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Çàãàäêà òåìíîé ìàòåðèè:

ãèïîòåçà åå ñóùåñòâîâàíèÿ îáúÿñíÿåò íàáëþäåíèÿ â øèðîêîì

äèàïîçîíå ìàñøòàáîâ �

îò ãàëàêòè÷åñêèõ (êðèâûå âðàùåíèÿ),

äî êîñìîëîãè÷åñêèõ (ôîðìèðîâàíèå ñòðóêòóð è ïîëíàÿ ìàññà

ìàòåðèè âî Âñåëåííîé).

Â ðàìêàõ ìîäåëè ΛCDM � ñîâðåìåííîé ñòàíäàðòíîé ìîäåëè

êîñìîëîãèè � ñâîéñòâà òåìíîé ìàòåðèè áëèçêè ê ñâîéñòâàì

íåðåëÿòèâèñòñêîé ïûëåâèäíîé ìàòåðèè.

Îäíàêî, ïîïûòêè äåòåêòèðîâàíèÿ òåìíîé ìàòåðèè

(îáíàðóæåíèÿ åå âçàèìîäåéñòâèÿ ñ îáû÷íîé ìàòåðèåé)

íå äàþò ðåçóëüòàòà!
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Ìîæåò áûòü, òåìíîé ìàòåðèè íà ñàìîì äåëå íå ñóùåñòâóåò,

à îíà ÿâëÿåòñÿ ýôôåêòîì îïèñàíèÿ ãðàâèòàöèîííîãî

âçàèìîäåéñòâèÿ?

Âîçìîæíûå âàðèàíòû ìîäèôèêàöèè òåîðèè ãðàâèòàöèè:

• MOND (Modi�ed Newtonian Dynamics);

• f (R)-ãðàâèòàöèÿ;

• ñêàëÿðíî-òåíçîðíûå ìîäåëè ãðàâèòàöèè;

• ìèìåòè÷åñêàÿ ãðàâèòàöèÿ;

• òåîðèÿ âëîæåíèÿ (embedding gravity);

• . . .

×òîáû áûëà âîçìîæíîñòü îáúÿñíèòü âñå ñâÿçûâàåìûå ñ òåìíîé

ìàòåðèåé ýôôåêòû, ìîäèôèêàöèÿ ãðàâèòàöèè äîëæíà îáëàäàòü

äîñòàòî÷íî áîëüøèì ÷èñëîì äîïîëíèòåëüíûõ ñòåïåíåé ñâîáîäû!
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Ìèìåòè÷åñêàÿ ãðàâèòàöèÿ

S = SEH[g(...)] + Sm[g(...)], SEH = − 1

2κ

∫
d4x

√
−g R (1)

gµν = g̃µν g̃
αβ(∂αφ)(∂βφ)

(
⇒ gµν(∂µφ)(∂νφ) ≡ 1

)
(2)

Gµν − κ Tµν = κρ(∂µφ)(∂νφ), Dµ(ρg
µν∂νφ) = 0,

ρ ≡ 1

κ
gµν(Gµν − κ Tµν) (3)

(A.H. Chamseddine, V. Mukhanov, JHEP, 2013:11 (2013), 135, arXiv:1308.5410)

Ýêâèâàëåíòíàÿ ôîðìóëèðîâêà â âèäå ÎÒÎ ñ äîïîëíèòåëüíîé

ôèêòèâíîé (òåìíîé?!) ìàòåðèåé:

S = SEH + Sm + S+ (4)

S+ = −1

2

∫
d4x

√
−g ρ

(
1− gµν(∂µφ)(∂νφ)

)
(5)

(A. Golovnev, Phys.Lett.B, 728 (2014), 39, arXiv:1310.2790)
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Èç âèäà óðàâíåíèé

Gµν = κ
(
Tµν + ρ(∂µφ)(∂νφ)

)
, Dµ(ρg

µν∂νφ) = 0 (6)

âèäíî, ÷òî ρ � ïëîòíîñòü ôèêòèâíîé ìàòåðèè, à åå ñêîðîñòü

uµ = ∂µφ, (7)

ò.å. ìàòåðèÿ äâèæåòñÿ ïîòåíöèàëüíî.

Ñëèøêîì ìàëî ñòåïåíåé ñâîáîäû!
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Óñëîæíåíèÿ ìèìåòè÷åñêîé ãðàâèòàöèè

Ìîäèôèêàöèè äåéñòâèÿ ôèêòèâíîé ìàòåðèè:

S+ = −1

2

∫
d4x

√
−g

(
ρ
(
1−gµν(∂µφ)(∂νφ)

)
−V (ρ)+

1

2
γ(ρ) (□ρ)2

)
(8)

(A. Chamseddine, V. Mukhanov, A. Vikman, JCAP, 2014:06 (2014), 017, arXiv:1403.3961;

L. Mirzagholi, A. Vikman, JCAP, 2015:06 (2015), 028, arXiv:1412.7136)

Ìîäèôèêàöèÿ ìèìåòè÷åñêîé çàìåíû:

S = SEH[g(...)] + Sm[g(...)] (9)

gµν = g̃µν g̃
γδ (∂γφ+ α∂γβ) (∂δφ+ α∂δβ) (10)

uµ = ∂µφ+ α∂µβ (11)

(S. P., Phys. Rev. D 96 (2017) 084059, arXiv:1708.03944)
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Òåîðèÿ âëîæåíèÿ

S = SEH[g(...)]+Sm[g(...)], SEH = − 1

2κ

∫
d4x

√
−g R, (12)

gµν = ηab(∂µy
a)(∂νy

b), (13)

ãäå a, b = 0, . . . , 9.
(T. Regge, C. Teitelboim, "General relativity a la string: a progress report",

Proceedings of the First Marcel Grossmann Meeting (Trieste, Italy, 1975),

1977, p. 77, arXiv:1612.05256)

Ïðîñòîé ãåîìåòðè÷åñêèé ñìûñë � ìåòðèêà ñòàíîâèòñÿ

èíäóöèðîâàííîé ìåòðèêîé ÷åòûðåõìåðíîé ïîâåðõíîñòè â

ïëîñêîì îáúåìëþùåì ïðîñòðàíñòâå, îïèñûâàåìîé ôóíêöèåé

âëîæåíèÿ ya(xµ).

Ñ.À. Ïàñòîí (ÑÏáÃÓ) Òåìíàÿ ìàòåðèÿ êàê ãðàâèòàöèîííûé ýôôåêò... 7 / 16



Ïåðâîíà÷àëüíàÿ èäåÿ òåîðèè âëîæåíèÿ � ïåðåïèñàòü ÎÒÎ

ñõîäíî ñ òåîðèåé ñòðóíû â íàäåæäå íà óëó÷øåíèå ïðîöåäóðû

êâàíòîâàíèÿ.

Íî � ëèøíèå ðåøåíèÿ!

Óðàâíåíèÿ äâèæåíèÿ (óðàâíåíèÿ Ðåäæå-Òåéòåëüáîéìà)

Dµ

(
(Gµν − κ Tµν) ∂νy

a
)
= 0 (14)

Ðåäæå è Òåéòåëüáîéì: ââåäåì ad hoc äîïîëíèòåëüíûå ñâÿçè

Gµ0 − κ Tµ0 = 0 (15)
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Óðàâíåíèÿ Ðåäæå-Òåéòåëüáîéìà ìîæíî ïåðåïèñàòü â âèäå

óðàâíåíèé Ýéíøòåéíà ñ äîïîëíèòåëüíûì âêëàäîì τµν �

ÒÝÈ ôèêòèâíîé (òåìíîé?!) ìàòåðèåé:

Gµν = κ (Tµν + τµν) ,

Dµ

(
τµν∂νy

a
)
= 0,

ηab(∂µy
a)(∂νy

b) = gµν (16)

(M. Pavsic, Class. Quant. Grav., 2 (1985), 869, arXiv:1403.6316)
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Ñîîòâåòñòâóþùåå äåéñòâèå ìîæíî çàïèñàòü êàê

S = SEH + Sm + S+, (17)

ãäå

S+ =
1

2

∫
d4x

√
−g
(
(∂µy

a)(∂νy
b)ηab − gµν

)
τµν , (18)

(S. P., Phys. Rev. D, 96 (2017), 084059, arXiv:1708.03944)

åñëè îïèñûâàòü ôèêòèâíóþ ìàòåðèþ íåçàâèñèìûìè

ïåðåìåííûìè ya è τµν ;

èëè

S+ =

∫
d4x

√
−g
(
jµa ∂µy

a − tr

√
gµν jνa η

abjαb

)
, (19)

(S. P., A. Sheykin, Eur. Phys. J. C, 78: 12 (2018), 989, arXiv:1806.10902)

åñëè â êà÷åñòâå îïèñûâàþùèõ ôèêòèâíóþ ìàòåðèþ

íåçàâèñèìûõ ïåðåìåííûõ êðîìå ya âûáðàòü íåêîòîðûé íàáîð

òîêîâ jµa .
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Èìåííî ýòè òîêè îêàçûâàþòñÿ ñîõðàíÿþùèìèñÿ âñëåäñòâèå

îäíîãî èç óðàâíåíèé äâèæåíèÿ:

Dµj
µ
a = 0 ⇔ ∂µ

(√
−g jµa

)
= 0, jµa = τµν∂νya (20)

Åñëè ïðåäïîëîæèòü, ÷òî âñå ýòè òîêè ÿâëÿþòñÿ

íåðåëÿòèâèñòñêèìè â îáúåìëþùåì ïðîñòðàíñòâå:

jµa = δ0a j
µ + δjµa , δjµa → 0, (21)

òî ýòî ïðèâîäèò ê íåðåëÿòèâèñòñêîìó ïðåäåëó òåîðèè

âëîæåíèÿ, â êîòîðîì ôèêòèâíàÿ ìàòåðèÿ îêàçûâàåòñÿ

íåðåëÿòèâèñòñêîé.
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Â òàêîì ïðåäåëå ñîîòâåòñòâóþùåå òåìíîé ìàòåðèè äåéñòâèå

(19) ïåðåõîäèò â äåéñòâèå

S+ =

∫
d4x

√
−g
(
jµ∂µy

(0) −
√
jµgµν jν

)
, (22)

îïèñûâàþùåå ïîòåíöèàëüíî äâèæóùóþñÿ ïûëåâèäíóþ

ìàòåðèþ.

Îäíàêî ýòîò ïðåäåë ñèíãóëÿðåí, ïîñêîëüêó îäíî èç óðàâíåíèé

äâèæåíèÿ èìååò âèä

∂µy
a = β−1µν j

νa, βµ
α =

√
gµν jνa η

abjαb (23)
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Òåîðèÿ âëîæåíèÿ â ïðåäåëå ñëàáîé ãðàâèòàöèè

Cëàáàÿ ãðàâèòàöèÿ:

gµν = ηµν + δgµν , δgµν ≪ 1 (24)

Íóæíî âûáðàòü ñîîòâåòñòâóþùóþ ôóíêöèþ âëîæåíèÿ

ya(x) = ȳa(x) + δya(x) (25)

Ôîíîì ȳa(x) äîëæíî áûòü âëîæåíèå ìåòðèêè ïðîñòðàíñòâà

Ìèíêîâêîãî. Âûáîð íå åäèíñòâåííûé!

Ïðîñòåéøèé âàðèàíò � 4ìåðíàÿ ïëîñêîñòü � ïðèâîäèò

ê íåëèíåàðèçóåìîñòè óðàâíåíèé Ðåäæå-Òåéòåëüáîéìà è

ê íåëèíåéíîé ñâÿçè δgµν è δya.
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Ïðèðàùåíèå ìåòðèêè â ëèíåéíîì ïðèáëèæåíèè:

gµν = (∂µy
a)(∂νya) ⇒

⇒ δgµν = (∂µδy
a)(∂νya) + (µ↔ ν) =

=
(
∂µ(δy

a
∥ + δya⊥)

)
(∂νya) + (µ↔ ν) =

= Dµξν + Dνξµ − 2δy⊥ab
a
µν , (26)

ãäå ξµ = δya∥ ∂µya, è baµν = Dµ∂νy
a � âòîðàÿ îñíîâíàÿ ôîðìà

ïîâåðõíîñòè.

Ëèíåéíîñòü ñâÿçè δgµν è δya òðåáóåò âûïîëíåíèÿ óñëîâèÿ

rank baµν = 6, (27)

ò.å. ðàçâåðíóòîñòè âëîæåíèÿ.

Ôîí äîëæåí áûòü ðàçâåðíóòûì âëîæåíèåì ìåòðèêè

Ìèíêîâêîãî, ïðèìåðû òàêèõ âëîæåíèé ìîæíî ïðèâåñòè.

(S. P., T. Zaitseva, Universe, 7:12 (2021), 477, arXiv:2111.04188)
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Ðàçâåðíóòûé ôîí, êîòîðûé ïðèâîäèò ê íåðåëÿòèâèñòñêîìó

äâèæåíèþ ôèêòèâíîé ìàòåðèè:

ȳ0 = x0, ȳ I = ȳ I (x i ), (28)

ãäå ȳ I (x i ) � ðàçâåðíóòîå âëîæåíèå R3 â R9.

Ôóíêöèÿ âëîæåíèÿ ya(x) äëÿ ñîîòâåòñòâóþùåé 4õ-ìåðíîé

ïîâåðõíîñòè â ãëàâíîì ïî 1/c ïîðÿäêå èìååò âèä

y0 = x0 +
1

c
ψ

(
x0

c
, x i
)
+ o

(
1

c2

)
,

y I = ȳ I
(
x0

c
, x i
)
+

1

c2
ᾱkmI

(
1

2
(∂kψ)(∂mψ)− φδkm

)
+o

(
1

c2

)
, (29)

ãäå

ᾱik
L = ᾱki

L , ᾱik
L ∂mȳ

L = 0, ᾱik
L b̄

L
lm =

1

2

(
δil δ

k
m + δimδ

k
l

)
(30)
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Ðàçâåðíóòûé ôîí, êîòîðûé ïðèâîäèò ê íåðåëÿòèâèñòñêîìó

äâèæåíèþ ôèêòèâíîé ìàòåðèè:

ȳ0 = x0, ȳ I = ȳ I (x i ), (28)

ãäå ȳ I (x i ) � ðàçâåðíóòîå âëîæåíèå R3 â R9.

Ôóíêöèÿ âëîæåíèÿ ya(x) äëÿ ñîîòâåòñòâóþùåé 4õ-ìåðíîé
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Íåðåëÿòèâèñòñêèå óðàâíåíèÿ äâèæåíèÿ ôèêòèâíîé ìàòåðèè

â ãëàâíîì ïîðÿäêå ïî 1/c èìåþò âèä:

∂t ȳ
I = γI , ∂tψ = φ+

1

2
γIγI , ∂t ρ̄τ = −∂i

(
ρ̄τv

i
τ

)
,

∂t(ρ̄τv
m
τ ) =

= −ρ̄τ∂mφ+∂l

(
ρ̄τ ᾱ

lm
L

(
ᾱik
L

(
(∂iγ

I )(∂kγ
I ) + ∂i∂kφ

)
+ 2v iτ∂iγ

L

))
, (31)

ãäå γI = (∂k ȳ
I )∂kψ + ᾱik

I ∂i∂kψ, à φ � íüþòîíîâñêèé

ãðàâèòàöèîííûé ïîòåíöèàë, ñîîòâåòñòâóþùèé ðàñïðåäåëåíèþ

ìàòåðèè ñ ïëîòíîñòüþ ρ+ ρ̄τ .

Ïàðàìåòðû, îïèñûâàþùèå ôèêòèâíóþ ìàòåðèþ:

ïëîòíîñòü ρ̄τ , ñêîðîñòü v iτ , à òàêæå âåëè÷èíà ψ è åùå 3

ôóíêöèè, ïàðàìåòðèçóþùèå âëîæåíèå ȳ I (x i ) ïëîñêîé ìåòðèêè.

Ïðèñóòñòâóåò ñàìîäåéñòâèå!

(S. P., Universe, 6:10 (2020), 163, arXiv:2009.06950)
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