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ABSTRACT

The Laser Interferometer Gravitational-Wave Observatory (LIGO) detection of gravitational
waves that take away 5 per cent of the total mass of two merging black holes points out on
the importance of considering varying gravitational mass of a system in the framework of the
Einstein general theory of relativity. We calculate the acceleration of a particle in the non-
stationary field of a quasi-spherical system composed of a large number of objects emitting
gravitational waves. It is shown that reduction of the gravitational mass of the system due to
emitting gravitational waves leads to a repulsive gravitational force that diminishes with time
but never disappears. This repulsive force may be related to the observed expansion of the
Universe.

Key words: gravitation — gravitational waves —cosmology: miscellaneous.



1 INTRODUCTION

Recently the Laser Interferometer Gravitational-Wave Observatory
(LIGO) Scientific Collaboration announced a detection of gravita-
tional waves caused by the merger of two black holes with masses of
about 36 and 29 times the mass of the Sun (Abbot et al. 2016). About
three times the mass of the Sun, i.e. about 5 per cent of the initial to-
tal mass of the black holes, was converted into gravitational waves.
The LIGO detection of the gravitational waves confirms a main
prediction of Einstein’s general theory of relativity. The merger of
black holes is currently rare, however, the collisions and merger of
black holes will be a common event at the final stage of collapsing
Universe (Sikkema & Israel 1991; Banks & Fischler 2002). Let us
estimate a fraction of black hole masses that converts into gravita-
tional waves using a model of collapsing Universe called the ‘big
crunch’. Currently the Universe composed of approximately 10°
or 2'* stars. Assuming that all stars are converted into black holes,
we can consider 73 binary mergers of the black holes in the ‘big
crunch’ with 5 per cent mass of every collision of the black holes
transformed to gravitational waves. A final black hole will have a
mass of 0.95"% ~ 0.02 of the initial mass of the universe. The re-
maining mass of the universe (98 per cent) will be converted into
gravitational waves.



3 METRIC OF AN OBJECT
WITH VARYING MASS

Let us consider a quasi-spherical system composed of a large num-
ber of objects emitting gravitational waves such as merging black
holes discovered by the LIGO. At large distances from the system
the gravitational field can be treated as a weak one. For such a weak
gravitational field we have

&uv = N +h;u . (15)

where 7,,, is the Minkovsky tensor and the inequality #,,, 3> h,, is
valid for all components.

Beginning with Einstein (1918), it has been shown that the Ein-
stein equations (in the unit system where the light velocity is not
equal to unity),

8nG 1 ;
R;u‘ = _T (T-u\' - ;g;nT,') ' (16)

transform to an analogy of the wave equation for weak gravitational
fields. Following Weinberg (1972) and Landau & Lifshitz (1975)
we can write this equation as follows:

5 16mG
Dhyy = = Sy (17
c
where
1 ;
S[II‘ = Tllv == 5"/1\'7‘;- (18)

A solution of equation (17) is the following expression with the
retarded potentials (Weinberg 1972; Landau & Lifshitz 1975):

4G /s,,‘,(: —r/9 4y

h(r,t) = —
/u( ) (‘4, =

(19)
Assuming sufficiently low velocities of objects in the quasi-

spherical system we can get for the zero component (Weinberg
1972):

1 1
St —rfc) = = wolt —rjc) = ;c‘p(t —rjc) (20)

If we assume that the mass of the system is concentrated at small
radii, we can write

M(t —rjfc)= /p(t - rfc)dV. (21)

We showed that the Einstein equations have an exact solution
with a variable mass of the system in the approximation of weak
gravitational fields. The solution does not violate the covariant anal-
ogy of the mass conservation law and the equality of the covariant
derivative of the energy-impulse tensor (describing a source of the
gravitational field) to zero:

m

™, = %TT,— + P T4 Tl T =0, (22)
Because of non-zero Christoffel symbols equation (22) allows vari-
ability of the gravitational mass of the system. Equation (22) can
be used to derive an expression for decreasing energy of a rotat-
ing bar caused by radiating gravitational waves (Eddington 1975).
The LIGO Collaboration used the Einstein equations to calculate
gravitational waves (Abbot et al. 2016). This proves that decreasing
gravitational mass of the merging black holes does not contradict
the Einstein equations. It is obvious that the Einstein equations can
be also applied to a system of multiple merging black holes, which
is the case under consideration in our paper. Therefore, the decreas-
ing gravitational mass agrees with both the Einstein equations and
the conservation law equation (22) in the case when the decreasing
gravitational mass is related to perturbations of the space similar to
gravitational waves.

Using equations (19)—21) we get for the zero component, iy,
the following expression:

2GM(1 — r/c)

~
re-

II(_)() = (23)
A similar solution was found by Kutschera (2003) for the perturba-
tion of the Schwarzschild metric due to changing gravitational mass
of relativistic fireballs. Putting equation (23) into equation (15) we
get an expression for the zero component of the metric tensor:

2GM(t —r/c)
re? :

gon=—|1— (24)
Equation (24) formally resembles the corresponding zero com-
ponent of the Schwarzschild metric of equation (12). However,
the metric of equation (24) is essentially different from the
Schwarzschild metric because it describes the varying gravitational
mass.
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Figure 1. Gravitational potential (in 10°2! em? s~2) as a function of the
radius (in billion light-years) for different times. The curves 1. 2. 3 corre-
spond to times from the start of changing mass of the system: 1 =0.3,0.5,0.8
billion years. For better visualization, the curve 2 shifted on 1 unit versus
the curve 3: the curve | shifted on 2 units versus the curve 3.

Assuming weak gravitational fields and low velocities and using
equation (11) we get the following expression for the gravitational
acceleration:

CZ agn() a GM(I —r/C)

3% T (2

or
N _GM(! —r/fc) " 9 oM(t —rjc)

Q ~=

(26)

re r or
The second term in equation (26) originates from the variability of
the gravitational mass and the fact of a finite velocity of the mass
perturbation spreading.

-10

Potential
8

5 “ T | P - L L
400 0.2 0.4 0.6 0.8 1
Radius

Figure 2. Similar to Fig. | but for the exponential decrease of the mass
with « = 10.

gravitational potential in Fig. 1 show the direction of acceleration.
It can be seen in Fig. | that a wave of changing potential transforms
into a wave of the repulsive force in a some period of time.

Let us describe the diminishing mass of the model Universe by an
exponential function, exp(—at), where « characterizes the speed of
the mass reduction. If the change of the central gravitational mass
follows the expression

M = My exp[—alt — rfc)]. (29)
then equation (26) can be written in the form
GM GM
B - S (30)
re cr

If & = 0 the second term of equation (30) is positive and describes
the repulsive force. The faster decrease of the mass, i.e. the largers
«, corresponds to the stronger repulsive force.
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"PacyeTbl noka3bIBaloT, 4YTO

oTTankusaroLiasn cuna
AcTtpodusuk us Yers6MHCKa JOKa3ajl YMEHbLLAETCS CO BPEMEHEM,

Ha/IH'INE aHTHTI'PaBHTAIIHH HO COXpaHAEeTCHd Ha

MUIiIIinapabl NET, 4HTO MOXET
BbINycKHMK Yena6MHCKOro rocyHMBEepCcUTETA, a HbiHe coTpyaHUK NASA Hukonai MopbKaBbliA Hawen O6bﬂ CH MTb CO B pe Me H H Oe

AHTUrPaBUTALUIO B TEOPUM HIITEHA. CBOM BLIKNAAKWN B COABTOPCTEE € GM3MKOM AIEKCaHAPOM

BacnNbKOBBIM OH U3/I0XKWUA B cTaTbe, onybnnkoBaHHou 13 nions B XxypHane Monthly Notices of the yCKOpe H Hoe paCLLI M pe H M e
R BceneHHON. 3TO O3Ha4aeT, 4To

YCKOPEHHOE paclunpeHmne
BceneHHOWM cBA3aHO He C
COBPEMEHHbLIM COCTOSIHUEM, @ C
PENUKTOBbLIMM
rpaBUTaLMOHHBLIMU MOSISIMN,
BO3HUKLLMMUN B rnpouecce
bonbworo CxaTtuna. Taknm
obpasom, bonbLion B3pbis 1
COBPEMEHHOE pacLUNpeHne
MOryT ObITb OOBbSICHEHLI B

S o . paMKax Krnaccmyeckou Teopum

R OUHWTENHA", - pestoMmunpyet
BOMBULON B3PBIE - OBLLIENPUHATAR KOCMOIOTUECKaR MOARN - acTpoOdOU3UK.

AOKazblBaeT, UTO B Hayane paclwnpeHunsa BceneHHolt okono 14

Jumaiime maxxce

MUWANUapPAOE NeT Hazaj ,qeﬁcrsosana MOLUHaA OTTanKUBearwLWan

cuna. CoepeMeHHble HabnwaeHnA CEEPXHOBbLIX NOKazanu, 4to 7
BceneHHan 1 No ceil geHb paclwnpReTca C yCKopeHuem, uto

03Ha4aeT Hanu4yune OTTaNKMBAKOLLE CUbl AaXe B HacTodAllee



KommeHTapumn yntatens «Poccnmnckou
[a3eTbi»

Kak »anb, 4To dm3nka npeBpatunacb B cnocod Haxumsbl W
Kapbepusma...

"YUEHble MYyXu« OypaT Bcem ronoBy CBOUMU HUYEM HE
noATBEPKAEHHBIMU

naoesamu, Kotopble B bnuxkanwem dyaywiem HU gokasaTb, HU
OMNpOBEPrHYTb

HEBO3MOXHO... BbiaymbiBatloT Bce: KTo Bo 4TO ropasa...Camoe rnaBHoe-
yYEHblE 3BaHUS N OUHAHCUPOBAHUE (KOpMYLIKA) XOTA HUKTO U3 ITUX
"YYEHDBIX" OT HAYKMU MOHATUA HE MMEET, YTO Takoe

[PABATALNA...

A Xanb, TaKk Kak MpuynMHy U CBOWUCTBO rpaBuTalum OOBbACHUNN ELUE B
80X rogax npownoro Beka!



Llesa ommOK: OT
POCCHITCKMX PaKeT
TIOrOMmt Typenxme
BOEHHBIE

HOBOCTH NONMUTHKA BM3HEC OBILECTBO APMHA MHEHHA KYNbTYPA HAYKA TEXHONOMHU

> WO EBuonorms  Mcropwa Kocmoc  Meamumss  Mpaxobecwe Hayxks menace Coumanskbie Hayks  Texwonormu  Owamar  Jlexumm

«BbI XOPOHUTE TEMHYIO
sHeprurw?» — «Ilosararo, 4To Ha»

Poccuiickimis yueHbii u3 CLULA XOPOHKT TEMHYIO IHEPTHIO
AHTOH Bupioxos, Masen Komap  01.08.2016, 0827

Paboratomuii B CIIIA poccuiickuit @u3mK 0ObSICHIUI YCKOPEHHBIN pasieT
BceneHHoIt 6e3 npuBAeYeHMS 3arafiloyHol TEMHOJ 3Heprun. PaHo in
XOPOHUTD TEMHYIO SHEpPTrHI0, pa3dupasncs oTAen HayKy «[a3eTbl.Rus.

H-0O- « [FIF] https://www.gazeta.ru/science/2016/08/01_a_9717293.shtml

HekoTopoe BpeMs Ha3ag BHHMaHNE HAYYHOI Cpebl MPUBIEKANa CTAThd POCCHITCKOTO GH3MKa
Huxonas [opbKaBoro, B KOTOPO#t OH MOABEPT COMHEHNMIO HaaHyKe BO BeeeHHOI Tak HashIBaeMOit
TeMHOI1 3Hepriy. TeMHaq 3Heprua — He Hal{AeHHas A0 CHX 0P CYOCTAHIS, KOTOpas, KaKk
CYMTaETCH, OTBEYAET 32 YCKOpeHHoe pasberanue Beenexnoit. B coBpemerHO acTpodisike
KOHIIEMIMS TEMHOI SHEPIHY SB/SETCS OCHOBHOM A% O0BSCHEHNS YCKOPEHHOTO pasieTa
BceneHHoIt, MHOTHE aCTPOdWM3UKI MBITAIOTCH HANTH €€ CIefbl, TI0f MOZ0OHEIE MPOEKTHI BELAETAIOTCS
Hemansie gesbri. Hukonait [opbkaBblif, BRITYCKHUK UensbHHECKOro rocyjapcTBEHHOTO



— Hukonan HukonaeBn4, MOXXHO JIU CYUTATb, YTO CBOUM NpPeanorioXeHnem Bbl
XOPOHUTE TEMHYIO 3Hepruro? U KakoBbl apryMeHTbl KPUTUKOB Ballen naeu?

— [Nonarato, 4To ga. B Hawen paboTe nokasaHo, 4YTo Koraa BceneHHas konnancupyer B
KOMMNaKTHbIN 06beM 1 nepekaymBaeT CBOK MaccCy B rpaBUTaLMOHHOE N3ryyeHne, To
BO3HMKAET MOLLHAas OoTTarkusatrLlas, Ui aHTUrpaBuTMpytoLasi, cusa c CoBepLUeHHO
NpO3payvHON PU3NKON, KOTOPYIO MOXET NMOHATL U LLUKOSIbHUK. AHTUrpasuTaumsa
ocrnabnsieTcsa co BpeMeHeM, HO OCTaeTCs TakoOBOM XOTb Yepes AeCATb MUITNnapaoB
NneT, a 9T0 MMEHHO TO, Yero He xBaTaro, YTObbl 0OBLACHUTL YCKOPEHHOE paclunpeHmne
BceneHHon.

OTO CTporum pesynerat obLien Teopmum OTHOCUTESTBHOCTU, KOTOPbIN TpebyeT He
BBOAUTb paHTaCTUYECKNE aHTUIpaBUTUpYyoLme cybcTtaHuum, a CTpouTb
KOCMOJSI0rM4yeckne mMogenm ¢ y4etom HangeHHoOW SNHLWLITEMHOBCKOM OTTarnKuearoLLen
cusbl. IHTepecHO, YTO NPUYNHbLI BO3HUKLLIETO NCKPUBNEHNSA MPOCTPAHCTBA, KOTOPoe
obycnaenueaeT Habntogaemoe yckopeHue BceneHHON, NOMHOCTbIO OTCYTCTBYHOT B
HacTosiLee Bpems. [peacrasbTe, YTO rae-HMbyaOb Bodne ABCTpanum Ha nosiorov BosiHe
LlyHaMM CKONb3AT cepdpepbl. BOKpyr HET HM yparaHa, Hu LWTopma, a NPUYNHOW BOSTHbI
ABIISIETCS 3eMJSIETPSACEHNE, KOTOPOE NMPOn30LLSIO AaBHO U Jarneko rae-Hnbyab Boane
Ansickn. Tak 1 HblHELLIHee KOCMOJSTIOrM4YecKoe YCKOpeHue 3agaHo rpaBUTauMOHHbLIM
nosiem, Unm, To4Hee, NPOCTPaHCTBEHHO-BPEMEHHbLIM UCKPUBITIEHMEM, KOTOPOE
BO3HWKIO Npu Konnarnce BceneHHom npegblayLuero umkna.

O kpuTtuke. Npun obCcyxaeHnn ctaTtbn BbiCKa3bliBarnacb MbICIlb, YTO HaLle peLleHne
HapyLwlaeT TeopemMy bupkroda, KoTopada 3anpeLuaeT cywecTBoBaHme
HecTalMOHapHOro cpepnyeckn-CUMMETPUYHOIO rpaBnUTaLMoHHOro nNosis. Ho Mol
yKasanu co CCbISTKON Ha N3BeCTHbIe paboThl, YTO B paccMaTpuBaemMomMm crnyvyae
NPUCYTCTBYIOT N3riydaTenn rpaBUTaUMOHHbIX BOSH, YTO cpasy HapyLUaeT CTPOryto
cpepunyeckyro CUMMETPUIO U AenaeTt TeopemMy bupkroga HenpMMeHUMON K Halemy

cny4ato. YecTHO roBopsi, He HaeCb Ha CEPbE3HYI0 KPUTUKY: MPOTUB TOYHOIO
NnAallliadiaszad VvRaAaRUAWIAIA QI‘/'II-IIIITDIZI-IQ RO2ANAVWATL TOV/NMHND TOND2A2AIMO NNl 0onNnanNnAaaTe RIAN



[Nasen NeaHo8 — 8edywiuli Hay4YHbIU cOompyOHUK acmpOoKOCMUYECKO20 UeHmpa
@u3sudyeckozo uHcmumyma um. N.H. Jlebedesa PAH, 0okmop hu3suko-mamemamudecKux
Hayk:

— MaBen bopucoBuY, aBTOpPbI 3TOM PabOTbI NPeTEeHAYT Ha BO3MOXXHOCTb peLUueHuUs
npoonemMbl TEeMHOM 3Heprun. Bbl Kak cneyuanucT cornacHbl, YTO NONY4YEeHHbIN
pe3ynkraT 4eCTBUTENIbHO MOXHO TaK BOCMPUHUMATL?

— £ KaTeropnyeckun ¢ TUM He COrfaceH 1 cHnTato, YTo pesynsraT NoslyydeH, BO-NepBbIX,
BCreaCcTBME HEKOPPEKTHOIO pacyeTa u1, BO-BTOPbIX, C MOEN TOYKN 3PEHUS, U3
rpaBUTALMOHHbLIX BOMH cAeNaTth YTO-TO, YTO MOXET ABMSATbCS KaHAMAATOM B TEMHYHO
QHEepPruio, B NpUHUMNE HEBO3MOXHO. Ha aTo eCcTb Teopema: rpybo roBops, 4Tobbl HeKas
cybCcTaHuMs BbI3biBana pacwmpeHmne BeceneHHONM ¢ yCKOpeHUeM (4To HabnogaeTca cenyac),
y Hee JOmKHbl ObITb HEOObIYHbIE CBOMCTBA. BO-nepBbiX, AaBneHne aton cybcTaHumu,
KOTOPOE MMEET TY Ke Pa3MeEPHOCTb, YTO M NIIOTHOCTb AHEPIN, AOSTKHO ObITb
oTpuuaTenbHbIM U, B3ATOE C OTpULATENbHBLIM 3HAKOM, AOSMKHO MpeBbIWaTh NSIOTHOCTb
9Heprnun, nogeneHHyro Ha Tpu. Torga HapyLlaeTcsa Tak HadblBaeMoe CUSTbHOE
9HepreTnyeckoe ycrnosue. PasnnyHble ckansipHble Nons, KoTopble NCMNOMNb3YTCA B
KOCMOSOrmn, aTum ycrioBnem obnagatoT, a rpaBuTaumMoHHbIe BOSHbI, MO KpauHEN Mepe
Krnaccuyeckune, — Het. N 4To 66l FlopbKaBbIN HU BBIYUCTISS, C MOEW TOYKN 3PEHUS, TY
TEeopeMY OH HapPYLLUNTb HE MOXET.

BTopas 4aCcTb KpUTUKM OCHOBAHa Ha TOM, YTO pacyeT, NPOBEeAEHHLIN aBTOPOM, SABIISIETCS
HEeKOPPEKTHbIM. B HEM He yYTeHbI YneHbl TOro Xe nopsaaka ManocTu, Kak U YneH ypaBHEHUS,
KOTOPbI/ OH MHTEPNPETUPOBAS KaK JaloLMii 3TY aHTUrpaBuUTaumio. 3TO BbipaXKeHne
HenpaBWUITbHO, TaK KaK Npu ero BbIBoAe He ObiS1 YYTEH BKIag camMux rpaBUTaLMOHHbIX BOSTH,
KOTOpbI€ U3ny4aeT paccMmaTpmBaeMbli UM NCTOYHMUK.

EcTb cTporasa Teopema: ecnv Mbl paccmaTpmBaem nyctoe 6e3 matepuarnbHbIX TEN K
FpaBBOMATR OETPHHC TBERPEMS,; NOIBPOe-BEr AR HC e PYMECKER BANWETD AEU HROIRNUETE,
#poMe n3secTHoro pelleHus LLBapuwmnbaa, ObliTb HE MOXET. TO N eCTb TEOPEMA

| el
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ABSTRACT

We show that a recent assertion that gravitational wave emission can lead to a repulsive
force explaining the accelerated expansion of the Universe is totally unfounded.

Key words: gravitation — gravitational waves — cosmology: miscellancous.

1 INTRODUCTION

In a recent paper Gorkavyi & Vasilkoy m) asserted that

“reduction of the gravitational mass of the system due to
cmitting gravitational waves leads to a repulsive gravita-

. tional force” and that in the cosmological context this im-

plies that “mergers of inhomogeneities like black holes, re-
sulting in emission of gravitational waves, can generate a
repulsive gravitational force (...). These mergers act as ef-
fective dark energy, if the total mass of the universe is de-
creased”. They conclude that “This may imply that big bang
and accelerated expansion of the Universe is not related to
current processes in the Universe but to a relict repulsive
gravitational force or to a configuration of space-time that
originates in the previous cycle of the Universe when at the
last stage of a collapse the intensive generation of gravita-

+ tinnal wavece rocnliod in a charn docroaco ol tho oravitatinnal

+ UICTEepUuKa B
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terms that are meaningless in Einstein’s theory, such as “the
(cosmological) gravitational force” or “the total mass of the

Universe”, are used.

(201€) consider gravitational

waves as the only agent that decreases the mass of radiating

c] 25 Aug 2016:

Velocity, acceleration and gravity in Einstein’s relativity
[MonydeHa goopmyna,
Marek A. Abramowicz I'IpOTI/I BOpean_laFl

Physics Department, G()'tebmyyiqfe@'pq'thWen & N.Copernicus Astro-
nomical Centre PAN, Warsaw, Poland, marek.abramowicz@physics.gu.se

Abstract: Einstein’s relativity theory demands that all meaningful physical objects
should be defined covariantly, i.c. in a coordinate independent way. Concepts of rela-
tive velocity, acceleration, gravity acceleration and gravity potential are fundamental in
Newton’s theory and they are imprinted in everyone’s physical intuition. Unfortunately,
relativistic definitions of them are not commonly known or appreciated. Every now and
then some confused authors use wrong, non-covariant, definitions of velocity, acceleration
and gravity, based on their vague Newtonian intuitions and hidden in a superficial, often
purely semantic, relativistic disguise. A recent example of such a confusion (Ghtkavyi &
Vasilkov, 2016) is discussed at the end of this Note.
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A possible cause of the Big Bang and
current acceleration of the Universe

B
he Big Bang theory predicts that there was a powerful repulsive force at the beginning of the MONTHL
expanding of the Universe. A common hypothesis of the cause of the Big Bang is a short-term NOTICES
repulsive field, the so-called “inflanton”. Observations of supernovas have shown that the ST SO

Universe is still expanding with acceleration. There are some models that explain the current acceleration
of the Universe using a concept of the so-called “dark energy”, a substance that has a negative pressure
thus causing a repulsive effect.

Recently, the LIGO experiment detected gravitational waves caused by the merger of two black holes with
masses of about 36 and 29 times the mass of the sun. About three times the mass of the sun, i.e. about

Monthly Notices of the Royal

5% of the initial total mass of the black holes, was converted into gravitational waves. If we assume that

the Big Bang was preceded by a collapsing Universe, the “Big Crunch”, with multiple mergers of black Astronomical Society
holes, it is possible to show that a significant fraction of the initial mass of the Universe was converted into Monthly Notices of the Royal Astronomical
gravitational waves. A guestion then arises: what is happening to the gravitational field of this collapsing Society is one of the world's leading primary

Universe? research journals in astronomy and

astrophysics, as well as one of the longest
established. It publishes the results of
original research in positional and dynamical
astronomy, astrophysics, radio astronomy,
cosmology, space research and the design
of astronomical instruments.

We consider a solution of the Einstein equations for a system comprised of merging black holes and show
that the solution contains a term which represents a repulsive force. This repulsive term is proportional to
1/r, where r is the distance from the system, and it is additional to the common Newtonian term which is
proportional to 1/r2. This repulsive force acts as an effective dark energy if the total mass of the Universe is
decreased.
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HpadT cTtaTtbn oT 5 doeBpand
BbluncneHue KOCMOﬂOI'ZIQJCZOﬁ byHKUMM ana ypasHeHuAa PpugmaHa

Mel nokassieaem, Ymo ydem e mempuke dpudmaHa-/lemempa-PobepmcoHa-Yonkepa cnabozo
803MYUWEHUSA, CBA3AHHO20 C U3MEHEHUAMU 2pasumayuoHHOU Maccsl, Mpueodum K 803HUKHOBEHUIO 8

/10KAbHO. BblyucsieHUe KocMosiozuyeckol pyHKYUU 0414 ypasHeHUa GpudmMaHa Moxcem cmame Wazom
eneped 6 peweHuu npobsiembl memHoU sHepauU.

1. BeepeHue

B 1998 roay no HabnoaeHUO CBEPXHOBBIX OBbl/10 0OHAPYXKEHO YCKOPEHHOE pacluMpeHne

8mG
Gyv = guvA = _%Tuv (1)

ocTaeTcs 3arafkon. Mpeanonaraerca, YTo OTTa/IKMBaloLLaA CUa Bbi3BaHa BaKyyMHOM TEMHOM

HEPTUEN Pyge, YEPES KOTOPYIO MOXKHO nepeonpegenutb A (cm., Hanpumep, [8]): A = 8mGpyq.- HO
MONbITKU BbIYUC/IUTD Ppyqr W3 KBAHTOBOW TEOPUW NPUBOAAT K TEOPETUYECKMM OLEHKAM, MPEBOCXOAALLMM
HabntogaTenbHble AaHHble Ha 40-120 nopsaakos [8,9].
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B pesynbraTe, ¢ y4éTom nepemeHHocT M(t,7), (8) npeBpaTuTCA B METPUKY CEeAYIOLLEro BUAA:

dr? = [1-b(t,r)]de2 — 2 [1+ b(t, N)(dx.? +dy.2 +dz2)  (10)

Bo3MyLLLEHNS METPUKN B pacLUMPAIOLLLENCS BceneHHom [eTa/IbHO pacCMaTpUBaKOTCA B [18]. MeTpM Ky (10)
MOXHO paccmaTpmuBaTb Kak KOMBMHauMo AByx MeTpuK — LBapuwunbaa n FLRW, Ho daKkTuyecku, ato
moanduumpoBaHHaa meTpuka FLRW, B KOTOpyto BBeAEeHa CKaNfapHaA BO3MyLLatoLan GyHKLMA. B
npubnaukernmn cnaboro nona b(t, r) K 1. Kpome Toro, mbi 6yaem npeHebperatb 10601 HENUHENHOM
KoMbUuHaumen aTon GyHKUNKU. OTMETUM, YTO B MeTpuKe LLIBapLwmnabaa, B OTIMYME OT METPUKMU FLRW,
BpEMSA TeYET HEOAHOPOAHO, HO Mbl NpeHebperaem 3ToN HEOAHOPOAHOCTLIO BPEMEHM, TaK Kak OHa CBA3aHa
c dyHKumen 1 — b(t,r), KOTOPY Mbl pacCMaTPMBaEM KaK eAMHULLY BE3AE, KPOME NPOU3BOAHbIX.

SUHLUTENHa CKa/IAPHOTO BblpasKeHUA, COCTOALLENO U3 BTOPbIX MPOMU3BOAHbIX, KOTOpoe GaKTUUYECKUN ABNAETCA
KOCMO/IOTMYECKOM MNOCTOAHHOM, KOTOPYHO Celyac NpaBu/ibHEE Ha3biBaTb KOCMOIOTMYECKOW GYHKLNEN
A(t,7) (cm. Mpunoxexue):

B ;‘gooR ( 1 6911)( 1 6922)_( 1 a911)( 1 6933)_( 1 agn)( ) 6933)+

20,4 0t /\2g,, Ot 20,1 Ot /\2g55 Ot 20,1 Ot /\2g53 Ot
1 9%gy; 1 9%g33 1 929y, 1 9%g33 1 9%gqy 1 9%gy; (11)
291192, 9x? 2911933 9x? 291192, 9y? 295,933 9y? 2911933 027 2952933 927
M3 (11) gna meTpukm (10) 3anmiuem KOCMOOTMYECKY QYHKLMUIO:
1 8%b %b 3’b . 3%b
A(t,r)—a—z( ,2+ +dz*2) +7+§ (12)
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2. TMony4eHue ypasHeHu PpugmanHa ana soamyLieHHon meTpuku FLRW

dpugmaHa ana Bo3myuieHHOM meTpuku FLRW (10), rae dyHkuma b(t, 1) mana no cpaBHEHUIO C e AUHULLEN.
Kpome HeHynesbix cumsonos Kpuctodpdensa (A8), ana metpuku (10) 6yayT HeHyneBbIMU cneayowme

kpuctoddenu:

2ggp Ot
plo 1 9400 i 1 9900, p3 _ __1 9900
00 2gyy Ox ' 0o 2gs; 3y’ 0o 2gs; 0z
r o 9G040 2 cane T 9422 3 el 8933
10 2gg0 Ox ' 12 2gq, Ox ' 13 2gs; Ox
T s 1 3944 B conne 1 8g1s
1 2g,; 8y’ 1 29z 0Oz
1 8400 1 1 891, 3 1 9ga3
[0 =—"-=2 = ; [y =—"—122 A21
207 2ggp Oy tRlopgri-oyt 237 2g5; oy (h21)
T s 1 8gan ST T 1 84z
22 285 0% " 22 28y 0z
r coed 3g00 s T 8g911, 2 cnglid 8922
30 7 2900 8z’ 317 24, 827 327 2g.0 02
r _ 1 dga3 2 s o 170033
33 2gyy Ox '’ 33 2g22 Oy

3anuwem u3 (A2) KOMNOHEHTbLI TEH30pa Puyyu:

ROO == l-‘101,0 ¥ l-‘202,0 ¥ l-‘303,0 - 1-‘100,1 3 1"2 00,2 F3 00,3 g (F101)2 & (1"202)2 # (F303)2 -
_Fooo(rlm + T2, +T33) (A22)

Ryii=T%i ¥ D51 # Pl = Tliie =T~ Daia— %% = Treit 5 # Pga)  (A23)

Ry =T, + T 010+ %05, —T0,  — T3 — TP —T0(T0  + Tho — [P0 + [Pg3) (A24)

22,0
0 2 0 2 0 0 2 3
Ry3 =I"303+ I‘131,3 +T%353—T330— I1133,1 —T%33,—Tga(T oo T [y + T2, —T23) (A25)

B BbiparkeHuax (A22)-(A25) u3 npousseaeHuit cumsonos Kpuctoddeneit mbl 0CTaBnaeM TONbKO T€, KOTOPbIE
cofep:KaT xoTa 6bl 0AMH HeHynesou KpucToddens us (A8). CnegoBaTenbHO, BCEMU NPOU3BEAEHUAMM, B
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p 5 26M s
rae TeKyW Ui WBeapLULWMAbAOBCKUIA paanyc 1y = B cnydae cMNbHOTO U3MEHEHUA rpaBUTaLMOHHOM

c?

maccbl & > E B ypasHeHuu (15) uneHamm c p b mosHO npeHeb peub, YTO NPUBOAWT K 0B bIYHOMY BUZY

ypasHeHua Ppuamana B cryyae JOMUHMPOBaHMA KocMonomyeckon dyHkumm A(L, 7):

=a (17)

(d)z A 2 2GM
- 3 3rc?

a
JloruuyHo npueasaTb NnapameTp @ K T — BpemeHu *un3Hu BeceneHHoi nocne bonbuworo B3pbisa: @ = );c.,-,
BespasmepHbii KoapduumeHT f = 1 o3HauaeT, 4To Macca BceneHHOM 3a Bpema €€ XU3HU U3MEHWNach B
2.7 pa3. U3 (16) sanuwem:
e T —_ T —
At,r) =L ~ 0,69 1075 £222 cu~? (18)

c212 r
g 17
rae T ~ 4+ 10" cek

OueHum B 5% ybbinb rpaBUTaLMOHHOM MacCbl NPU CIMAHMU Napbl YEPHBIX AbIP U U3NYHEHUU
rpPasUTaLMOHHbIX BoH [11]. MycTb Becenennan coctout us 1022 ~ 272 3gesa, Ecim npeanonioxuTs, 4to
Ka)k[an 38e3/]a NpeBpaLLaeTca B YEPHYIO AbIpy, TO BeenenHan u3 272 YEpHbIX AbIp YMEHBLUMT NPU KoAiance
¢8O0 rpasuTUpytoLyto maccy 8 0.95772 & 42 pasa [10]. Mbi 6yeM UCMONb30BaTh BEUYMHBI KaK
MUHMMaNbHYH OLLEHKY, MOTOMY YTO, Ko/inanc BceleHHOM 4O KEH YBE/IMYMBATL CKOPOCTb CTAKMBAOLLMXCA
YEpPHbIX Ablp, YBENUYUBAA U A,0/I0, KOTOPasA Pacxo4yeTcsa Ha rPaBUTaLUMOHHOE U3YYEHUE.

Ecnu BceneHHaa UMKAMYHA, TO CyLLECTBYET M 06 paTHbIA MEXaHW3M, KOTOPbI MHOTOKPaTHO
yBEANYMBAET rPaBUTaLMOHHYO Maccy BceneHHOM 3a KOCMOIOTMYECKO e BPEMSA, NPOLLEALIEE NOCE
Bonbworo Bapbisa. TakKMM MeXaHU3MOM MOMKET BbICTYMaTb MNOMN0ULEHUE YEPHBIMU AblPaMu
rpasuTaLMoOHHOrO GOHOBOro uanydeHua. OTMETUM, YTO YBENUYEHUE MaCCbl BCEIEHHOM B KOCMOIOTUYECKUX
MOJENAX HE HOBO: B TEOPUM MHMAALMU Macca BcenenHoit ysennumsaetca 8 10°2 pas 3a 10732 cekynapi.

Mpegnonoxum, uto 7~107, , To ecTb Mbl Haxoaumca 8 10 pa3s aanblue oT paguyca Lsapuywmnbaa,
BbIYMCNEHHOTIO ANA TeKyLLen maccbl BcenernHoi. Ecnv 3a spemsa ustu (nocne bonbworo Bapbisa)
BceneHHas yBeNNUMAA CBOIO rpasuTaLmorHyto maccy 8 e/ ~ 42 pasa, 1o f? ~ 14. Otcropa nonyuum:

KoHel,

A(t, 1)~ 096+ 10734 cM~2, (19) . o
«TeMHOM

YTO, C YYETOM MUHUMA/IBHOCTU OLLEHKM [, HAXOAMTCA B XOPOLLEM COOTBETCTBMM C Hab /0 faemMbimM |
3HayeHuem (2). 3Ta oueHKa KOCMONOMMYECKOM NOCTOAHHOM (MM KOCMONOTUYECKOM QYHKLMU B TEKYLLLUIA JHEe p rMm»:

MOMEHT BDEMeHM) OCHOBaHa Ha O6LI.|,€M RO/nM4yecTse Ha6lll‘0,£l,aeMbIX §Be360ﬂ0306HbIX 06beKTOB, Ha 18



CtaTtbA B npouecce
NnoAroToBKMU

b’paBHeHue dpugmaHa u peweHue npobaembl TEeMHOMU MmaTepumn

B pabome [10] nony4yeHsl ypasHeHUa PpudmaHa 019 moodesu BceneHHol ¢ nepemeHHOU maccol, Komopele
0bvacHarom Habnwdaemoe Kocmonozudeckoe yckopeHue bes ssedeHus «memHolU sHepauu». Mol noKaxiem,
ymo ypasHeHus ®pudmaHa u3 [10], npumeHeHHble K 2anakmukam, obvacHAarom uzbbimok nepugepuliHo2o
epaweHua be3 npusnevyeHUs KOHUeNyuu «memHol mamepuu». B kKa4yecmee 0CHOBHbIX 2a7AAKMUYECKUX
UCMOYHUKO8 HEHbIOMOHOBCKO20 MPUMAXCEHUA CAYHAmM KOMNAaKmHele 0bvekmeol (Hanpumep, 08oliHble
besble KapaAuKU U HelUmpoHHble 38e30bl), meparujUe C80I0 2pA8UMAYUOHHYHO MAcCy Npu 2eHepayuu
2pasumMayUOHHO20 U3/y4YeHUs.

1. BsepeHue

B gMHamuKe ranakTuk Habaogaetcs GeHOMEH YCKOPEHHOro nepudepuimHoOro BpalLeHuns, He NoAy4YMUBLLUN
A0 CUX NOP YAOB/ETBOPUTENBHOTO 0bbsicHeHUA. Ha Kpato BpalLatoWLmMXCa CNMpanbHbIX ralakTUK, COr/TacHO

raflaktukm M v napatb ¢ paguycom opbutbl R no cnegyroulemy 3aKoHy:
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N3 (6), c yueTom nepsoro ypasHeHua Ppugmara (2), nony4mm:

a 4GP a 8mGp
a 3 2 \’ 3 (7)

3TO YCKOPEHME BbIYUC/IEHO C TOUYKM 3peHns Habaaatens B CONyTCTBYIOLWEN cucTeme oTcyeTta. U3 (7)

NONY4YUM, paccMmaTpmBana A B Ka4ecTee ¢M3MLI€CKOI'O pagnyca un nepexond ot rN1IOTHOCTU K MaCCaM:

cuna, Kotopast MOXeT
. Gm Gm &L~
@Sl = 3aMEHUTb TEMHYIO (8)
MaTepuio

NPEeBOCXOAUTb HbIOTOHOBCKOE NMPUTAXKEHME Ha BONbLUMX PacCTOAHUSAX:

a2 4
N—Gma =V (9)
2

Brnnsko Kk HabntgaemMomMy COOTHOLLEHUIO Tynnu-
duwepa
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3HauUTEeNbHbIU NMporpecc B Kocmoriorun 3a 2016-2017:

1.0TKpbITUE aHTUrpasuTaumm B OTO (c y4eTom
nepemMeHHOW rpaBmMTaLMOHHON MaccChl), KOTOPasa MOXET
oTBeYaThb 3a bonbLon B3pbiB (Kak OTCKOK) — cTaTbs
onybrnnkoBaHa B 2016.

2. Mogenb ¢ nepeMeHHON Maccou NpuUBOAUT K
don3nyeckom Teopmmn KOCMONOrM4eCckon NOCTOAHHOW, YTO
OTMEHSIET HEOB6XOAMMOCTb B « TEMHOU 3HEPTrnn». ECTb
OCHOBaHMSA NonaraTtb, YTO NePEeMEHHOCTb rpaBMacchl
PELUNT NPobremMbl U YCKOPEHHOIO BpaLLEeHUA ranakTuk, 4To
ybepeT HeobXoaAMMOCTb B « TEMHOW MaTepumn» - ABe
CcTaTbM B nNpoLecce NoAroToBKN,



