàíòîâîãî
ðîæäåíèÿ¿ Âñåëåííîé) êðèâèçíà áûëà íå î÷åíü ìà-
ëà. Íàéäåì íåîáõîäèìóþ ñòåïåíü ðàçäóâàíèÿ:

ΩK(tPl) & ΩK(t0)⇔ ΩK(t0)

ΩK(tPl)
. 1⇔ (14.12)

[a(tPl)H(tPl)]
2

(a0H0)2
. 1⇔ a(tPl)H(tPl)

a0H0
. 1⇔ (14.13)

a(tPl)H(tPl)

a(tE)H(tE)

a(tE)H(tE)

a0H0
. 1⇔ (14.14)

a(tE)H(tE)

a(tPl)H(tPl)
&
a(tE)H(tE)

a0H0
(14.15)

Ýòîãî âñåãäà ìîæíî äîáèòüñÿ, åñëè a(t)H(t) = ȧ(t)
ðàñòåò äîñòàòî÷íî áûñòðî îò tPl äî tE



Ðåøåíèå ïðîáëåìû ãîðèçîíòà

Îöåíèì ðàçìåð îáëàñòè, êîòîðàÿ áûëà ïðè÷èííî ñâÿ-
çàíà íà ìîìåíò tE, â íàñòîÿùåå âðåìÿ.
Ãîðèçîíò tE:

lH,E = a(tE)

∫ tE

tPl

dt

a(t)
(14.16)

lH,E(t0) =
a0

a(tE)
lH,E =

a0

a(tE)
a(tE)

∫ tE

tPl

dt

a
= a0

∫ tE

tPl

dt

a
=

=

∖
da = ȧdt⇒ dt =

da

ȧ

∖
=

= a0

∫ a(tE)

a(tPl)

da

aȧ
= a0

∫ a(tE)

a(tPl)

da

a2H
(14.17)

a2H � áûñòðî ðàñòåò, òàê êàê aH ðàñòåò;
Áóäåì ïðåäïîëàãàòü, ÷òî H ìåíÿåòñÿ îòíîñèòåëüíî
ìåäëåííî (ò.å. ðîñò a áëèçîê ýêñïîíåíöèàëüíîìó);
Èíòåãðàë íàáèðàåòñÿ íà íèæíåì ïðåäåëå:

a0

∫ a(tE)

a(tPl)

da

a2H
∼ a0

H(tPl)

∫ a(tE)

a(tPl)

da

a2
∼ a0

a(tPl)H(tPl)
(14.18)

Ñðàâíèì ñ ãîðèçîíòîì ñåé÷àñ, åñëè ñ÷èòàòü åãî îò
ìîìåíòà Áîëüøîãî âçðûâà = ðàçîãðåâà:

lH,E(t0)

lH,0
' a0

a(tPl)H(tPl)
×H0 =

a0H0

a(tPl)H(tPl)
(14.19)

lH,E(t0)

lH,0
> 1⇔ a(tPl)H(tPl)

a0H0
< 1 (14.20)

Òî æå ñàìîå, ÷òî óñëîâèå íà êðèâèçíó (14.13)⇒ ïðî-
áëåìà ïëîñêîñòíîñòè è ïðîáëåìà ãîðèçîíòà ðåøàþò-
ñÿ îäíîâðåìåííî!

X

η
0

η
r

η
E

η
Pl

l
H,e
(t
0
) l

H,0

Îöåíêà íåîáõîäèìîé äëèòåëüíîñòè èíôëÿöèè

(14.15):
a(tE)H(tE)

a(tPl)H(tPl)
&
a(tE)H(tE)

a0H0

Èç (14.15):

a(tE)

a(tPl)
&
a(tE)

a0

H(tE)

H0

H(tPl)

H(tE)
=

T0

Treh

H(tPl)

H0
(14.21)

×èñëî e-ôîëäèíãîâ:

N (tot)
e ≡ ln

a(tE)

a(tPl)
(14.22)



N (tot)
e > ln

T0

H0
+ ln

H(tPl)

Treh
' ln

T0

H0
+ ln

MPl

Treh
(14.23)

T0

H0
∼ 1029; ln 1029 ≈ 67⇒ (14.24)

N (tot)
e > 67 + ln

MPl

Treh
(14.25)

Äëÿ Treh = MPl ÷ 1TeV

N (min)
e ' 70÷ 100 (14.26)

Êàêîâî ìèíèìàëüíîå âðåìÿ èíôëÿöèè, â ñåêóíäàõ?

Åñëè èíôëÿöèÿ ïðèáëèçèòåëüíî ýêñïîíåíöèàëüíà,
òî

N tot
e ∼ Hinfl∆tinfl (14.27)

Hinfl ∼ H(tE) =
T 2
reh

M ∗
Pl

[ñì. (14.3)] (14.28)

T 2
reh

M ∗
Pl

∆tmininfl = 70÷ 100⇒ (14.29)

∆tmininfl = M ∗
Pl

70÷ 100

(MPl ÷ 1 TeV)2
= 10−42 ÷ 10−9 ñåê

(14.30)

Îáùèå çàìå÷àíèÿ

1. Ýòà îöåíêà N
(min)
e íåìíîãî çàâûøåíà èç-çà ïðåä-

ïîëîæåíèÿ î ìãíîâåííîñòè ðàçîãðåâà. Ïðèíÿòîå

çíà÷åíèå N
(min)
e ' 60.

2. Ñêîðåå âñåãî N
(tot)
e � N

(min)
e ⇒ ΩK � 0.001.

3. Ïðîáëåìà ýíòðîïèè ðåøàåòñÿ ðàçîãðåâîì â ìî-
ìåíò tE (êàê � ñì. íèæå)

4. Ïðîáëåìà íà÷àëüíûõ âîçìóùåíèé ðåøàåòñÿ çà
ñ÷åò êâàíòîâûõ ôëóêòóàöèé ïîëÿ èíôëàòîíà
(ñì. íèæå).

5. Ïðîáëåìà ìîíîïîëåé.

� Åñëè Treh < MGUT , òî ìîíîïîëè â ãîðÿ÷åé
ôàçå íèêîãäà íå ðîæäàëèñü.

� Åñëè ìîíîïîëè ðîæäàëèñü äî èíôëÿöèè, òî
èíôëÿöèÿ ñäåëàëà èõ ïëîòíîñòü ïðåíåáðåæè-
ìî ìàëîé.

Ìîäåëè èíôëÿöèè

Äå-Ñèòòåðîâñêàÿ âàêóóìíàÿ èíôëÿöèÿ

•Êàêàÿ ìàòåðèÿ íóæíà, ÷òîáû ïîëó÷èòü èíôëÿöèþ?

• Ïðîñòåéøèé âàðèàíò óæå èçâåñòåí: ïëîòíîñòü âà-
êóóìà, Λ-÷ëåí:

Tµν = Λgµν ⇒ ρ = Λ, p = −Λ = −ρ (14.31)

a(t) = const× eHvact (14.32)

Hvac =

√
8π

3

Λ

M 2
Pl

(14.33)

• Ïðîáëåìà: Èíôëÿöèÿ íå êîí÷àåòñÿ (Ðîäæåð Ïåí-
ðîóç íå ñîãëàñåí).

• Íàäî ïðèäóìàòü ÷òî-òî ïîõîæåå íà Λ-÷ëåí, íî íå Λ-
÷ëåí, è ÷òîáû èíôëÿöèÿ åñòåñòâåííûì îáðàçîì êîí-
÷àëàñü.



Ñêàëÿðíîå ïîëå

• Â íåêîòîðûõ ñëó÷àÿõ âåäåò ñåáÿ î÷åíü ïîõîæå íà Λ-
÷ëåí, íî èíôëÿöèÿ êîí÷àåòñÿ åñòåñòâåííûì ñïîñîáîì
è ìîæåò çàêîí÷èòüñÿ ðàçîãðåâîì � èíôëàòîí.

• Ðàññìàòðèâàåòñÿ òåîðèÿ âåùåñòâåííîãî ñêàëÿðíîãî
ïîëÿ ϕ ñ äåéñòâèåì (äëÿ ìèíèìàëüíîé ñâÿçè):

Sϕ =

∫
d4x
√
−g
[

1

2
gµν∂µϕ∂νϕ− V (ϕ)

]
(14.34)

Ïîëíîå äåéñòâèå (áåç Λ-÷ëåíà):

S = Sg + Sϕ =

∫
d4x
√
−gR +

∫
d4x
√
−gL(g, ϕ)

(14.35)
δS = 0 � îáùèé ïðèíöèï äåéñòâèÿ.

δS = δSg + δSϕ =

=

∫
d4x

δSg
δgµν

δgµν +

∫
d4x

(
δSϕ
δgµν

δgµν +
δSϕ
δϕ

δϕ

)
=

=

∫
d4x

(
δSg
δgµν

+
δSϕ
δgµν

)
δgµν +

∫
d4x

δSϕ
δϕ

δϕ (14.36)

δgµν è δϕ âàðüèðóþòñÿ íåçàâèñèìî, ïîýòîìó
δSg
δgµν

+
δSϕ
δgµν

= 0→ Óðàâíåíèÿ Ýéíøòåéíà

δSϕ
δϕ

= 0→ Óðàâíåíèÿ ïîëÿ

(14.37)

Òðåáóåòñÿ íàéòè ÿâíûé âèä
δSϕ
δϕ

.

δSϕ|ϕ =

∫
d4x
√
−g
[

1

2
gµνδ(∂µϕ∂νϕ)− δ(V (ϕ))

]
=

= \âñå ñ÷èòàåòñÿ ïðîñòî F\ =

= −
∫
d4x

[
∂µ(
√
−ggµν∂νϕ) +

√
−g dV

dϕ

]
δϕ⇒

(14.38)

δSϕ
δϕ

= −
[
∂µ(
√
−g gµν∂νϕ) +

√
−gdV

dϕ

]
(14.39)

1√
−g

∂µ(
√
−g gµν∂νϕ) = −dV

dϕ
(14.40)

Îäíîðîäíàÿ è èçîòðîïíàÿ êîñìîëîãèÿ

Ðàáîòàåì â ïëîñêîé ìåòðèêå

ds2 = dt2 − a2(t)dx2 (14.41)

Ðàññìàòðèâàåì òîëüêî îäíîðîäíûå ïîëÿ ϕ

∂iϕ = 0; i ≥ 1 (14.42)

Òîãäà

g =

1
−a2

−a2

−a2

= −a6 ⇒
√
−g = a3 (14.43)



Â óðàâíåíèè îñòàåòñÿ òîëüêî 0-êîìïîíåíòà:

1

a3

∂

∂t

(
a3g00 ∂ϕ

∂t

)
= −dV

dϕ
⇒ (14.44)

ϕ̈ + 3Hϕ̇ +
dV

dϕ
= 0 (14.45)

Ñêàëÿðíîå ïîëå êàê èäåàëüíàÿ æèäêîñòü

ÒÝÈ îäíîðîäíîãî ñêàëÿðíîãî ïîëÿ:

δSϕ|g = −1

2

∫
d4x
√
−gT µνδgµν ⇒ (14.46)

Tµν = ∂µϕ∂νϕ− gµνL(g, ϕ) (14.47)

(ñì. (2.111))

Â ëîêàëüíî-ëîðåíöåâîé ñèñòåìå îòñ÷åòà, ãäå gµν =
ηµν

T00 =
1

2
ϕ̇2 + V (ϕ) (14.48)

Tij =

[
1

2
ϕ̇2 − V (ϕ)

]
δij (14.49)

ρ(ϕ) =
1

2
ϕ̇2 + V (ϕ) (14.50)

p(ϕ) =
1

2
ϕ̇2 − V (ϕ) (14.51)

Åñëè ϕ̇ ìàëî (ìåäëåííîå ñêàòûâàíèå), òî ÒÝÈ ñêà-
ëÿðíîãî ïîëÿ î÷åíü ïîõîæ íà ÒÝÈ Λ-÷ëåíà (ρ ≈ −p):

T ≈

 V (ϕ)
−V (ϕ)

−V (ϕ)
−V (ϕ)

 (14.52)

Åñëè êðîìå ïîëÿ ϕ (¾èíôëàòîí¿) äðóãîé ìàòåðèè
íåò è ïîëå ìåíÿåòñÿ ìåäëåííî, ïîëó÷èì ýêñïîíåíöè-
àëüíîå ðàñøèðåíèå � èíôëÿöèþ.

Ðàçìåðíîñòè

[V ] = GeV4 ⇒ [ϕ̇]2 = GeV4 ⇒ [ϕ̇] = GeV2 ⇒
⇒ [ϕ] = GeV; V ∼ gϕn ⇒ [g] = GeV4−n (14.53)

g � êîíñòàíòà ñâÿçè.

Ïåðâûì ìîäåëü èíôëÿöèè ââåë Àëåêñåé Ñòàðîáèí-
ñêèé (1979), íî îí íå èñïîëüçîâàë ñêàëÿðíîå ïîëå, à
èñõîäèë èç èäåé êâàíòîâîé ãðàâèòàöèè (ðàññìàòðè-
âàë êâàíòîâûå ïîïðàâêè ê ëàãðàíæèàíó Ãèëüáåðòà).

Ïîçæå áûëî ïîêàçàíî, ÷òî åãî ìîäåëü òîæå ìîæåò
áûòü ñôîðìóëèðîâàíà íà ÿçûêå ñêàëÿðíîãî ïîëÿ.



Çà ñ÷åò ÷åãî ìîæíî ïîëó÷èòü ìåäëåííîå ñêà-
òûâàíèå?

• Ïåðâàÿ èäåÿ � ñöåíàðèé Ãóòà (Alan Guth), ¾ñòàðàÿ
èíôëÿöèÿ¿ (1980)

V
1

Ïîêà ϕ ñèäèò â ìèíèìóìå ϕ1, ϕ̇ = 0 òî÷íî, p = −ρ
òî÷íî.
ϕ1 � ëîæíûé âàêóóì, ϕ0 � èñòèííûé âàêóóì.

• Ïîëå ϕ ëîêàëüíî êâàíòîâî òóííåëèðóåò èç ϕ1 â ϕ0
ñ îáðàçîâàíèåì ïóçûðåé èñòèííîãî âàêóóìà ⇒
ìåõàíèçì îñòàíîâêè èíôëÿöèè.
• Ãîðÿ÷àÿ ìàòåðèÿ îáðàçóåòñÿ ïðè ñòîëêíîâåíèè ñòå-
íîê ïóçûðåé (ïî÷åìó òîëüêî òàê?).
• Ïðîáëåìà: îêàçàëîñü, ÷òî èç-çà èíôëÿöèè ïóçûðè
íèêîãäà íå ñòàëêèâàþòñÿ ⇒ ñöåíàðèé íå ðàáîòàåò.

Îñíîâíûå ðåæèìû äëÿ óðàâíåíèÿ ñêàëÿðíîãî
ïîëÿ

(14.45) : ϕ̈ + 3Hϕ̇ +
dV

dϕ
= 0 (14.54)

Óðàâíåíèå (14.45) ïîõîæå íà óðàâíåíèå îñöèëëÿòîðà
ñ òðåíèåì.
Îòñþäà äâà îñíîâíûõ ðåæèìà äëÿ ðåøåíèé:
• Ðåæèì áûñòðîãî ñêàòûâàíèÿ → îñöèëëÿöèè
• Ðåæèì ìåäëåííîãî ñêàòûâàíèÿ → èíôëÿöèÿ

1. Ðåæèì áûñòðîãî ñêàòûâàíèÿ

Hϕ̇� ϕ̈, Hϕ̇� V ′(ϕ)⇒ ϕ̈ + V ′(ϕ) = 0 (14.55)

� îñöèëëÿöèè âáëèçè ìèíèìóìà V (ϕ)

Ïðèìåð: ïîòåíöèàë âáëèçè ìèíèìóìà êâàäðàòè÷åí:

V (ϕ) =
m2

2
ϕ2 (14.56)

Ó÷òåì ÿâíî ìàëûé ÷ëåí ñ ϕ̇. Èç (14.45):

ϕ̈ + 3
ȧ

a
ϕ̇ + m2ϕ = 0 (14.57)

Óðàâíåíèå ãàðìîíè÷åñêîãî îñöèëëÿòîðà ñ çàâèñÿ-
ùèì îò âðåìåíè êîýôôèöèåíòîì çàòóõàíèÿ.

ϕ(t) =
1

a3/2
χ(t) (14.58)

χ̈ +

[
m2 − 3

2

ä

a
− 3

4

(
ȧ

a

)2
]
χ = 0 (14.59)



Äëÿ ñòåïåííûõ è ýêñïîíåíöèàëüíûõ a(t) èìååò ìå-
ñòî:

ä

a
∼
(
ȧ

a

)2

= H2 ⇒ (14.60)

χ̈ +

[
m2 − 3

2
H2 − 3

4
H2

]
χ = 0 (14.61)

Èç Hϕ̇� V ′(ϕ) ñëåäóåò H2 � m2 :

Åñëè çàòóõàíèå ìàëî, òî ϕ ∼ ϕ0 cosmt⇒
ϕ̇ ∼ ϕ0m cosmt ∼ ϕ0m⇒
Hϕ̇ ∼ Hϕ0m� m2ϕ ⇒ H � m(ϕ/ϕ0) ∼ m ⇒

χ̈ + m2χ = 0⇒ (14.62)

χ(t) = χ∗ cos(mt + β)⇒ (14.63)

ϕ(t) =
χ∗

a3/2(t)
cos(mt + β) (14.64)

� îñöèëëÿöèè ñ çàòóõàíèåì.

2. Ðåæèì ìåäëåííîãî ñêàòûâàíèÿ

• ¾Ïåðâîå óñëîâèå ìåäëåííîãî ñêàòûâàíèÿ¿
1

2
ϕ̇2 � V (ϕ) (14.65)

� íà ñàìîì äåëå óñëîâèå âàêóóìîïîäîáíîñòè:

p(ϕ) = −ρ(ϕ) + ϕ̇2 ≈ −ρ(ϕ) (14.66)

Ïðè äîìèíèðîâàíèè V (ϕ) ïîëó÷àåì èíôëÿöèþ.

• Ìåäëåííîå ñêàòûâàíèå çà ñ÷åò ¾âÿçêîñòè¿
(À. Ëèíäå)

ϕ̈ + 3Hϕ̇ + V ′(ϕ) = 0 (14.67)

Òðåíèå âåëèêî, åñëè âûïîëíåíî ¾âòîðîå óñëîâèå ìåä-
ëåííîãî ñêàòûâàíèÿ¿:

3Hϕ̇� ϕ̈⇒ ϕ̈

3Hϕ̇
� 1 (14.68)

Èìåþò ìåñòî äâà óñëîâèÿ:

ϕ̇2

2V (ϕ)
� 1− èç ÒÝÈ (14.69)

ϕ̈

3Hϕ̇
� 1− èç óð. äâèæåíèÿ (14.70)

• Åñëè âûïîëíåíû îáà óñëîâèÿ, òî èìååòñÿ êâàçè-
ýêñïîíåíöèàëüíîå ðàñøèðåíèå Âñåëåííîé è óðàâíå-
íèÿ ñèëüíî óïðîùàþòñÿ:

Äåéñòâèòåëüíî, èñõîäèì èç ïîëíîé ñèñòåìû: ϕ̈ + 3Hϕ̇ + V ′(ϕ) = 0
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)
(14.71)

Ïðè âûïîëíåíèè óñëîâèé (14.69), (14.70) ïðèâîäÿòñÿ
ê âèäó:

ϕ̇ = − 1

3H
V ′(ϕ) (14.72)
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(14.73)



Èç (14.73):
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⇒ (14.74)

a(t) = ai exp
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ti

[V (ϕ(t))]1/2dt

}
(14.75)

Ðàñøèðåíèå áëèçêî ê ýêñïîíåíöèàëüíîìó â òîì
ñìûñëå, ÷òî èçìåíåíèå H çà õàááëîâñêîå âðåìÿ ìíî-
ãî ìåíüøå H:

Ḣ
1

H
� H ⇒ Ḣ

H2
� 1 (14.76)

Èç (14.73):
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)1/2

V ′(ϕ)ϕ̇ (14.77)

Èç (14.73) è (14.77):
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� 1 (14.78)

Èç (14.69) ñëåäóåò, ÷òî ýòî è ïðàâäà òàê ïðè âûïîë-
íåíèè ïåðâîãî óñëîâèÿ ìåäëåííîãî ñêàòûâàíèÿ.

Óñëîâèÿ ìåäëåííîãî ñêàòûâàíèÿ â âèäå óñëî-
âèé íà ïîòåíöèàë ñêàëÿðíîãî ïîëÿ.

Óñëîâèÿ ìåäëåííîãî ñêàòûâàíèÿ:

(14.69):
ϕ̇2

2V (ϕ)
� 1− èç ÒÝÈ

(14.70):
ϕ̈

3Hϕ̇
� 1− èç óð. äâèæåíèÿ

(14.72) ϕ̇ = − 1

3H
V ′(ϕ)

(14.73) H =
1

MPl

(
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Óñëîâèÿ (14.69) è (14.70) ïåðåôîðìóëèðóåì â âèäå
óñëîâèé íà ïîòåíöèàë V .

(14.73) ïîäñòàâëÿåì â (14.72), ïîëó÷àåì

ϕ̇ = − MPl
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(14.79)

Ïîäñòàâëÿåì ýòî ϕ̇ â (14.69):
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Òåïåðü èñïîëüçóåì (14.70).



Èç (14.79):
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(14.80) è (14.81) ïîäñòàâëÿåì â (14.70):
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(14.80) è (14.82) � äâà óñëîâèÿ íà ïîòåíöèàëû, êîòî-
ðûå ñëåäóþò èç äâóõ óñëîâèé (14.69) è (14.70)

Äâà ïàðàìåòðà ìåäëåííîãî ñêàòûâàíèÿ:
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η =
M 2

Pl
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V
� 1 (14.84)

Óñëîâèå (åñòåñòâåííîãî!) ìåäëåííîãî ñêàòûâàíèÿ:

ε� 1, η � 1 (14.85)

(14.69), (14.70) îäíîçíà÷íî âûðàæàþòñÿ ÷åðåç ε, η:
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