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Â îñíîâå ÎÒÎ ëåæèò ïðèíöèï ýêâèâàëåíòíîñòè:
Ãðàâèòàöèîííîå ïîëå îïèñûâàåòñÿ ìåòðè÷åñêèì òåíçîðîì

Ðèìàíîâà ïðîñòðàíñòâà (ãåîìåòðè÷åñêàÿ òåîðèÿ).

Â îñíîâå ÐÒÃ:
Ãðàâèòàöèÿ îïèñûâàåòñÿ ôèçè÷åñêèì ïîëåì, èñòî÷íèêîì êî-

òîðîãî ÿâëÿåòñÿ ñîõðàíÿþùèéñÿ â ïðîñòðàíñòâå Ìèíêîâñêîãî
ïîëíûé òåíçîð ýíåðãèè-èìïóëüñà (âêëþ÷àþùèé ãðàâèòàöèîí-
íîå ïîëå).

Ãëàâíàÿ ìîòèâàöèÿ:
ñóùåñòâîâàíèå íåçàâèñèìûõ çàêîíîâ ñîõðàíåíèÿ: ýíåðãèè,

èìïóëüñà, ìîìåíòà.

2



Èñõîäíîå óðàâíåíèå:

γαβDαDβφ
µν + m2φµν = 16πtµν

(G = 1, ~ = 1, c = 1). Ïðîèçâîëüíàÿ ñèñòåìà êîîðäèíàò ïðî-
ñòðàíñòâà Ìèíêîâñêîãî.

tµν = −2
δL

δγµν

Ñëåäñòâèÿ âûáîðà â êà÷åñòâå èñòî÷íèêà ñîõðàíÿþùåãîñÿ
òåíçîðà tµν:

(1) Ãðàâèòàöèîííîå ïîëå îïèñûâàåòñÿ ñèììåòðè÷íûì òåí-
çîðîì 2-îãî ðàíãà.

(2) Àêòèâíàÿ ãðàâèòàöèîííàÿ ìàññà ðàâíà èíåðòíîé.
(3) Â ñèëó óíèâåðñàëüíîñòè âîçìîæíà ãåîìåòðèçàöèÿ òåî-

ðèè: îïèñàíèå äâèæåíèÿ âåùåñòâà â ýôôåêòèâíîì Ðèìàíîâîì
ïðîñòðàíñòâå.

Äîêàçàíî, ÷òî

LM = LM(gµν, ΦA)
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g̃µν = γ̃µν + φ̃µν,

γ̃µν =
√−γγµν; φ̃µν =

√−γφµν; g̃µν =
√−ggµν.

Rµν −
m2

g

2
(gµν − γµν) = 8π(Tµν − 1

2
gµνT ) (∗).

Rµν - êàëèáðîâî÷íî-èíâàðèàíòíàÿ êîíñòðóêöèÿ. Èç óðàâíåíèÿ
äëÿ âåùåñòâà:

∇νT
µν = 0

ïðè mg 6= 0 ñëåäóåò

Dν g̃
µν = 0 (∗∗)

(∗) è (∗∗) - ïîëíàÿ ñèñòåìà óðàâíåíèé.
Âîïðîñ î êîñìîëîãè÷åñêîé ïîñòîÿííîé:
áåç âåùåñòâà → Ðèìàíîâî ïðîñòðàíñòâî ïåðåõîäèò â ïðî-

ñòðàíñòâî Ìèíêîâñêîãî.
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Âñåëåííàÿ è åå ýâîëþöèÿ

Äëÿ îäíîðîäíîé è èçîòðîïíîé Âñåëåííîé â ýôôåêòèâíîì
Ðèìàíîâîì ïðîñòðàíñòâå

ds2 = c2U(t)dt2 − V (t)

[
dr2

1− kr2 + r2(dθ2 + sin2 θdφ2)

]

çäåñü k = ±1, 0. Â ïðîñòðàíñòâå Ìèíêîâñêîãî:

dσ2 = c2dt2 − dr2 − r2(dθ2 + sin2 θdφ2)

Óðàâíåíèÿ Dν g̃
µν = 0 äàþò:

d

dt

(
V

U1/3

)
= 0 → V

U 1/3 = const = β4

− d

dr

[
(1− kr2)1/2r2

]
+ 2(1− kr2)−1/2 = 0 → k = 0.

ò.å. ÂÑÅËÅÍÍÀß- ÏËÎÑÊÀß (k = 0).
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Ïîëàãàÿ

U 1/3 = a2, dτ = a3dt,

èìååì:

ds2 = c2dτ 2 − β4a2(dr2 + r2dθ2 + r2 sin2 θdφ2)

dσ2 =
c2

a6dτ 2 − dr2 − r2(dθ2 + sin2 θdφ2)

Äëÿ ìàñøòàáíîãî ôàêòîðà:
(

1

a

d2a

dτ 2

)2

=
8πG

3
ρ− 1

12
m2

(
2− 3

a2β4 +
1

a6

)

1

a

d2a

dτ 2 = −4πG

3

(
ρ− 3p

c2

)
− 1

6
m2

(
1− 1

a6

)

m =
mgc

~
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m 6= 0 ìåíÿåò õàðàêòåð ýâîëþöèè ïðè a → 0 è a →∞. Èç-
ìåíåíèå õîäà èíåðöèàëüíîãî âðåìåíè â ãðàâèòàöèîííîì ïîëå
ïðèâîäèò ê ñèëàì îòòàëêèâàíèÿ ïðè a ¿ 1 è ê ñèëàì ïðèòÿ-
æåíèÿ íà êîíå÷íîé ñòàäèè ðàñøèðåíèÿ ïðè a À 1.
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à) Îòñóòñòâèå êîñìîëîãè÷åñêîé îñîáåííîñòè

Ðàäèàöèîííî äîìèíàíòíàÿ ñòàäèÿ: ρ ∼ 1/a4 ïðè a ¿ 1:

amin =

(
m2

32stGρmax

)1/6

ãäå ρmax - ïàðàìåòð òåîðèè.
amin ' 5 · 10−11 - íà ýëåêòðîñëàáîé øêàëå
amin ' 5 · 10−19 - íà øêàëå Âåëèêîãî îáúåäèíåíèÿ

1

a

d2a

dτ 2 |τ=0 =
8πG

3
ρmax > 0 → îòòàëêèâàíèå

R|τ=0 = −16πG

3
ρmax → "óïðóãîñòü"ïîëÿ
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Ýâîëþöèÿ ðàííåé Âñåëåííîé

a(τ) ' amin[1 +
1

2
(
τ

τ2

2
)]

τ2 = (
3

8πGρmax
)1/2

Ãîðèçîíò:
R(τ) ' cτ(1 +

1

3

τ 2

τ 2
2
)

Ïðè τ >> τ2 âûõîä íà ôðèäìàíîâñêèé ðåæèì:

ρ ' ρr(τ) =
3

32πGτ 2
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á) Íåâîçìîæíîñòü íåîãðàíè÷åííîãî ðàñøèðåíèÿ

Ïðèíöèï ïðè÷èííîñòè: ïðè ds2 = 0 → dσ2 ≥ 0

dσ2 = c2dt2
(

1− a4

β4

)
≥ 0, amax = β

β - îïðåäåëÿåòñÿ íòåãðàëîì äâèæåíèÿ.
Íåñîâìåñòèìîñòü ÐÒÃ ñ ïîñòîÿííûì êîñìîëîãè÷å-

ñêèì ÷ëåíîì (ΛCDM).
Êâèíòýññåíöèÿ: Pq = −(1− ν)εq, 0 ≤ ν ≤ 2/3
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â) Ïîëíàÿ îòíîñèòåëüíàÿ ïëîòíîñòü âåùåñòâà

1 = Ω0
tot −

f 2

6
,

f =
mgc

2

~H
1

~H
î÷åíü âåëèêî

Ω0
tot = 1 +

f 2

6

Íåîáõîäèìîñòü "òåìíîé" ìàòåðèè (À.À. Ëîãóíîâ, Ì.À. Ìå-
ñòâèðèøâèëè (1984))
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ã) Âåðõíèé ïðåäåë íà ìàññó ãðàâèòîíà

"Õàááëîâñêàÿ ìàññà":

mH =
~H
c2 = 3.8 · 10−66h (h = 0.7)

Ω0
tot = 1.095+0.094

−0.144 Ω0
tot = 1.086+0.057

−0.128

f 2

6
' 0.3

mg ≤ 1.3 ·mH ' 3.6 · 10−66

~
mgc

≤ 0.75
c

H

Ω0
tot = 1.02± 0.02 ?
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Ïîñëåäíÿÿ îáðàáîòêà äàííûõ WMAP:

[astro-ph.0603449]:

Íàèëó÷øèé ôèò äîñòèãàåòñÿ ïðè àíàëèçå äàííûõ îäíîãî
òîëüêî WMAP: Ωm = 0.415 è ΩΛ = 0.630, òî åñòü Ωtotal =

1.045.
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ä) Óïðóãîñòü ãðàâèòàöèîííîãî ïîëÿ

d2a

dτ 2 +
dV

da
= 0

V = −8πG

3
a2ρ +

m2

12

(
a2 +

1

2a4

)

Àíàëîã ýíåðãèè:

1

2
(
da

dτ
)2 + V = E = const

E =
1

2
(
da

dτ
)2 − 8πG

3
a2ρ +

m2

12

(
a2 +

1

2a4

)
.

E =
(mc)2

8β4 β = amax

14



å) Îñöèëëèðóþùèé õàðàêòåð ýâîëþöèè Âñåëåííîé
(R.C. Tolman (1934))

Ω0
tot = 1 + f2

6

Êâèíòýññåíöèÿ:

pq = ωεq ω = −(1− ν).

Íà÷àëî óñêîðåííîãî ðàñøèðåíèÿ τ1.
Îêîí÷àíèå óñêîðåííîãî ðàñøèðåíèÿ τ2.
Ïîëóïåðèîä îñöèëëÿöèè τmax.

Âðåìÿ íà÷àëà óñêîðåííîãî ðàñøèðåíèÿ Âñåëåííîé τ1,
åãî îêîí÷àíèÿ τ2 è âðåìÿ ìàêñèìàëüíîãî ðàñøèðåíèÿ

(ïîëóïåðèîä îñöèëëÿöèè) τmax (ìëðä. ëåò).

ν τ1 τ2 τmax

ν = 0.05 7.0-8.2 980-1080 1220-1360
ν = 0.10 7.0-8.2 440-485 620-685
ν = 0.15 7.1-8.3 275-295 430-460
ν = 0.20 7.1-8.3 190-205 325-347
ν = 0.25 7.2-8.5 142-149 263-280
ν = 0.30 7.5-8.7 109-113 227-235
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Ìèíèìàëüíàÿ ïëîòíîñòü â ìàêñèìóìå ðàñøèðåíèÿ

ρmin

ρc
=

f 2

6
= Ω0

tot − 1

Íåîáõîäèìî ïîäîæäàòü äî ïîëó÷åíèÿ áîëåå òî÷íûõ ýêñïå-
ðèìåíòàëüíûõ äàííûõ î Ω0

tot!
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II. Ãðàâèòàöèîííîå èçëó÷åíèå â ÐÒÃ
Ââåäåíèå ìàññû ãðàâèòîíà â ëèíåðèçèðîâàííîé òåîðèè ãðà-

âèòàöèè âûçûâàåò òðóäíîñòè:

1. Åñëè ñïèí ãðàâèòîíà S = 2 � íå ïîëó÷àåòñÿ ïðàâèëüíîå
îïèñàíèå ãðàâèòàöèîííûõ ÿâëåíèé â Ñîëíå÷íîé ñèñòåìå

2. Äîáàâëåíèåì ñîñòîÿíèå S = 0 ìîæíî äîáèòüñÿ ïðàâèëü-
íîãî îïèñàíèÿ ÿâëåíèé.

Íî ïîÿâëÿþòñÿ íåôèçè÷åñêèå ñîñòîÿíèÿ "äóõè"

Îíè ïðèñóòñòâóþò â ãðàâèòàöèîííîì èçëó÷åíèè.

Îòñþäà äåëàëñÿ âûâîä î mg = 0

Â ÐÒÃ, èñïîëüçóÿ ïðèíöèï ïðè÷èííîñòè, ìîæíî
ïîêàçàòü, ÷òî "äóõîâûõ"ñîñòîÿíèé â ãðàâèòàöèîí-
íîé âîëíå ïðè mg 6= 0 íå âîçíèêàåò
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Äëÿ ñëàáîãî ïîëÿ

2Φµν + m2Φµν = 0,

∂νΦ
µν = 0

Φµν = aµν(x) cos kx

k = (ω, 0, 0,−qω) q2 = 1−m2/ω2

gµν = γµν − Φµν +
1

2
γµνΦ

gµν = γµν + Φµν − 1

2
γµνΦ

Êðèâèçíà ýôôåêòèâíîãî Ðèìàíîâà ïðîñòðàíñòâà

R =
1

2
m2Φ

Â èíåðöèàëüíîé ñèñòåìå ïðîñòðàíñòâà Ìèíêîâñêîãî

dσ2 = γµνdxµdxν = dt2 − dr2

18



Â ÐÒÃ Ðèìàíîâî ïðîñòðàíñòâî � ýôôåêòèâíîå. Ïîýòîìó
êîíóñ ïðè÷èííîñòè Ðèìàíîâà ïðîñòðàíñòâà íå ìîæåò âûõî-
äèòü çà ïðåäåëû êîíóñà â ïðîñòðàíñòâå Ìèíêîâñêîãî

Êîíóñ ïðè÷èííîñòè Ðèìàíîâà ïðîñòðàíñòâà îïðåäå-
ëÿåòñÿ õàðàêòåðèñòèêàìè

gµν ∂S

∂xµ

∂S

∂xν
= 0

(÷ëåíû ñ âûñøèìè ïðîèçâîäíûìè)
Âðåìåíèïîäîáíûå ãåîäêçè÷åñêèå ëèíèè

gµν ∂S

∂xµ

∂S

∂xν
= 0

gαβp
αpβ ≥ 0; pα = gαµ ∂S

∂xµ

Íåîáõîäèìîå è äîñòàòî÷íîå óñëîâèå â ïðîñòðàíñòâå Ìèí-
êîâñêîãî

γαβp
αpβ ≥ 0
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Óñëîâèÿ ïðè÷èííîñòè

gµνpµpν ≥ 0

γαβg
αµgβνpµpν ≥ 0

pν =
∂S

∂xν

íåïîñðåäñòâåííî ñâÿçàíû ñ ãèïåðáîëè÷åñêèìè óðàâíåíèÿìè ãðà-
âèòàöèîííîãî ïîëÿ

(γµν + Φµν) pµpν ≥ 0 (1)

γαβ (γαµ + Φαµ)
(
γβν + Φβν

)
pµpν ≥ 0 (2)
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x =
p3

p0

x1 ≤ x ≤ x2

x1 = Φ03 − 1− 1

2

(
Φ00 + Φ33)

x2 = Φ03 + 1 +
1

2

(
Φ00 + Φ33)

Íåðàâåíñòâî (2)

x′1 ≤ x ≤ x′2

x′1 = 2Φ03 − 1− Φ00 − Φ33

x′2 = 2Φ03 + 1 + Φ00 + Φ33

Óñëîâèå

x′1 ≤ x1 x′2 ≥ x1

Φ00 ± 2Φ03 + Φ33 ≥ 0

Äëÿ âîëíû (ïðè óñëîâèè ∂µΦ
µν)

Φ99 = qΦ03; Φ03 = qΦ33

(q ± 1)2Φ03 ≥ 0
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Φ03 = 0

Φ00 = 0 Φ33 = 0

Â ÐÒÃ òåíçîð

tελg =
1

32π
γεαγλβ

(
∂αΦτ

ν∂βΦ
ντ − 1

2
∂αΦ∂βΦ

)

a10 = qa13, a20 = qa23

t03
g =

1

32π
qω2

{
(a2

1)
2 +

1

4
(a1

1 − a2
2)

2 +
m2

ω2

[
(a1

3)
2 + (a2

3)
2]

}

Îòñóòñòâóþò ïðîäîëüíî-ïðîäîëüíûå êîìïîíåíòû
Â ñôåðè÷åñêè ñèììåòðè÷íîì ñëó÷àå èçëó÷åíèå íå ïðîèñõî-

äèò
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