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Ìû âñå ïðèâûêëè ê òîìó, ÷òî ïðîøëîãî íå âåðíóòü, õîòÿ ïîðîé î÷åíü
õî÷åòñÿ. Ïèñàòåëè-ôàíòàñòû óæå áîëåå âåêà æèâîïèñóþò ðàçíîãî ðîäà
êàçóñû, âîçíèêàþùèå áëàãîäàðÿ âîçìîæíîñòè ïóòåøåñòâîâàòü âî
âðåìåíè è ïðîñòðàíñòâå ...
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Òåîðèÿ ãðàâèòàöèè Ýéíøòåéíà

Gµν = 8πTµν , (1)

Gµν � òåíçîð Ýéíøòåéíà (îïèñûâàåò ãåîìåòðèþ ïðîñòðàíñòâà-âðåìåíè)
Tµν � òåíçîð ýíåðãèè-èìïóëüñà ìàòåðèè.

Cîãëàñíî ýéíøòåéíîâñêîé òåîðèè òÿãîòåíèÿ - îáùåé òåîðèè
îòíîñèòåëüíîñòè ÷åòûðåõìåðíîå ïðîñòðàíñòâî-âðåìÿ, â êîòîðîì ìû
æèâåì, èñêðèâëåíî, à çíàêîìàÿ âñåì ãðàâèòàöèÿ è åñòü ïðîÿâëåíèå
òàêîãî èñêðèâëåíèÿ. Ìàòåðèÿ ¾ïðîãèáàåò¿, èñêðèâëÿåò ïðîñòðàíñòâî
âîêðóã ñåáÿ, è - ÷åì îíà ïëîòíåå, òåì ñèëüíåå èñêðèâëåíèå.

~ = c = G = 1
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Òåîðèÿ ãðàâèòàöèè Ýéíøòåéíà

Óæå â 1916 ãîäó àâñòðèéñêèé ôèçèê Ë. Ôëàìì îáñóæäàë âîçìîæíîñòü
ñóùåñòâîâàíèÿ ïðîñòðàíñòâåííîé ãåîìåòðèè â âèäå íåêîé íîðû,
ñîåäèíÿþùåé äâà ìèðà.
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Ìîñò Ýéíøòåéíà-Ðîçåíà

A. Einstein, N. Rosen, The particle problem in the general theory of
relativity, Phys. Rev., 48, 73 (1935);

Íåéòðàëüíûé �ìîñò�:

ds2 = −
u2

u2 + 2M
dt2 + 4

(
u2 + 2M

)
du2 +

(
u2 + 2M

)2 (
dθ2 + sin2 θ dϕ2

)
, (2)

ãäå u ∈ (−∞,+∞) .

Ïëîùàäü ñôåðû u = const : A(u) = 4π
(
u2 + 2M

)2
.

Ïðè u = 0 ñôåðà èìååò ìèíèìàëüíóþ ïëîùàäü A(u) = 4π (2M)2.
Ïðåäåëó u → ±∞ ñîîòâåòñòâóþò àñèìïòîòè÷åñêè ïëîñêèå îáëàñòè.
Çàìåíà êîîðäèíàò r = u2 + 2M [äâà ëèñòà r ∈ [2M,∞) ] ïðèâîäèò ê
ìåòðèêå Øâàðöøèëüäà:

ds2 = − (1− 2M/r) dt2 +
dr 2

(1− 2M/r)
+ r 2

(
dθ2 + sin2 θ dϕ2

)
. (3)

ìîñò Ýéíøòåéíà ↔ Ðîçåíà êðîòîâàÿ íîðà Øâàðöøèëüäà
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Êðîòîâûå íîðû

Êðîòîâûå íîðû � òîïîëîãè÷åñêèå ðó÷êè, ñîåäèíÿþùèå ðàçëè÷íûå
âñåëåííûå èëè óäàëåííûå îáëàñòè îäíîé âñåëåííîé.

Ìåòðèêà ñòàòè÷åñêîé ñôåðè÷åñêè ñèììåòðè÷íîé êðîòîâîé íîðû â
êîîðäèíàòàõ êðèâèçí:

ds2 = −f (r)2dt2 +
dr 2

1− b(r)/r
+ r 2

(
dθ2 + sin2 θ dϕ2

)
, (4)

Äèàãðàììà âëîæåíèÿ:
• ñå÷åíèå t = const , θ = π/2:

ds2 =
dr 2

1− b(r)/r
+ r 2dϕ2

âëîæèì â òðåõìåðíîå åâêëèäîâî ïðîñòðàíñòâî

ds2 = dz2 + dr 2 + r 2dϕ2.

• Óñëîâèÿ âëîæåíèÿ:

dz
dr

= ±
(

r
b(r)

− 1
)−1/2

.

Ïîïîâ A.A. Òîïîëîãèÿ è ìîäåëè êðîòîâûõ íîð 6/29



Êðîòîâûå íîðû

• Äèàãðàììà âëîæåíèÿ:
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Êðîòîâûå íîðû Óèëåðà

J. A. Wheeler, Geons, Phys.Rev., 97, 511 (1955);
(Ïåðâàÿ äèàãðàììà êðîòîâîé íîðû)

C. W. Misner, J. A. Wheeler, Classical physics as geometry: gravitation,
electromagnetism, unquantized charge, and mass as properties of curved
empty space, Ann. Phys., 2, 525 (1957);
Âïåðâûå èñïîëüçîâàí òåðìèí �wormhole� ↔ �êðîòîâàÿ íîðà�

Physics is geometry, mass without mass, charge without charge
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Ïðîñòðàíñòâåííî-âðåìåííàÿ ãåîìåòðèÿ íà ïëàíêîâñêèõ ìàñøòàáàõ

Äèàãðàììà âëîæåíèÿ äëÿ êâàíòîâîé
ïðîñòðàíñòâåííî-âðåìåííîé ïåíû.

Ãåîìåòðèÿ ïðîñòðàíñòâà - âðåìåíè íà
ïëàíêîâñêèõ ìàñøòàáàõ ñëó÷àéíà.
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Òîïîëîãèÿ êðîòîâûõ íîð

Ïîëóçàìêíóòûé ìèð - êðîòîâàÿ
íîðà, ñîåäèíÿþùàÿ çàìêíóòóþ
âñåëåííóþ Ôðèäìàíà ñ
ïðîñòðàíñòâîì Ìèíêîâñêîãî

Ïðîñòðàíñòâî òèïà ãàíòåëè -
êðîòîâàÿ íîðà, ñîåäèíÿþùàÿ äâå
çàìêíóòûå âñåëåííûå Ôðèäìàíà
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1985 ãîä

Çíàìåíèòûé àñòðîíîì Êàðë Ñàãàí òðóäèëñÿ íàä ðîìàíîì î
ìåæçâåçäíûõ ïóòåøåñòâèÿõ. Ê òîìó âðåìåíè åãî êîëëåãè ïî
ëèòåðàòóðíîìó öåõó äàâíî îòðàáîòàëè ýôôåêòíûé ñïîñîá îòïðàâêè
ñâîèõ ãåðîåâ ê äàëåêèì ìèðàì - ïðûæêè ÷åðåç ãèïåð-, ñóïåð- èëè
ïîäïðîñòðàíñòâî (ïîñëåäíèì òåðìèíîì â ìîëîäîñòè îáîæàëè
ïîëüçîâàòüñÿ áðàòüÿ Ñòðóãàöêèå, êîòîðûå ñî âðåìåíåì çàìåíèëè åãî íà
íóëü-òðàíñïîðòèðîâêó). Îäíàêî ýòà èäåÿ áûëà ÷èñòî ëèòåðàòóðíûì
ïðèåìîì, íèêàêîãî ôèçè÷åñêîãî îáîñíîâàíèÿ îíà íå èìåëà. Ñàãàí íå
çàõîòåë èäòè ïðîòîðåííûì ïóòåì è ðåøèë ââåñòè â ñâîþ êíèãó
âîîáðàæàåìîå òðàíñïîðòíîå óñòðîéñòâî, êîòîðîå ìîæíî áûëî õîòü
êàê-òî ñâÿçàòü ñ îáùåïðèíÿòûìè ôèçè÷åñêèìè êîíöåïöèÿìè.
Äëÿ âÿùåé íàäåæíîñòè îí îáðàòèëñÿ çà ïîìîùüþ ê ïðîôåññîðó
Êàëèôîðíèéñêîãî òåõíîëîãè÷åñêîãî èíñòèòóòà Êèïó Òîðíó, èçâåñòíîìó
ñâîèìè ðàáîòàìè â îáëàñòè îáùåé òåîðèè îòíîñèòåëüíîñòè è
êîñìîëîãèè.
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Ïðîñòðàíñòâî-âðåìÿ ñòàòè÷åñêîé ñôåðè÷åñêè ñèììåòðè÷íîé

êðîòîâîé íîðû

M.S. Morris and K.S. Thorne, Am. J. Phys. 56, 395 (1988).
M.S. Thorne, K.S. Thorne and U. Yurtsever, Phys. Rev. Lett. 61, 1446
(1988).

ds2 = −e2f (r)dt2 + dl2 + r 2(l)
(

dθ2 + sin2 θ dϕ2
)
, (5)

l � ñîáñòâåííàÿ ðàäèàëüíàÿ êîîðäèíàòà;

f (l) � âñþäó êîíå÷íà (íåò ãîðèçîíòîâ ñîáûòèé);

r(l) � èìååò ìèíèìóì â òî÷êå l = 0 ;
A(l) = 4πr 2(l) � ïëîùàäü äâóìåðíîé ñôåðû l = const ;
ãîðëîâèíå ñîîòâåòñòâóåò ñôåðà ìèíèìàëüíîé ïëîùàäè 4πr(l = 0);

dr
dl |l=0

= 0, d2r
dl2
|l=0

> 0 � íåîáõîäèìûå óñëîâèÿ
ãîðëîâèíû
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Êðîòîâûå íîðû è ïðîáëåìà ìàøèíû âðåìåíè

Îïðåäåëåíèå. Áóäåì íàçûâàòü ïðîñòðàíñòâî-âðåìÿ M ìàøèíîé âðåìåíè,
åñëè M ñîäåðæèò çàìêíóòûå âðåìåíèïîäîáíûå ìèðîâûå ëèíèè.

Ïðèìåðû èçâåñòíûõ ðåøåíèé óðàâíåíèé Ýéíøòåéíà, îïèñûâàþùèõ
ïðîñòðàíñòâà ñ çàìêíóòûìè âðåìåíèïîäîáíûìè ëèíèÿìè:

ïðîñòðàíñòâî-âðåìÿ áåñêîíå÷íî äëèííîãî æåñòêî âðàùàþùåãîñÿ
ïûëåâîãî öèëèíäðà (ðåøåíèå Âàí Ñòîêóìà, 1937);

âðàùàþùàÿñÿ âñåëåííàÿ Ã¼äåëÿ (Ã¼äåëü, 1949);

ðåøåíèå Êåððà (âðàùàþùàÿñÿ ÷åðíàÿ äûðà);

âðàùàþùèåñÿ êîñìè÷åñêèå ñòðóíû.

Ïîïîâ A.A. Òîïîëîãèÿ è ìîäåëè êðîòîâûõ íîð 14/29



Êðîòîâûå íîðû è ïðîáëåìà ìàøèíû âðåìåíè

Ïðåâðàùåíèå êðîòîâîé íîðû â ìàøèíó âðåìåíè:

Â ïðîñòðàíñòâå-âðåìåíè ñ ïðîõîäèìîé êðîòîâîé íîðîé (òèïà
òîïîëîãè÷åñêîé ðó÷êè) íåèçáåæíî ôîðìèðóþòñÿ çàìêíóòûå
âðåìåíèïîäîáíûå ìèðîâûå ëèíèè (Ìèçíåð, Òîðí, Þðòñåâåð, 1988;
Ôðîëîâ, Íîâèêîâ, 1990; Âèññåð, 1993).

Äèàãðàììà, èëëþñòðèðóþùàÿ ïðåâðàùåíèå êðîòîâîé íîðû â ìàøèíó
âðåìåíè
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Óñëîâèÿ ñóùåñòâîâàíèÿ êðîòîâûõ íîð

Íåòðèâèàëüíûå óðàâíåíèÿ Ýéíøòåéíà Gµ
ν = 8πTµν

2
r ′′

r
+

1− r ′2

r 2 = 8πρ,

2
f ′r ′

r
+

1− r ′2

r 2 = 8πpr ,

f ′′ + f ′2 +
f ′r ′ + r ′′

r
= 8πp⊥,

ρ � ïëîòíîñòü ýíåðãèè ìàòåðèè, pr � ðàäèàëüíîå äàâëåíèå ìàòåðèè, p⊥ �
ïîïåðå÷íîå äàâëåíèå ìàòåðèè.

Â ãîðëîâèíå l = 0

(ρ+ pr )l=0 = − r ′′

4πr l=0
< 0 (6)

Ýòî óñëîâèå ïîêàçûâàåò, ÷òî â ãîðëîâèíå ïðîõîäèìîé êðîòîâîé
íîðû íàðóøàåòñÿ èçîòðîïíîå ýíåðãåòè÷åñêîå óñëîâèå.

Ìàòåðèÿ, äëÿ êîòîðîãî íàðóøàåòñÿ èçîòðîïíîå ýíåðãåòè÷åñêîå
óñëîâèå, íàçûâàåòñÿ ýêçîòè÷åñêèì.
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Ýíåðãåòè÷åñêèå óñëîâèÿ

Ñâåòîâîå ýíåðãåòè÷åñêîå óñëîâèå:

TµνKµK ν ≥ 0, (7)

ãäå Kµ - ïðîèçâîëüíûé èçîòðîïíûé âåêòîð.
Åñëè Tµν = diag(ρ, p1, p2, p3), òî èç óñëîâèÿ (11) ñëåäóåò

ρ+ pi ≥ 0. (8)

Ñëàáîå ýíåðãåòè÷åñêîå óñëîâèå:

Tµνuµuν ≥ 0, (9)

ãäå uµ - ïðîèçâîëüíûé âðåìåíèïîäîáíûé âåêòîð.
Â òåðìèíàõ ãëàâíûõ äàâëåíèé Tµν = diag(ρ, p1, p2, p3) óñëîâèå (13)
ãëàñèò

ρ ≥ 0, (10)

ò.å. ïëîòíîñòü ýíåðãèè íåîòðèöàòåëüíà.
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Ýíåðãåòè÷åñêèå óñëîâèÿ

Ñèëüíîå ýíåðãåòè÷åñêîå óñëîâèå:(
Tµν −

1
2

gµνT
)

uµuν ≥ 0, (11)

èëè
ρ+

∑
i

pi ≥ 0. (12)

Óñëîâèå ýíåðãîäîìèíàíòíîñòè ïðåäïîëàãàåò, ÷òî

Tµνuµuν ≥ 0. (13)

è âåêòîð Tµνuµ ÿâëÿåòñÿ âðåìåíèïîäîáíûì ëèáî èçîòðîïíûì.
Ôèçè÷åñêîå ñîäåðæàíèå ýòîãî òðåáîâàíèÿ ñîñòîèò â òîì, ÷òî
ñêîðîñòü ïåðåíîñà ýíåðãèè íå äîëæíà ïðåâîñõîäèòü ñêîðîñòè ñâåòà.

Óñëîâèÿ ýíåðãîäîìèíàíòíîñòè ëåæàò â îñíîâå äîêàçàòåëüñòâà
ìíîãèõ âàæíûõ òåîðåì è ôàêòîâ îáùåé òåîðèè îòíîñèòåëüíîñòè.
Ñðåäè íèõ òåîðåìû Ïåíðîóçà è Õîêèíãà î ñèíãóëÿðíîñòÿõ, òåîðåìà
î òîïîëîãè÷åñêîé öåíçóðå, òåðìîäèíàìè÷åñêèå ñâîéñòâà ãîðèçîíòà
ñîáûòèé è äð.
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Íàðóøåíèå ýíåðãåòè÷åñêèõ óñëîâèé

Êëàññè÷åñêèå ñêàëÿðíûå ïîëÿ:

äåéñòâèå

S =

∫
d4x

√
−g
{

R
8π
− (∇φ)2 − ξRφ2 − 2V (φ)

}
; (14)

òåíçîð ýíåðãèè-èìïóëüñà:

Tµν=∇µ∇νφ−
1
2

gµν(∇φ)2 − gµνV (φ)

+ξ
[
Gµνφ

2 − 2∇µ(φ∇νφ) + 2gµν∇λ(φ∇λφ)
]
; (15)

èçîòðîïíîå ýíåðãåòè÷åñêîå óñëîâèå:

8πTµνKµK ν = GµνKµK ν =
8π

1− 8πξφ2

[
φ′

2 − ξ(φ2)
′′] ≥ 0 (16)

ìîæåò íàðóøàòüñÿ â ðÿäå ñëó÷àåâ.

ßâíûå ðåøåíèÿ, îïèñûâàþùèå êðîòîâûå íîðû, áûëè ïîëó÷åíû
Áðîííèêîâûì (1973), Áàð÷åëî è Âèññåðîì (1999, 2000), Ñóøêîâûì
è Êèìîì (2002).
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Íàðóøåíèå ýíåðãåòè÷åñêèõ óñëîâèé

Êîñìîëîãè÷åñêèå íàáëþäåíèÿ

óñêîðåííîå ðàñøèðåíèå Âñåëåííîé ñâèäåòåëüñòâóåò î òîì, ÷òî
Âñåëåííàÿ çàïîëíåíà â îñíîâíîì "òåìíîé ýíåðãèåé ìàòåðèåé ñ
ýêçîòè÷åñêèì óðàâíåíèåì ñîñòîÿíèÿ.

Àëüòåðíàòèâíûå òåîðèè ãðàâèòàöèè

ñêàëÿðíî-òåíçîðíûå òåîðèè Áðàíñà-Äèêêå è Áåðãìàíà-Âàãîíåðà:

S =

∫
d4x

√
−g{φR − ω(φ)

φ
φ;µφ

;µ};

ãðàâèòàöèîííûå òåîðèè ñ êðó÷åíèåì;

íåñèììåòðè÷íûå (gµν 6= gνµ) ãðàâèòàöèîííûå òåîðèè;

ãðàâèòàöèîííûå òåîðèè ñ âûñøèìè ïðîèçâîäíûìè;

êðîòîâûå íîðû íà 4-õ ìåðíîé �áðàíå� â ïðîñòðàíñòâå-âðåìåíè
ðàçìåðíîñòè áîëüøå, ÷åì 4.
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Íàðóøåíèå ýíåðãåòè÷åñêèõ óñëîâèé

Êâàíòîâûå ýôôåêòû

ýôôåêò Êàçèìèðà:

Tµnu =
π2

720
~
a4 diag(−1, 1, 1,−3), (17)

ρ = − π2~
720a4 < 0 � ïëîòíîñòü ýíåðãèè îòðèöàòåëüíà!

ρ+ pz = − π2~
180a4 < 0 � èçîòðîïíîå ýíåðãåòè÷åñêîå óñëîâèå

íàðóøåíî!

ñæàòûå ñîñòîÿíèÿ â êâàíòîâîé ýëåêòðîäèíàìèêå;

òåîðåòè÷åñêèå óêàçàíèÿ [Áëàó, Âèññåð, Âèïô (1988)]
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Ïîëóêëàññè÷åñêèå êðîòîâûå íîðû: îñíîâíàÿ èäåÿ

Ïîëóêëàññè÷åñêàÿ òåîðèÿ ãðàâèòàöèè

Gµν = 8π〈Tµν〉ren, (18)

〈Tµν〉ren � âàêóóìíûå ñðåäíèå îïåðàòîðà òåíçîðà ýíåðãèè-èìïóëüñà
êâàíòîâàííûõ ìàòåðèàëüíûõ ïîëåé.

〈Tµν〉ren îïðåäåëÿåòñÿ ãåîìåòðè÷åñêèìè è òîïîëîãè÷åñêèìè ñâîéñòâàìè
ïðîñòðàíñòâà-âðåìåíè, à òàêæå âûáîðîì êâàíòîâîãî ñîñòîÿíèÿ, â
êîòîðîì 〈Tµν〉ren âû÷èñëÿþòñÿ.

Morris M. and Thorne K. (Am. J. Phys., 1988)

~ = c = G = 1
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Âûñîêî ñèììåòðè÷íûå ïðîñòðàíñòâà-âðåìåíà

〈T νµ 〉ren ∼ δνµ〈T k
k 〉ren, (19)

〈T k
k 〉ren îïðåäåëÿåòñÿ êîíôîðìíîé àíîìàëèåé

äëÿ áåçìàññîâûõ êîíôîðìíî èíâàðèàíòíûõ ïîëåé

Starobinsky A. (Phys. Lett. B, 1980 )
Mamayev S. and Mostepanenko V. (Sov. Phys.�JETP, 1980 )
Kofman L., Sahni V. and Starobinsky A. (Sov. Phys.�JETP, 1983)
Kofman L. and Sahni V. (Phys. Lett. B, 1983)
Kofman L. and Sahni V. (Phys. Lett. A, 1986 )
Spindel P. (Phys. Rev. D, 1988)
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Ïðèáëèæåííûå ìåòîäû âû÷èñëåíèÿ 〈Tµν〉ren äëÿ áåçìàññîâûõ

êîíôîðìíî èíâàðèàíòíûõ ïîëåé.

Page (Phys. Rev. D, 1982)
Brown, Ottewill ( Phys. Rev. D, 1985)
Brown, Ottewill and Page (Phys. Rev. D, 1986)
Frolov, Zel'nikov (Phys. Rev. D, 1987)
Anderson, Hiscock, Samuel (Phys. Rev. D, 1995)
Groves, Anderson and Carlson (Phys. Rev. D, 2002)

Sushkov (Phys. Lett. A, 1992)
Hochberg, Popov, and Sushkov (Phys. Rev. Lett.1997)
� ÷èñëåííîå ðåøåíèå, îïèñûâàþùåå êðîòîâóþ íîðó â ðàìêàõ
ïîëóêëàññè÷åñêîé òåîðèè ãðàâèòàöèè

Gµν = 8π〈Tµν〉ren. (20)

Ïðîáëåìà òàêîãî ïîäõîäà � îòñóòñòâèå ïðåäåëîâ ïðèìåíèìîñòè ïðèáëèæåíèÿ
äëÿ 〈Tµν〉ren.
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〈Tµν〉ren ìàññèâíûõ ïîëåé

1
ml
� 1, (21)

m � ìàññà êâàíòîâàííîãî ïîëÿ,
l � õàðàêòåðíûé ìàñøòàá ðàäèóñà êðèâèçíû ïðîñòðàíñòâà-âðåìåíè.

ïðèáëèæåíèå ÄåÂèòòà-Øâèíãåðà:

〈Tµν〉ren(x) îïðåäåëÿåòñÿ gµν(x) â îêðåñòíîñòè x è íå çàâèñèò îò âûáîðà
êâàíòîâîãî ñîñòîÿíèÿ.

Anderson, Hiscock, Samuel (Phys. Rev. D, 1995)
Matyjasek (Phys. Rev. D, 1999)
Matyjasek (Phys. Rev. D, 2000)
Popov (Phys. Rev. D, 2001)
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Äëèííàÿ ãîðëîâèíà êðîòîâîé íîðû

Popov A. (Phys. Rev. D, 2001)

ds2 = −f (ρ)dt2 + dρ2 + r2(ρ)
(

dθ2 + sin2 θ dϕ2
)

(22)

〈
T t

t

〉
ren

=
〈
Tρρ
〉

ren =
1

4π2r4

{
m2r2

8

(
ξ −

1
8

)
+

79
7680

−
11
96
ξ +

3
8
ξ2

+

[
−

m4r4

8
+

m2r2

2

(
1
6
− ξ
)
−

1
60

+
1
6
ξ −

1
2
ξ2
]

ln

√
µ2

m2
DS

r2

+

[
m4r4

2
+ 2m2r2

(
ξ −

1
8

)
+ 2

(
ξ −

1
8

)2
]
[I1(µ)− I2(µ)]

}

+O
(
ε2
WKB

r4

)
, (23)

〈
T θθ
〉

ren
=
〈
Tϕϕ
〉

ren = . . . , (24)

µ2 = m2r2 + 2 (ξ − 1/8) , (25)

I1(µ) =
∫ ∞

0

x ln |1− x2|
1 + e2π|µ|x dx , I2(µ) =

∫ ∞
0

x3 ln |1− x2|
1 + e2π|µ|x dx , (26)
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Gµν = 8π
[
〈Tµν〉ren(m = 0, ξ = 1/6) + 〈Tµν〉ren(m, ξ) +

(
T ef
)
µν

]
(27)

(
T ef
)µ
ν
=

Q2

8πr4
diag (−1,−1, 1, 1) . (28)

−
1

8πr2
'

1
4π2r4

[
0.00310 +

1
720

ln (m2
DS

r2)

+
1

m2r2

(
−
ξ3

6
+
ξ2

12
−

ξ

60
+

1
630

)]
−

Q2

8πr4
, (29)

0 '
1

4π2r4

[
−0.00171−

1
720

ln (m2
DS

r2)

+
1

m2r2

(
ξ3

3
−
ξ2

6
+

ξ

30
−

1
315

)]
+

Q2

8πr4
. (30)
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r2 '

√
−

1
πm2

(
ξ3

3
−
ξ2

6
+

ξ

30
−

1
315

)
(31)

Q2 '
2
π

0.00171 +
1

720
ln

 m2
DS

m
√
π

√
−
(
ξ3

3
−
ξ2

6
+

ξ

30
−

1
315

)
+

√
π

m

√
−
(
ξ3

3
−
ξ2

6
+

ξ

30
−

1
315

) (32)

Ïîä÷åðêíåì, ÷òî òåíçîð ýíåðãèè èìïóëüñà, ðàññìàòðèâàåìûé çäåñü, îáëàäàåò
íåîáõîäèìûìè �ýêçîòè÷åñêèìè� ñâîéñòâàìè äëÿ òîãî ÷òîáû îáåñïå÷èâàòü
ñóùåñòâîâàíèå êðîòîâîé íîðû:

pr=−ε =
1

4π2r4

[
0.00310 +

1
720

ln (m2
DS

r2)

+
1

m2r2

(
−
ξ3

6
+
ξ2

12
−

ξ

60
+

1
630

)]
−

Q2

8πr4
< 0, (33)

ãäå pr � ðàäèàëüíîå äàâëåíèå, ε � ïëîòíîñòü ýíåðãèè.

A. Popov (Class. Quantum Grav., 2005)
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Ñïàñèáî çà âíèìàíèå
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