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Abstract. The paper comprises a generalized solution to non-linear PDEs, mainly interpre-
tated in the gravitation field equation [1]. The author shows that gamma matrices (Spinors)
are embedded within Christoffel symbols. This approach is usable for calculating geodesic
as: —I§c? = (21Tm0c3 I/\/—_lh), for a weak quantum gravitation field. Hence, it con-
cludes the followings: (a) 24 mathematical terms of second-order, as an integral part of
Ricci tensor; and (b) unification of all space-time geometries [3, 4].

Keywords: quantum gravity, general relativity, clifford algebra, ricci tensor, ricci flow,
geodesic

Introduction. Absolute Unified Mathematics of Quantum Gravitation, AUM, is
developed to offer a complete solution to the following existing problems. These
includes: (i) quantum gravity and general relativity; (ii) singularity and dark ener-
gy; and (iii) many more. Its key objective is to incorporate Spin (gamma matrices)
within Christoffel Symbols, as discussed in the next section. This is of uttermost
relevance for analyzing the Spin-Dynamics of the gravitational field. Scientifically,
it discloses 24 second-order partial derivative terms (Quantum Gravitational
Waves), as an integral part of Ricci tensor.

Methods and materials; results. To derive the embedded quantum fields
within Christoffel, [jj,, I started with a covariant differentiation, Vj, of a funda-
mental tensor, gip,, as shown in equation (2) [1]. These equations are acquainted
with first order covariant derivatives of gamma matrices, y; and y,,. According to
the Clifford Algebra, these matrices are also referred as the basis vectors of funda-
mental tensor, g;,. These basis vectors, y; and y,,, are fundamentally known by
equation; giy, = W [2].

0gim 1
= ~[{Vvilym + Vil Vivm} + (Tvm}Yi + ymdVivi} | + gpml + ipThy (D)
The first order covariant derivatives, Vj, V;, Vp,,, of these fundamental tensors,
“ Zim»> &jm» 8ij» » are derived like equation (1). Further, I derived a torsion-free
Christoffel symbols of second kind, Fi‘-" This was pursued by substituting the par-

6g1m 6g]m agl]
9 6 ) b aXl b 6 m?
. 1 agi ag; a
tion of [ = —gom [Z8im | Z8im _ g” [1]. With further simplification, I have
1 2 ox) ox!

discovered equation (2) [3, 4].

tial derivatives of fundamental tensors into the well-known equa-
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otmlx
=g

OYm aY] ) (aYm aYJ )
Yi (6x1 aoxm + ox) axm Yi +

G-+ (- 2y v (4 )+ G+ vm)
= —Irglet = 5
. (o= (1 +¥2 +72) 22+ 28 (v — (v + vz +v3)) + o
+ (Yo (@ (yi+v2+vs) — (V)Yo) + (6% (vi+vz+vys)— (V)Yo) Yo)
~ [ (- -8 -B,)1]¢? 3)
Ry = [[ajxa Tijm + 8% %]] + [[% Fm + g™ 2] 4 rerf —re rf (@)

Using equations (3), I calculated geodesic for a weak quantum gravity, as
shown by equation (3). As a result, it illustrates “energy-momentum relation” with-

in geodesic. Hence, validating equation (2). Additionally, the Christoffel symbols:

OTjjm  OTigm B. . . :
Lijm > Tigm > e aw g 8il; 10( , and FBaF” ; given in equation (4) are also de-

rived using equation (2), respectively [3, 4].
Conclusion. In this framework, I have concluded the root characteristics of
Quantum Gravitation. These are elucidated through quantum fields of skew-

aYm ay] )” “(aYm ay} )” . “(aYi ay])”
0 oam) and (o5 — 5w )7 and symmetric, “( =5 + -7 )", na-
ture. These fields are found embedded within Ricci curvature tensor, “R;;” based

on equations (2) and (4) [3, 4].

symmetric, “(
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YOK 51-71

dnemeHTapHble aTOMbl B MPOCTPAHCTBAX NOCTOAHHOW KpUBU3HbI MeTog0m Hu-
Kudoposa — YBaposa
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2HoBOCMBUPCKUIA rOCyAapCTBEHHbIN YHUBepcuTeT, HoBocnbupck, Poccua

Annotanusi. Metong HukudopoBa — VYBapoBa — NpOCTO, HO 3JIETAaHTHBIA M MOIIHBIH
METOJ pemeHus TudepeHIHaNbHEIX YPaBHEHUI BTOPOTO MOPsAIKa 0O0OMICHHOTO THIIEp-
TEOMETPUYECKOTO THMA. B MponutoM OH UCTIONB30BAJICS AJIS PEUICHNS MHOTHX 33734 KBaH-
TOBOW MEXaHUKH U APYTHX oOnacTeil. MBI MpUMeEHseM 3TOT METOJ K KIIaCCHIECKOH 3amadue
0 BOJIOPOJIOMOJOOHBIX aTOMaxX B MPOCTPAHCTBAX IOCTOSHHOW KPUBU3HBL Kak CHEKTpBI
3THX aTOMOB, TaK U MX BOJHOBBIC (DYHKIIMHU, BKJIIOYash HOPMHUPOBKY, CPABHUTEIHHO JICTKO
MTOJTyJaroTCs.

KiroueBble c10Ba: 3J1eMeHTapHBIE aTOMBI, IPOCTPAHCTBA OCTOSHHONW KPUBU3HBI, CBSA3aH-
Hble cocTosiHus, MeToa Hukudoposa — YBaposa

BBenenue. IIpocTpaHncTBa MOCTOSHHOM KPHUBHU3HBI MPEAOCTABISIOT MPOCTEHIIMIA
WCKPUBJICHHBIH ()OH, HA KOTOPOM MOXHO H3Yy4YaTh TEOPETUYECKUE IMPOOIEMEI
Y BOTIPOCHI, CBSI3aHHBIE C KBAHTOBOW MEXAHUKOW B MCKPUBJIEHHBIX IPOCTPAHCTBAX,
U TO3TOMY TaKH€ HCCIIEIOBAHUS NPEICTABISIIOT 3HAYUTEIbHBINA TEOPETHUECKHUMA
uHTepec. OTHAKO OHU MPEJICTABISIOT HE TOJIBKO aKaJIeMHUUECKUi nHTepec. D dek-
THUBHAsI KPUBHU3HA MPOCTPAHCTBA BO3HUKAET B psijie peallbHBIX (PU3UUECKUX CHTYa-
uuil. 3yuenne ABMKeHUsI KBAaHTOBOW YaCTHIIBI ITO JBYMEPHOM MOBEPXHOCTH B (hu-
3UKE KOHJECHCHPOBAHHOTO COCTOSHHUS, a TakXe M3YYeHHE KBAHTOBBIX TOYEK
MIPUBENI0 K HCIIOJIb30BAaHUIO MOJIEJIe, OCHOBAHHBIX HAa KBAHTOBOW MEXaHUKE
B IIPOCTPAHCTBaX MOCTOSTHHON KPUBM3HBHI [1].

B nutepaType MMeeTcs MHOKECTBO JAPYTHX NPUMEPOB HCIOJIB30BAaHUS IPO-
CTPAHCTB TIOCTOSTHHOM KPUBH3HBI B Pa3JIMYHBIX 00NAacTsX: OT ()U3UKU aTOMOB H
HAHOTPYOOK JI0 XMPAILHOTO U JIeKOH(QaHHMEHTHOTO ()a30BOTO Mepexo/ia B MOJICIH
Ham6y — Mona — Jlasunno, cummeTpuii anredGpsl W TEOpHE CTPYH M KBA3UTOUHO
pelIaeMbIX MOJIENEH, a TaKKe CYyIIEpUHTETPUPYEMOCTH B paMKax CyIepCUMMETPHUN
(cwm., mHarmpumep, [1-3]).

Yro kacaercsa aroma Bogopona B S°, Illpenunrep 3assui [4], 4To OH Hamren
mpodeMy «TPyAHOU Ui peleHHs TIOOBIM IPYTUM CIIOCOOOMY, OTIIMYHBIM OT €T0
Merona ¢akropusanun. Ho romom mozke CTUBEHCOH TOKasal [5], 4TO CHEKTp U
BOJIHOBasi (PYHKIIMS MOTYT OBITH IOJYYCHBI 0€3 OCOOBIX TPYIHOCTEH OOBIYHBIMH
MeToAaMu pemeHus auddepennnansHpx ypaBaeHuid. Enie 6onee mpoctoe pere-
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HHE JUI BOZOPOAonoa06H0ro aromMa B S* u H? MokeT OBITh MOMyYEHO ¢ HCHIOMB30-
BaHueM MeToJa Hukudopoa — YBaposa [6], 4TO MBI B XOTUM IPOJEMOHCTPHPO-
BaTh. YIWBHUTEIHHO, HO B OOUIMPHON JUTEpaType IO 3TOH TeMe MBI MOKa HaIUTH
TOJIBKO OJTHY CTaThIO [7], T/Ie 3TOT METO/T YIIOMIHAETCS B CBSI3U C dTOU MPOOIEMOH,
HO, TI0 HallleMy MHEHHIO, OH HCIIOJIb3YETCsI HE CAMBIM ONTUMAIILHBIM 00pa3oM.

Metoabl 1 MaTepuaibl; pe3yasTaThl. JuddepeHunanbueie ypaBHEHUS BTO-
pOro nopsiiKa 0000MEHHOTO THIIEPTeOMETPHIECKOTO TUITA, IMEIOIIHE CIIETYFOIIUIA
BU:

u' 2y +a—;u =0,
g g
MOKHO PELIUTh ¢ oMoIIbi0 MeTona Hukudoposa — YBaposa. 3xeck mrpux 060-
3HavaeT nudQepeHIrpoBaHHe 0 HE3aBUCUMON TEepeMEHHOH z (KOoTopask MOXKET
OBbITh KOMIUIEKCHO#); 0(Z) W 07(Z)ABIAIOTCS MHOTOWICHAMH HE BBIIIE BTOPOM
CTENeHH, a 71 (Z) ABIACTCA MHOTOUWICHOM HE BBIIIE IEPBOM CTETICHH.

MHorue 3a71aui KBAHTOBOM MEXaHUKH MOTYT IIPUBOJUTH K YPaBHEHUSIM TaKO-
ro tumna, u Metoj; Hukudoposa — YBapoBa MHPOKO UCIOIH30BAICS B 3TOM KOH-
tekcre [8,9,10]. s Bomopomonoo0HEIX aTOMOB B MPOCTPAHCTBAX MOCTOSHHOM
KPUBH3HBI K pajuaibHas 9acTh BONHOBON (yHkimu ¥ = G(1)Y;,, (0, @) ynosie-
TBOPSIET YPABHCHUIO

d*G /1E+/?Rz—l(l+1)(1+z2)G=0
dz? (1+2z%)? ’
L 1 Ay = 2mE By = Zm_e2
VKT, (r)’ h2k’ h2\k’
rae T,.(r) — oboOuiennas tanreHcHas ¢ynkumst [11]. DTo ypaBHeHHE HMeeT

000OIIEHHBIH THIIEPreOMETPUIECKII THIT M MOYKET OBITh MPOAHATU3UPOBAHO Me-
tonom Hukudoposa — YBaposa.

1-Pi

C HUCIONB30BAHUEM ITOTO METOJA, MBI MOTy4aeM CHeKTp Ap = n? — ,
4n2

W COOTBETCTBYIOIIUE BOJIHOBBIC (DYHKIIUU

n-1 ——
Gn,nr (r)= Bn,nr [\/ESK (T)] e "B yrrzlr (2),
A€ Ny N, TJIaBHBIC U paJdaJIbHbIC KBAHTOBBIC YUCJIaA, SK.' (T‘)O606H1€HHLII71 CHUHYC U

dmr Br

[(1+4 22" p(2)], p(z) = (1 + z2) e n 2Tt

1
n —

Yn, (r) = 0(z) dz™

— TIONWHOM, 3afaHHBIA ¢dopmMmysnoi Pompureca. MBI BBIBOIUM pPEKYyPPEHTHYIO

(opmyy OTHOCHTENBHO N, 17151 KOO(DUIMEHTOB HOPMUPOBKH By, ;, M paccmaTpu-
BaeM MpeEJe II0OCKOTO MPOCTPAHCTBA.

3aknaouenue. Bomopomonogo0HbIe aTOMBI B IIPOCTPAHCTBAX MOCTOSHHOMN

KPUBHU3HBI MPEACTABISIOT COO0H ele oHy KBaHTOBO-MEXaHHYECKYIO 3a/aqy, TIe

Meton HukngdopoBa — YBapoBa MOeT OBITh YCIEIIHO MPUMEHEH. boiee Toro, 1o
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HaIlleMy MHEHHIO, B 3TOM cirydae meton HukudopoBa — YBapoBa maet Hambosee
€CTECTBEHHBIN M MPOCTOI CIOCO0 pelieHus 3a1ay.
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Elementary atoms in spaces of constant curvature
by the Nikiforov — Uvarov method

Abdaljalel Alizzi* 2 abdaljalel90@gmail.com
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Silagadze Zurab K.% 2(*) Z.K.Silagadze@inp.nsk.su

1Budker Institute of Nuclear Physics, Novosibirsk, Russia

2Novosibirsk State University, Novosibirsk, Russia

Abstract. The Nikiforov — Uvarov method is a simple, yet elegant and powerful method
for solving second-order differential equations of generalized hypergeometric type. In the
past, it has been used to solve many problems in quantum mechanics and elsewhere. We
apply this method to the classical problem of hydrogen-like atoms in spaces of constant
curvature. Both the spectra of these atoms and their wave functions, including normaliza-
tion, are easily obtained.
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Keywords: elementary atoms, constant curvature spaces, bound states, Nikiforov — Uva-
rov method

Introduction. Spaces of constant curvature provide the simplest curved back-
ground against which to study theoretical problems and questions related to quan-
tum mechanics in curved spaces, and therefore such studies are of considerable
theoretical interest. However, they are not only of academic interest. Effective cur-
vature of space arises in a number of real physical situations. The study of the mo-
tion of a quantum particle on a two-dimensional surface in condensed matter phys-
ics, as well as the study of quantum dots, has led to the use of models based on
quantum mechanics in spaces of constant curvature [1].

There are many other examples in the literature of the use of spaces of constant
curvature in various fields: from the physics of atoms and nanotubes to the chiral and
deconfinement phase transition in the Nambu — Jona — Lasinio model, symmetries
of the $WS$ algebra of string theory and quasi-exactly solvable models, as well as
superintegrability in the framework of supersymmetry (see, for example, [1-3]).

About hydrogen atom in S*, Schrodinger declared [4] that he found the prob-
lem “difficult to tackle in any other way” different from his factorization method.
But a year later Stevenson showed [5] that the spectrum and wave function could
be obtained without too much difficulty by the usual methods of solving differen-
tial equations. An even simpler solution for the hydrogen-like atom in S* and H?
can be obtained using the Nikiforov — Uvarov method [6], which is what we want
to demonstrate. Surprisingly, in the extensive literature on this topic, we have so far
found only one paper [7] where this method is mentioned in connection with this
problem, but in our opinion, it is not used in the most optimal way.

Methods and materials; results. Second-order differential equations of gen-
eralized hypergeometric type, which have the following form

ST 01
u'+—u'+—=u=0,
o o

can be solved using the Nikiforov — Uvarov technique. Here prime indicates dif-
ferentiation with respect to the independent variable z (which may be complex);
0(z) and oy (z) are polynomials, at most of second degree, and m, (2) is a polyno-
mial, at most of first degree.

Many problems in quantum mechanics can lead to equations of this type, and
the Nikiforov — Uvarov method has been widely used in this context [8—10]. For
hydrogen-like atoms in spaces of constant curvature k the radial part of the wave
function ¥ = G (r)Y;,,(6, @) satisfies the equation

d%G AE+ﬁRz—l(l+1)(1+zz)G=0
dz? (1 + z?)? ’
- 1 4 _2mE P =2m_e2

VKT (1) R p2yi
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where T, (7) is a generalized tangent function [11]. This equation is of generalized

hypergeometric type and can be analysed by the Nikiforov — Uvarov method. In
2

this way we obtain the spectrum Az = n? — 1 — 4’%, and the corresponding wave

functions

n-1 ——
Gn,nr (r) = Bn,nr [\/ESK (T')] e "B yrrllr (2),

where nand n,-are principal and radial quantum numbers, S, (7)is generelazed sine
function and

ny

Y#r (r)=—= [(1+ ZZ)"Tp(z)],p(Z) =(1+ Zz)—neBTRarctan(z)

p(z)dz™
is a polynomial given by the Rodrigues formula. We obtain the recurrence formula,
with respect to n,., for normalization coefficients By, ,_and consider the flat space
limit.

Conclusion. Hydrogen-like atoms in spaces of constant curvature represent
another quantum mechanical problem where this method can be successfully ap-
plied. Moreover, in our opinion, in this case the Nikiforov — Uvarov method pro-
vides the most natural and simple way to solve the problem.
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AHHOTaIUs. MBI OKa3bIBa€M NPUMEHEHUE aKyCTUYECKHUX YEPHBIX ABIP B KAUECTBE JIUH3,
paccMaTpHUBaeMBIX Kak OOBEKTHI rajlo TEMHOM MaTePHM B FalakKTHYeCKOM MHUKPOIMH3UPO-
BaHMHU. J[JI WILTIIOCTpALMU PACCMOTPUM NPOCTEUIINM Clly4yal, KOrja Ipu 3HAYeHUM INapa-
Merpa Hactpoiiku ¢ = (0 pemenue coautcs k Merpuke llIBapummnbaa. Ilapamerp
HacTpoiiku & # 0 MOXKHO paccMaTpuBaTh KaK HAJIMUUE JIOMOJHUTEIBHOW CTENEHU CBOOO-
JIB1, OTJIMYAIOIIHIA 3TO pelIeHne oT YepHoi neipsl [IBapimmibna. B HacTosmiei paboTe MbI
uccienyeM BiusHUE ¢ Ha HaOJIOJaeMble MapameTpbl MUKPOJIMH3UPOBAHHS, CPABHUBAs UX
¢ JIMH3UpOBaHMEM uyepHoU apIpel IBapummisaa. [Io cpaBHEeHHIO ¢ KpUBBIMH Ojecka dep-
HoW nmpIps! HIBapiimmnbaa, KpUBbIe Giiecka JIMH3 aKyCTHYECKUX YEPHBIX JBIP MOKa3hIBAIOT
pa3au4us 0 BPEMEHH, KOTOpoe TpedyeTcs HCTOYHMKY Ul IepecedeHus Kompla DWH-
mreifHa. OnTrdeckas TiyOMHAa M 4acTOTa COOBITHH PAacCUYMUTBIBAIOTCS, MpEAToaras, 4ro
JIMH3a YepHOU ABIPHI OyJeT TpaBUTALMOHHO CBSI3aHA M HE CBA3aHA C OanmkeM [ amakTuku
n bonpmmmM MaresaHoBBIM 00J1aKOM, KOTOpPBIE MOTYT COJEpKaTh JMH3UPOBAHHEBIE 3BE3-
apl. Oxkupaercs, yTo Oy ayIine SKCHEPUMEHTHI MO0 TaIaKTHYECKOMY MHKPOJINH3MPOBAHHIO
TIO3BOJISIT OTPAaHUYHTH Mapamerp &.

KiroueBble ca0Ba: akyCTUYECKHE YCPHBIC IBIPHI, TPAaBUTAIIMOHHOE JIMH3UPOBAHHE, KPU-
BBIE OJIecKa

Beenenue. Kak BaxkHOE MpUMEHEHNE TPABUTALIMOHHOIO MCKPUBJICHHS CBETa, Clla-
00e rpaBUTAIMOHHOE JIMH3UPOBAHNUE U MHUKPOJIMH3UPOBAHUE CTAHOBATCS MOIIHBIM
WHCTPYMEHTOM B (hM3UKEe, aCTpOHOMHH U KocMmoJoruu [1, 2]. Teopun rpaBuranuu
1 UX PEIICHUs JTODKHBI OBITh MMPOBEPEHBI ¢ TTOMOIIBLIO 2P (HEKTOB TPaBUTAIIMOHHO-
TO0 WCKPUBJICHHUS W HaOMIOACHUN c1aboro TpaBUTAIIMOHHOTO JUH3UpOBaHUs [3].
Akycrudeckas 4epHas JIbpa — 3TO SBJICHUE, NMPU KOTOPOM (HOHOHBI (3BYKOBBIE
BO3MYIIIEHHUS) HE MOTYT THOKHHYTH O0JIACTh JKHIKOCTH, KOTOpas TedeT ObICTpee
JIOKAJIBHOM CKOPOCTH 3BYyKa. VX Ha3bIBarOT 3BYKOBBIMH WM aKyCTUYECKHUMH Yep-
HBIMH JIBIPaAMH, TTOCKOJIbKY 3aXBadcHHBIC (DOHOHBI MIOX0XKH HA CBET B acTpo(du3u-
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YecKuX (TPaBUTAIIMOHHBIX) YEPHBIX JIbIpaxX. 3ByKOBBIE YEPHBIC IBIPHI BO3MOXHEI,
MOCKOJIBKY (DOHOHBI B WACANBHBIX )KUIKOCTSIX MPOSIBISIOT T K€ CBOHCTBA JBUKE-
HUS B POCTPAHCTBE-BPEMEHH, YTO M IOJIA, TaKue Kak rpaButarus. [lo sToi npu-
YIHE CHCTEMa, B KOTOPOI MOXeT OBITh CO37aHa 3BYKOBasl YepHasl JAbIpa, Ha3bIBACT-
cs TpaBUTAMOHHBIM aHajoroMm. Iloytm mro0ast JKUAKOCTH MOXKET OBITh
WCTIONB30BaHa JAJsl CO3JaHMsl aKyCTHYECKOTO TOPHU30HTA COOBITHH, HO BS3KOCTb
OOJBIIMHCTBA YKUIKOCTEH CO3/JaeT XaOTHYECKOE IBIKEHHE, YTO JIENaeT MpaKTHde-
CKM HEBO3MO)KHBIM OOHApYXEHUE TaKuX SIBJICHUH, KaKk U3IyueHre XOKHUHTa [6].

Metoasl 1 MaTepHAaJIbl; pe3yJabTaTbl. MeTpUKy MPOCTPaHCTBa-BPEMEHH IS
aKyCTHUYECKOW depHOoU ApIpbl IIBapmmmiibpaa MOKHO B KOHEUHOM WTOTE MPEICTa-
BHTH KakK

1 .
ds? seoustic = —f (r)dt? + oS + 72(d8? + sin? 8dp?), (1)

rae yskuus f(r) onpeaensieTcs Kak
f(r)=(0Q-2Mr)[1-E&Mr(1-2Mr)]. 2)

Llenpro maHHON paboTHI SBISETCS M3YUCHUE TAIAKTHUECKOIO0 MHUKPOJIMH3HPO-
BaHUS aKyCTHYECKHMHU YEPHBIMH JIbIpaMH, KOTJa JIMH3UPYEMble 3B€3/1bl HaXOIATCS
B NaymaktryeckoM Oaipke wiu B bonbimom MaremiaHoBoMm oGnake. Mbl npoaHa-
JTU3UPYEM, YaCTHYHO ciiexysi merony AG3 [6], HaOmonaeMble mapaMeTpsl JTHH3U-
POBaHUs, TaKKE KaK YIroJl OTKJIIOHEHHsI CBETa, OJO0XKEHHUS M300pakeHHUH, yBenuyde-
HUe, ICHTPOUl U BPEMEHHAs 3a/lepKKa M300paKeHHH, BKIIOYAs BEPOSTHOCTHEIC
XapaKTePUCTUKH, TAKME KaK ONTHYECKas IIyOrHa M 4yacToTa COOBITHH, MpeArnoa-
ras ciyd4ad, KOTJa aKkyCTHYecKas 4epHas JIbIpbl I'PaBUTALIMOHHO CBsI3aHA WIIM HE
cBsizaHa ¢ [anmakTukoii. MBI poaHaIu3upyeM MoBejieHne KpUBBIX Onecka [launn-
ckoro. B xoje aHanu3a BIusSHHE Napamerpa HacTpodku & OyleT cpaBHHBAThCS
¢ 3¢ dexTamu TMH3UPOBaHKS YepHOU AbIphl LBapummibaa.

3axiioyeHue. fBieHNe JIMH3MPOBAHHUA KOMIIAKTHBIMH OOBEKTAMH SBIISIETCS
AKTUBHOM 00JIaCTHI0O COBPEMEHHBIX MCCIIEI0BAaHUIl, KOTOPBIE MOTYT ITOMOYh OOHa-
PYXHUTb IPUPOLY JHH3BI U3 HAOJIIOaeMbIX CUTHATYP JIMH3UpOBaHus. B HacTosmei
paboTe paccMaTpUBalOTCSl aKyCTHUECKHE YepHBIE ABIPHI [7]. DTH OOBEKTHI MOTYT
00ecneunTh HOBBIE PUIOKEHHS [T TATAKTHYECKOTO MUKPOJIMH3UPOBAHNUS, KOTJa
KOH(UTYypanus HeTOCTaTOYHO YUCTasl, TO €CTh, KOT/Ia JIOTIOTHUTEIBHOE pacipesie-
JIEHNE MaTepUU-3HEPTUHN OKPYKaeT JUH3Y, HAlIpUMeEp, NbUIb MJIK HEKOTOPOE dHEP-
reTU4ecKoe Tojie. AHAJIN3 MOKa3bIBaeT BIIHMSIHUE MapaMeTpa HacTpoHkH &, KOTo-
pbIl yBENMYMBAET YroJl OTKIOHEHHUS CBeTa. TakkKe yBEIMYEHHE MapaMerpa
HACTPOHKM ¢ NMPHUBOAMUT K YBEJIMUEHHIO KOJbIa DHHIITEHHA W YIJIOBOTO KOJbIA
OiHITeHA. DTO O3HAYAET, YTO YeM MapameTp HAaCTPOUKU ¢, TEM KOpode BpeMs
JUISl yBEJIMUEHUS ApKoCTH. I1o cpaBHEHMIO C aKyCTHUUECKOM YEepHOU ABIpOH, KpuBas
Oytecka depHOM IeIphl [1IBapmmiIsaa HAMHOTO TYCKIIEE.
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Abstract. We show an application of acoustic black holes as lenses treated as dark matter
halo objects in Galactic microlensing. We shall consider for illustration the simplest case
which, for the tuning parameter & = 0, resemble Schwarzschild metric. The tuning parame-
ter E&£0 can be treated as providing an extra degree of freedom distinct from the Schwarz-
schild black hole. In the present work, we investigate the influence of & on the microlensing
observables comparing them with the Schwarzschild black hole lensing. Compared to the
Schwarzschild black hole light curves, those by the acoustic black hole lenses show differ-
ences immediately outside the times the source takes in crossing the Einstein ring. The op-
tical depths and event rates are calculated assuming the black hole lens to be bound and
unbound to the Galactive Bulge and to the Large Magellanic Cloud that contain the lensed
stars. Future experiments on galactic microlensing are expected to impose observational
constraints on &.
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Introduction. As the important application of gravitational bending, the weak
gravitational lensing and microlensing are becoming a powerful tool in physics,
astronomy and cosmology [1, 2]. The gravity theories and their solutions should be
tested from the gravitational bending effects and weak gravitational lensing obser-
vations [3]. An acoustic black hole is a phenomenon in which phonons (sound dis-
turbances) cannot leave a region of liquid that flows faster than the local speed of
sound. They are called sonic or acoustic black holes because the captured phonons
are similar to light in astrophysical (gravitational) black holes. Sonic black holes
are possible because phonons in ideal liquids exhibit the same properties of motion
as fields such as gravity in spacetime. For this reason, a system in which a sonic
black hole can be created is called a gravitational analog. Almost any liquid can be
used to create an acoustic event horizon, but the viscosity of most liquids creates
chaotic motion, making it almost impossible to detect phenomena such as Hawking
radiation [6].

Methods and materials; results. The spacetime metric for acoustic Schwarz-
schild black hole can eventually be derived as

1 .
A5 acoustic = —f (NAL? + = +72(d6 + sin? 0dy?), (1)

where function f(r) is defined as:
f(r)=0-2Mr)[1-&Mr(1 - 2Mr)]. 2)

For the fluid velocity to be real, the tuning parameter must satisfy the condition
& =0.

The purpose of this work is to study Galactic microlensing by acoustic black
holes, when the source stars are in the Galactic Bulge or in the Large Magellanic
Cloud. We shall analyze, partially following Abe [6], the lensing observables such
as the light deflection angle, image positions, magnification, centroid and time de-
lay of images including the probabilistic features such as optical depth and event
rate assuming the acoustic black holes lens to be bound or unbound to our Galaxy.
We shall analyze the behavior of the Paczynskii light curves. In the analysis, the
effects of tuning parameter ¢ will be compared with those of the Schwarzschild
black hole.

Conclusion. The lensing phenomenon by compact objects is an active area of
current research that can help detecting the nature of the lens from the observable
lensing signatures. The present work considered acoustic black holes [7]. These
objects could provide novel applications to galactic microlensing, when the config-
uration is not clean enough, that is, when additional matter-energy distribution sur-
rounds the lens, for instance, dust or some energy field. The analysis shows the the
influence of tuning parameter & which increases light deflection angle. Also
increasing of tuning parameter £ leads to increase of Einstein ring and angular Ein-
stein ring. This means that the tuning parameter &, the shorter the time for increas-
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ing brightness. Compared to the acoustic black hole, the light curve of Schwarz-
schild black hole is much dimmer.
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Annotanus. [TetieBas kBanToBas rpasutanus (LQG) sBiIseTCs OTHAM U3 TIEPCIIEKTHBHBIX
KaHIWIATOB Ha POJb KBAHTOBOW TEOPHH MPOCTPaHCTBa-BpeMeHH. OIHAKO, B CaMOU ITOH
MOJIENIA MMEETCSI CYIISCTBCHHBIN KOHIICTITYa bHBIH NeeKT: 3Ta MOAEIb, BEITEKAONIAs U3
neiictBus ['miibOepTa-OWHINTEHHA, ONMUCHIBACT MPOCTPAHCTBO-BpeMs 0€3 MaTepuu; I0-
cleHee HE MOXKET CYIIECTBOBATh B MPHUHIIMIIE, TOCKOIBKY IPOCTPAHCTBO-BPEMS CYTh CH-
cTeMa OTHOIICHUH MEX Iy MoJIsIMU MaTepud. B manHoi pabdote, cieays uaee Ilenpoysa P.
0 KOMOHMHATOPHOM MPOCTPAaHCTBE-BPEMEHHU, MbI MepeOpMYyTHUPYEeM MOJCNb TETICBOM
KBaHTOBOH rpaBUTAIMH UCKIIOYUTENFHO B TEPMUHAX TOJIEH MaTepUH.

KiaroueBrble ciioBa: MIPOCTPAHCTBO-BPEMs, NIETJIEBAAd KBAHTOBAA IrpaBUTallUsA, KBAHTOBAHUEC

Beenenmne. IlocTpoeHne KBaHTOBOW TEOpUM T'PaBUTALMU SIBJISETCS OJHOM M3 OC-
HOBHBIX TpobieM pyHIaMeHTanbHON (HU3KKHK yxke cTosneTre. HecMoTpst Ha 3HA4H-
TeJIbHbIE MaTEMATUYECKUE YCIIEXH B IPUMEHEHUU COBPEMEHHBIX METOJIOB KBAaHTO-
BOM Teopuu nonsd K ¢pyHKuuMoHay aeiictBusi [ minpOepra-OifHIuTeiiHa, 10 CUX TOP
HE MOCTPOEHa TEOpHs BBIPAXKAIOILasi, HA KBAHTOBOM YPOBHE, CBOWCTBA MPOCTPaH-
CTBa-BpEMEHHM Yepe3 XapaKTepUCTUKH moiyieli marepuu. llocienHee mocTaTodHo
JIETKO OCYILECTBIISIETCS] B KJIACCUYECKOM Cllydae — 3a CUeT NPaBOW YacTH ypaBHE-
HUM DUHIITEHA — HO JIO CHX MOp HE CAEJIaHO B KBAHTOBOM CIIy4dae.

B nanHO# paboTe mpessiokeH BBIBOJ TEOMETPHH MPOCTPAHCTBAa-BPEMEHH Ha
IJJAHKOBCKUX MacIITabax IyTeM KCIIONb30BAaHUSI CIIMHOBBIX CETEH, MPeII0oKeH-
HeIX Pomxepom Ilenpoyszom B 1971 romy. Jlo cux mop METOJ CIMHOBBIX CETEH
MpUMEHSUICS JUIIb K AeiicTBuio ['mnpOepra-DifHITeliHa, 3aIMCaHHOMY B allTeKa-
POBCKHUX MTEPEMEHHBIX.

Metoasl M MaTepHasbl; pe3yiabTaTbl. OCHOBHBIMU METOJAMH, HCIOIb30-
BaHHBIMH B JaHHOU paboTe, SIBISIOTCS METOJl CHMHOBBIX ceTei, MeToabl audde-
PEHIATEHON T€OMETPUH U TEOPUS TIPEACTABICHHUHA IPYTIIL.

[lyreM oTOXIecCTBICHHUS TOJNEH MaTEepUH C AJIEMEHTAPHBIMU (EepPMHUOHHBIMU
METJISIMH, TIOCTPOEHA MOJIENb IIPOCTPAHCTBA-BPEMEHH, B KOTOPOH T€OMETPUS MPO-
CTPaHCTBA-BPEMEHHU OIpelesieTcd HaOOpOM KBaHTOBBIX COCTOSIHUM BceX IOJeH
MaTepuu Bo BceneHHOM, a CBA3HOCTh — TeOMEeTpUYEcKasl XapaKTepUCTUKA IIPo-
CTpaHCTBa-BpeMEeHH — mpexacTaBisieT coboit SL (2, C) mpeoOpazoBanue mojen
MaTEepUU APYT OTHOCHUTENBHO JIpyra BO BHYTPEHHEM IIPOCTPAHCTBE COCTOSHUIM.

3akiarouenue. B manHo# paboTe ymamoch IPUMEHUTh METOJ CIIMHOBBIX CETEH
HEIMOCPEACTBEHHO K CUCTEME MOJIEH MAaTEpHH.
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Abstract. Loop quantum gravity (LQG) is one of the promising candidates for the role of a
quantum theory of spacetime. However, there is a significant conceptual flaw in this model
itself: this model, following from the Hilbert-Einstein action, describes spacetime without
matter; the latter cannot exist in principle, since the spacetime is a system of relations between
the matter fields. In this paper, following the ideas of Roger Penrose on combinatorial space-
time, we reformulate the loop quantum gravity model exclusively in terms of matter fields.

Keywords: spacetime, loop quantum gravity, quantization

Introduction. The construction of a quantum theory of gravity has been one of the
main problems of fundamental physics for a century. Despite significant mathemat-
ical advances in the application of modern quantum field theory methods to the
Hilbert-Einstein action functional, no theory has yet been constructed that express-
es the properties of space-time at the quantum level through the characteristics of
matter fields. The latter is quite easy to do in the classical case — due to the right-
hand side of Einstein's equations — but has not yet been done in quantum case.
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In this paper, we propose a derivation of the geometry of spacetime on Planck
scales by using the spin networks proposed by Roger Penrose in 1971. So far, the
spin network method has been applied only to the Hilbert-Einstein action written in
the Ashtekar variables.

Methods and materials; results. The main methods used in this study are the
method of spin networks, methods of differential geometry and the group represen-
tation theory.

By identifying the matter fields with elementary fermionic loops, a model of
spacetime is constructed in which the geometry of spacetime is determined by a set
of quantum states of all the matter fields in the Universe, and the connection —
geometric characteristic of the space-time — turns to be SL (2, C) transformation
of matter fields relative to each other.

Conclusion. In this work, we have applied spin network method directly to the
system of matter fields.
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YAK 521.1

Hosblii noaxoa K BbiBOAY 3aKOHa BCEMUPHOIO TArOTeHUA
13 3aKoHoB Kennepa: nonHoe A0Ka3aTeNbCTBO
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AHHoTanus. Jloka3zaHo, 4TO 3aKOH TATOTEHUS cliefyeT U3 3akoHoB Kermepa.

Karouesnie cioBa: Kerutep, HeloToH, Tsrotenne, nHBepcus, QyHKIIMOHATIBHBIC YPAaBHCHUS

Brenenmne. /151 MaTeMaTUUE€CKOr0 BHIBOJIa 3aKOHA TATOTeHUs HploTOHA J0oCTaTOU-
HO 3HaTh 3aKoHHBI Kemepa.

Metoabl U MmaTepuaibl; pe3yiabTaThbl. Mcaak Heroton (1643—-1727) ycraHo-
BUJI TECHYIO CBSI3b MEXJy 3aKoHaMu Keriepa ¥ OTKPBITHIM UM 3aKOHOM BCEMHp-
Horo Tsarotenus [1]. Jannas HetoTroHoM hopMynMpoBKa 3aKOHA TATOTEHHUS MOSIBHU-
Jach Kak pe3yibTaT PacCMOTPEHHs OOJBLIOrO KOJMYECTBA 334ad O JBHKCHUH
HeOecHbIX Tenm COJHEYHOM CHCTEMBI, KOTOpblE €My YAajloch pemnTb. HbroToH
CMOT JI0Ka3aTh, YTO 3aKOHKI Keriepa ciaenyoT u3 3aKkoHa TSroTeHus [2].

B 2021 romy aBTop mokasai, 4To 00paTHOE YTBEPKICHHE TAKKE BEPHO: 3aKOH
TACOTEHUs cienyeT u3 3akoHoB Keruiepa [3]. Jloka3aTenbCTBO 3TOTO YTBEPKICHUS
oKazasioch HenoiHbIM. OCTaBajIoCch OOBSICHUTD, YTO MocTosiHHAs Keriepa 3aBucut
TOJIEKO OT Macchl CoJHIIa, 4TO TI03/]HEeE U OBUIO JA0Ka3aHO. B HacTosieM gokiaje
paccMaTpuBaeTCs IOJIHOE 10Ka3aTeIbCTBO OOPATHOTO YTBEPKICHHS.

B ocHoBe mokazaTenbcTBa JIEKHUT WHBepCcHs TaroTeromux tei (CoiaHue npuTs-
TUBAET IUTAHETY C TOM Ke CHIIOH, ¢ Kakoi mianeta nputsaruBaet ComnHrle). Baxxayio
POJb B AOKA3aTENbCTBE UIPAlOT (PYHKIHOHAJILHBIE YPaBHEHUS, KOTOPbIe B HaJaje
XIX Beka BeiBen ¢paniy3ckuid MmatemaTtuk Ortocten Jlyn Komm (1789-1857).
CMoTpuTe €ro KHATY «ANTe0pandecKuil aHamm3y.

IIoka3aHo, 4yTO BBEIEHHBI HBIOTOHOM NPHHLMII CYyNEPIIO3ULIUHA I'PABUTALIM-
OHHBIX CHJI IPUBOJUT K JIBYM YCJIOBHSIM JTMHEHHOCTH (aJAMTUBHOCTH U OJHOPOI-
HOCTbB), 3allMCAaHHBIX Yepe3 TMapy B3aWMHO SKBUBAJIEHTHBIX (PYHKIMOHAIBHBIX
ypaBHeHUH. PemenuemM 3THUX ypaBHEHUH SBJISETCS OJNHOPOJHAS JIMHEHHAs YUCIIO-
Bas ¢yHKuus. HanoMHUM, 4TO yCIOBHS JTMHEHHOCTH OOBIYHO MCIOJB3YIOTCS LIS
OTIpenesIeHHUs JTMHEHHOTr0 0TOOpaXXeHNsI — LIEHTPAJBHOTO MOHATUS TMHEHHON aj-
reOpHI.

3axuiouenue. M3BecTHO, YTO 3aKOH OOpATHBIX KBAAPATOB CIEAYET U3 3aKOHOB
Kennepa. MuBepcus TAroreromux Ted TO3BOJSET OOOOIINTH 3aKOH OOpaTHBIX
KBaJIpaTOB: BBIBECTH 3aKOH TATOTCHUSI.
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A new approach to the derivation of the law
of universal gravitation from Kepler’s laws: a complete proof
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Moscow, Russia

Abstract. It has been proven that the law of gravity follows from Kepler's laws.

Keywords: Kepler, Newton, gravity, inversion, functional equations

Introduction. To mathematically derive Newton's law of gravitation, it is enough
to know Kepler's laws.

Methods and materials; results. Isaac Newton (1643—1727) established a
close connection between Kepler's laws and the law of universal gravitation he dis-
covered [1]. Newton's formulation of the law of gravitation was the result of con-
sidering a large number of problems about the motion of celestial bodies in the So-
lar system, which he managed to solve. Newton was able to prove that Kepler's
laws follow from the law of gravitation [2].

In 2021, the author showed that the converse is also true: the law of gravity fol-
lows from Kepler's laws [3]. The proof of this statement was incomplete. It remained
to explain that the Kepler constant depends only on the mass of the Sun, which was
later proven. This report examines the complete proof of the converse statement.

The proof is based on the inversion of gravitating bodies (the Sun attracts the
planet with the same force with which the planet attracts the Sun). An important
role in the proof is played by functional equations, which were derived in the early
19th century by the French mathematician Augustin Louis Cauchy (1789-1857).
See his book «Analyse algébrique».

It is shown that the principle of superposition of gravitational forces intro-
duced by Newton leads to two linearity conditions (additivity and homogeneity),
written through a pair of mutually equivalent functional equations. The solution to
these equations is a homogeneous linear numerical function. Recall that the lineari-
ty conditions are usually used to define a linear mapping, the central concept of
linear algebra.
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Conclusion. It is known that the inverse square law follows from Kepler's
laws. The inversion of gravitating bodies allows us to generalize the inverse square
law: to derive the law of gravity.
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Annotanus. [TomydeHo cdepryeckn CHMMETPHIHOE pellicHHE B ITyaHKape KaarnOpOBOYHON
TEOPUH TPABUTALIMY NPU HATUYUH TEMHOUW YHEPTUHU C KpaiHe MUHUMAJIbHBIM CaMOICHCTBU-
eM. HaiimenHoe pemieHne KoH(OPMHO W3BECTHON Merpuke Mimaza — PoseHa, kotopas
6mmka k MeTpuke LIBapiimbpaa, HO He IMEET CHHTYIISIPHOCTH Ha TPaBUTAIIHOHHOM pajinyce,
YTO MPUBOJUT K OTCYTCTBHIO YEPHBIX JBIP U 3aMEHE WX Ha KBa3HU-YCPHBIC IBIPHL.

KiaroueBble cioBa: ImyaHkape KaIHOPOBOYHAS TEOPHs TPaBUTAIUH, pemeHune Mnmaza —
Pozena

Beenenmne. 113BecTHO, 4TO TEOPUU OCHOBHBIX ()yHIAaMEHTAIbHBIX (PU3NYECKUX TIO-
JIe yIOBIETBOPAIOT KaJMOPOBOYHOMY NpUHIMITY. Teopuei IpaBUTALHOHHOTO
OJIs1, YAOBJIETBOPSIONIEH 3TOMY NMPUHLMIYY W 0000maromeil o0Iyl0 TEOPHIO OT-
HocutenbHOCTH (OTO), sBnsieTcss myaHKape KaauOpOBOYHAsI TEOPUS I'PAaBUTALUH
(IIKT) [1, 2]. Harnas paboTta ocHOBaHa Ha ucnonb3oBaHuu [IKT, a Takxke Ha pas-
Butuy uae O.b. I'munep [3], koTopsril B 1965 roxy npemioxun paccMaTpUBaTh
B ypaBHEHHAX A. DHHIITEHHA KOCMOJIOTMYECKYIO TIOCTOSIHHYI0 A Kak KocMH4e-
CKYIO cpealy, IO3Ke Ha3BaHHYI0 TEMHOU SHEPTHUEH.

Metoabl u matepuaibl; pedyabtarbl. I[IKT o60o6maer OTO na Hannume
Kpy4YeHHUs TPOCTPAHCTBA-BPEMEHH, TO €CTh IPOCTPAHCTBO-BpeMs 00Jamaer
He TONBKO 2-popmoit kpuBu3HBI R, , HO U 2-opmoii kpyderuss 7 . Ilpu sTom
B KayecTBE BapHALlMOHHOTO NMPHHLHUIA HCHOJIb3yeTcs 000OMIeHHBIH (opMaIn3m
[TanaTuHu, O3HAYAKOWIMKA HE3aBUCHUMOE BAapbUPOBAHUE I10 JIMHEWHON CBS3HOCTH
u terpanam. Teopus ctpoutcs B popmanmizme BHEMHUX GopM, Ipu 3ToM 4-popma
JarpamXeBoi IIIOTHOCTH BBIOMPAETCsI B BUJE:

L=0L+LC,,
1
£, =2/,B*[(1/2) R, A, +B*Agn+IBdB A *dp | M
3necy * — omeparop AyalbHOTO CONpsDKeHHs XOoIka, 1 — 4-popma oObema,

nab — BcromorarenbsHas 2-¢popma. Crnaraemoe £, — 9TO IUIOTHOCTB JIaTPAHKHU-
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aHa BHEIIHHUX MoJel. 3/eck Mbl MoJlaraeM OTCYTCTBHE BHEHIHUX moied L, =0.
Bropoe n mocnennee ciaraembie B (1) omMCchIBarOT 0000IIEHHYIO, 3aBUCAIIYIO OT
KoOpaMHatel 7 (61arogaps Momo P) «KOCMOJOTHYECKYIO IMOCTOSHHYIO» B°A,

B COOTBETCTBUU C unen ['munepa 3.b.
B IIKT npu Haim4uu CKaJSIpHOTO TOJS 3 TUIOTHOCTH JIarpaHXuaHa OyeT Ba-

PBHPOBATHCSI OTHOCHTEIILHO HE3aBUCHMBIX MEPEMEHHBIX: 0a3ucHoi 1-popmbr 0 ¢,

1-popmsr cesisHoctn ', u ckamsipHOro mois {3, B pesyJbTaTe 4ero MOIy4acTcs
TPH HE3aBUCHMBIX YPAaBHEHUSI.

B kauecTBe METPUKHU MPOCTPAHCTBA-BPEMEHU PACCMOTPUM CTaTHUECKYIO ce-
PUYECKH CHUMMETPUYHYI0 METPHUKY C ABYMS HEH3BECTHBIMH (QyHKIHMAMHU A(7)
u p(r). Takke uMeeM TPEThIO HEM3BECTHYIO (QyHKIHMIO (7). Pemenue, HanbOoee
6mu3koe K peuenuto HIBapummneaa, momyyaercs, eciy npeHeOpedb B ypaBHEHUSIX
KpailHe MaJIbIM 3HaYECHUEM KOCMOJIOTHUECKON MOCTOSHHON B COBPEMEHHYIO 3TIOXY.
Pemrast ykazaHHbIe BbIIIE TPH YpaBHEHHS OIS, TOTyYaeM METPUKY, KOHPOPMHYIO
n3BecTHOU MeTpuke Mimasza — Posena:

ds*=e 17 ds,, )
e e
dsto=e " dt* — e’ (dr’ +r*(d0?* + sin®> 0d¢*)). (3)

3aktiouenue. Eciu BennuuHy 7, BHIOpAaTh PaBHON IPaBUTALMOHHOMY Pajuy-

Cy LIEHTpaJIbHOTO Telna, To MeTpuka Mnmaza — Po3sena Oyzer coBmagars ¢ MeTpH-
ko IlIBapimmibpia B MOCT HEIOTOHOBCKOM TpuOmmkeHnu. Takxke B (3) orcyT-
CTBYEeT CHHTYJSPHOCTh Ha TpaBUTALMOHHOM pajJWyce, YTO IPHUBOIUT
K OTCYTCTBHIO YEPHBIX ABIP (B CTAHJAPTHOM CMBICIIE), @ peau3yeT BOSHUKHOBEHHUE
KBa3H-4EpHBIX JbIp. JONOIHUTENbHAS SKCIIOHEHTa B (2) naeT HeOOobIIoe OTINIHE
ot OTO B onucanuy ABWXeHHS Teld B COTHEYHOU cucTeMe (CM. «IpOJIeTHAS aHO-
Manus [4]).
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Abstract. A spherically symmetric solution in the Poincaré gauge theory of gravity in the
presence of dark energy with an extremely minimal self-action is obtained. The solution
found is conformal to the well-known Yilmaz — Rosen metric, which is close to the
Schwarzschild metric, but has no singularity at the gravitational radius, which leads to the
absence of black holes and their replacement with quasi-black holes.

Keywords: Poincare gauge theory of gravity, Yilmaz — Rosen solution

Introduction. It is known that theories of the main fundamental physical fields
satisfy the gauge principle. The theory of the gravitational field that satisfies this
principle and generalizes the General Relativity (GR) is the Poincaré gauge theory
of gravity (PGT) [1, 2]. This work is based on the use of PGT, as well as on the
development of the ideas of E.B. Gliner [3], who in 1965 proposed to consider the
cosmological constant in A. Einstein's equations as a cosmic medium, later called
dark energy.

Methods and materials; results. The PGT generalizes General Relativity to
the presence of space-time torsion, i. €. space-time has not only a curvature 2-form
R, , but also a torsion 2-form 7 “. In this case, the generalized Palatini formalism
is used as a variational principle, meaning independent variation by linear connec-
tivity and tetrads. The theory is constructed in the formalism of external forms, and
the Lagrangian density 4-form is chosen as,

L=L+L,,

1
4):2ﬁﬁ2[@/2)nﬂbATbb+32A0n+134dBA*dB] )

Here * is the Hodge dual conjugation operator, 1 is the volume 4-form, and nab is
the auxiliary 2-form. The term £, is the Lagrangian density of external fields.
Here we assume the absence of external fields £, =0. The second and last terms
in (1) describe the generalized, » — coordinate-dependent (due to the field [)
“cosmological constant” B°A, in accordance with Gliner E.B.
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In the PGT, in the presence of a scalar field B, the Lagrangian density is varied
with respect to independent variables: the basis 1-form 6 the connection 1-form
['“,, and the scalar field f, resulting in three independent equations.

As a space-time metric, we consider a static spherically symmetric metric with
two unknown functions A(r) and p(r). We also have a third unknown function
B(r). The solution closest to the Schwarzschild solution is obtained if we neglect

in the equations the extremely small value of the cosmological constant in the
modern era. Solving the three field equations indicated above, we obtain a metric
conformal to the well-known Yilmaz — Rosen metric,

1
ds’=e 17 ds?,, )
dsja=e " dt* — e’ (dr’ +r>(d0* + sin® 0d¢ ). (3)

Conclusion. If the value 7, is chosen equal to the gravitational radius of the
central body, then the Yilmaz — Rosen metric will coincide with the Schwarz-
schild metric in the post-Newtonian approximation. Also in (3) there is no singular-
ity at the gravitational radius, which leads to the absence of black holes (in the
standard sense), but implements the emergence of quasi-black holes. The additional
exponent in (2) gives a slight difference from the GR in the description of the mo-
tion of bodies in the Solar system (see “flight anomaly” [4]).
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AHHOTanusl. YCTaHOBJIEHAa HOBass HEMUHUMalbHas Bepcusi Teopun DHHIITEHA — Jupa-
Ka-aKCHOHa. DTa BepcHs HEeMUHHMAaIbHOM TeOpUH, ONHUCHIBAIOIIAs B3aUMO/IEIiCTBHE TpaBU-
TAI[MOHHOT0, CIMHOPHOTO ¥ aKCHOHHOTO MOJIeH, UMeeT BTOPOi MOPSAOK 10 MPOU3BOIHBIM
B KOHTEKCTE 3((PEeKTUBHOM TEOPHH OIS M IEPBBIH MOPSIOK IO INIOTHOCTH YHCIIA CIIMHOP-
HBIX 4YacThl. MOJENBHBIN JarpamXuaH COACPKUT UYeThIpe MapamMerpa HEMHHHUMAaIbHON
CBSI3W W BKIIOYACT, B JIONIOJHEHHWE K TeH30py Pumana, Puuum u ckamsapy Puuum, neBomy-
AJIBHBIA ¥ TIPaBOAyaIbHBIA TEH30PbI KPUBU3HEL. [IceBrocKaIsipHOE TOJIe MOSBISIETCS B Ja-
TpaHXHaHEe B TEPMHHAX TPUTOHOMETPHYECKUX (YHKIMH, oOecrieunBasi MOJNEPXKKY IUC-
KPETHOH CHMMETpPHH, CBSI3aHHOH C akKkCHOHaMH. BpIBeleHa cBsS3aHHAas CHCTEMaA
paCIIMPEHHBIX OCHOBHBIX YPaBHEHHH AJISI IPaBUTAIIMOHHOTO, CIIMHOPHOTO M aKCHOHHOTO
moJiel; obcykmaaercsi CTPyKTypa HOBBIX HEMHUHHMMAJbHBIX HCTOYHHKOB, MOSBIISIOIMINXCS
B 3THUX OCHOBHBIX ypaBHEHHsIX. PaccmarpuBaercsi MpUMEHEHHME YCTAHOBJIEHHON TEOPHUH
K HM30TPOIHOM OJHOPOJHOM KOCMOJOrn4yeckod mozenu; lIperncraBieHbl HOBblE TOYHBIE
pemeHus Ui HECKOJIBKUX MOJIENbHBIX HaOOPOB HAIPABIAIOMINX HEMHHHMAJBHBIX IMapa-
MeTpoB. IIpeacTaBieHO crerMagbHOE PelIeHHE, ONMMCHIBAONIEE 3KCIIOHEHIIHATBHBINA POCT
IUTOTHOCTH YHCJIa CIIMHOPOB; 3TO PEIICHNE MOKAa3bIBACT, YTO CIMHOPHBIE YAaCTHIBI (Mac-
CUBHBIE ()epMHOHBI M O€3MaccoBbIe HEMTPUHO) MOTYT POKAaThesl B paHHEH BceenenHoit n3-
32 HEMHHUMAaJIBHOTO B3aMMOJICHCTBHS C KpUBU3HOW IIPOCTPAHCTBA-BPEMEHH.

KuroueBble cjioBa: anbTepHAaTHBHBIE TEOPUHU TpaBUTALMM, TeopHs OiHmTelHa-/[upaka,
aKCHOH, CITUHOP

Beenenue. Ilmes B BUAYy yHOMSIHYTBbIE AETAINM WUCTOPUH HEMUHUMAJIBHONW TEOPHUH
10JII, Mbl YCTAaHOBWJIH 3J/I€Ch HOBYIO NMOJHYI0 HEMHHUMAJIBHYIO BEPCHIO TEOPUHU
Oitamreiina — Jlupaka -akCHoHa, KOTopast JIMHEHHA M0 KPUBU3HE, UMEET BTOPOM
MOPSAZOK MO TPOW3BOJIHBIM, JIMHEHHA MO IIOTHOCTH YHCJA CIUHOPHBIX YaCTHIL
W HEeJIMHEWHa 10 aKCHOHHOMY 1oit0. CTaThsl OpraHu30BaHa CIEAYIOMNUM 00pa3oM.
CHayana Mbl CTPOMM JIarpaHXMaH HEMUHUMAJIbHOM Teopun DiHIITEHAa — [{upa-
Ka-akCHOHa W BBIBOJUM paCIIMpEHHbIE OCHOBHBIE YpaBHEHHUS /ISl CIHHODPHBIX,
IICEBIOCKAISIPHBIX M TPABUTALIMOHHBIX MOJEH. 3aTeM Mbl IPUMEHSEM yCTaHOBJICH-
HYI0 pacIlMpeHHYI0 TEOPHUIO K OAHOPOAHOMN M30TPOMHON KOCMOJIOTHYECKOH Mojie-
JIY, OIHCBHIBAEM JBOJIIOIMIO MHBAPHUAHTOB CIIMHOPHOTO TIOJIS, AHAIU3UPYEM IOBE-
neHue ¢GpyHkiuu Xabb6ma u MacitabHoro gakrtopa. UroObl OBITH 0OJiee TOYHBIM,
B pazzene III MBI penyupyeM OCHOBHBIE YPAaBHEHHS CIIMHOPHBIX, aKCHOHHBIX U
TPaBUTALMOHHBIX TMOJIEH, IPUHUMAsl BO BHUMaHHE CUMMETPHIO MTPOCTPAHCTBEHHO-
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BpeMeHHOH TmaTdopmbl Ppummana — Jlemerpa — Pobeprcona — Yokepa
(FLRW). 3areM MBI UMeeM [€J0 C TOYHO WHTETPUPYEMOH MOAEIBIO, B KOTOPOU
AKCHOHHOE IOJIE 3aMOPO’KEHO B OAHOM W3 MHHHMYMOB IOTEHIIHAda aKCHOHHOTO
IOJIST U, TAKUM 00pa3oM, HAXOAMUTCSI B PABHOBECHOM COCTOSIHMHM; B paszeine V ak-
CHOHHOE ToJie 3a()MKCUPOBAHO B HECTAOMIBLHOM COCTOSIHWH, CBSI3AHHOM C OJHHUM
W3 MaKCUMYMOB NOTEHIIMANIA aKCHOHA. B KoHIIe MBI 00cyXaaeM (pu3ndecKue ciel-
CTBHS1 HEMAHUMAJIBHBIX TPaBUTOH-CIIMHOP-aKCUOHHBIX B3aUMOICHCTBUI.

Metoasl n MaTepHaJbl; pe3yJabTaTbl. HeMUHUMAaNbHBIE WIEHBI B JIATPaHKH-
aHe STOH TeopuH POPMYITUPYIOTCS KaK TEH30pHbIE MPOM3BeNeHHs TeH30pa Pumana
Rmnpq, ero neBomyaneHoro, *Rmnpq, u npaBoayanpHoro, R*mnpq, TeH30poB,
a Taxke TeH3opa Puuyun Rmn u ckansipa Puyun R ¢ oqHON CTOpOHBI, U CIUHOP-
HO-aKCHOHHBIX TEH30pOB M IICEBAOTEH30POB € Apyroi cTopoHsl. Bece mpousBosa-
Hble B HEMUHHUMAJbHBIX WIEHAaX MPOU30LUIA OT T€H30pa KPUBU3HBI U €ro CBep-
TOK; CIHUHOPHO-aKCHOHHBIE TEH30pbl M IICEBIOTEH30pBl HE conaepxKar
MPOU3BOAHBIX. B 3TOM cMbIciie HA0Op HEMUHHMAJIBHBIX YJICHOB SIBISIETCS IIOJ-
HBIM: HET HOBBIX HE3aBHCHUMBIX T'€OMETPUYECKHX OOBEKTOB BIUIOTH O BTOPOTO
MOpsAKa MO MPOU3BOAHBIM B KOHTEKcTe 3 eKkTUBHONH Teopuu mosd. s mo-
CTPOEHUS MOJIHOTO JIarpaHKHaHa MPeICTaBIEHHON TEOPUH MBI NCTIOIB30Bad TaK
Ha3bIBa€MbI€ CIIMHOPHO-aKCHOHHBIE TEH30PHI U MICEBIOTEH30Pbl. DTy UL MOX-
HO TOSICHUTH CJenyromuM o0pa3oM. Eciau B kauecTBE MHOKHUTEIISI HCIIOJIb30BATh
HEYETHYI0 (QYHKLHUIO Sin @, TO MOJYYUM CHHMHOPHO-aKCHOHHBIA INCEBIOTEH30D.
ITouemy MBI OrpaHMYHMBAEMCS] PAMKAMM JIMHEMHON TEOPUU OTHOCUTEIBHO IUIOTHO-
CTH YMCIla CIIMHOPHBIX yactull N = yy ? Eciu paccMatpuBaTh, HalpuMep, T€O-
pHIO BTOPOTO MOPAAKA, TO JIATPAaH)KMAH CIEAYET BKIIOYHTH MHOXECTBO YJICHOB,
umeromux Bug Rmnpg(yy  myny)(yy pyq v), Rmnpq(yy my)(wy nypyqy),
Rmn(yy my)(yy nvy), ... uT. 1. O4eBUIHO, YTO TaKas MOJC/Ib CTaHET Heddek-
TUBHOH M3-32 OOJBIIOrO 4ncia (PEHOMEHOJIIOTMYECKUX mnapamerpoB. Hamomuuwm,
YTO MOCTPOECHHAS TEOPHs COJNEPKUT BCETO YEThIPE HEMHUHUMAIBHBIX IapameTpa:
Bi, P2, P* u vx. Mbl XoTenu Obl 0OpaTUTh BHUMaHWE HA TO, YTO PACHIMPECHHBIC
YpaBHEHHUSI CIIMHOPHOTO TIOJISI IMEIOT CTPYKTYPY KaHOHHYECKOTo ypaBHeHHs Jlu-
paka, HO BMECTO 3aTPaBOYHOM Macchl m, YMHOKEHHON Ha €IMHUYHYIO MaTpuLy E,
MBI rosrydaeM d(QGEKTHBHYIO MacCOBYIO MaTpUIly M, KOTOpasi 3aBUCHT OT TEH30pa
KPUBU3HBI U OT aKCHOHHOTO TOJs. AHaJOTHYHO, PacIIMPEHHOE ypaBHEHHWE IS
AKCUOHHOTO MOJIsI COACPIKUT BMECTO 3aTPaBOYHOM Macchl mA 3((eKTUBHYIO Mac-
cy akcuona MA, Kotopast 3aBHCUT OT cKaJsipoB R 1 N. OTH 3¢ eKkTuBHBIC MacCHI,
CBSI3aHHBIE C KPUBU3HOW IMPOCTPAHCTBA-BPEMEHH, IPEIONPEAEIAIOT IMOBEIECHUE
CIMHOPHBIX YacTHll (MacCUBHBIX ()EPMHUOHOB U 0E3MACCOBBIX HEHTPUHO) U JAWHA-
MUKY aKCHOHOB B paHHel BcenenHol.

[Ipumenenue cHOpMYyIMPOBAHHOW HEMHHHUMAJIBHOH TCOPHHM K H30TPOIHOMN
OJHOPOJHOM KOCMOJIOTHYECKOW MOJIETHU BBISIBUIIO MHTEPECHYIO JeTainb. Eciiu BBe-
CTH OJIMH CIIMHOPHBIA CKamsip S=Wyy W [Ba CIOHHOPHBIX ICEBIOCKAIIPA
P=iyy Sy, Q=wyy 0y, TO 3BOIIOIMOHHBIC YPABHEHHUS /IS 3TUX BEJIUYUH 00-
pa3yoT 3aMKHYTYIO cHUCTeMy IU(pQepeHINaIbHBIX YPaBHEHUH MEPBOTrO MOPSIKA.



XXIV MexcdyHapoOHas Hay4Has KoOH@epeHyusa «Puaudeckue uHmepnpemayuu meopuu 0mHoCUMensbHoOCmu» 27

Bonee Toro, aTa cucrema qOITyCKaeT SIBHBINM MEPBBIA HHTETPa, W, TAKIM 00pa3oMm,
TOJIBKO JIBE BeNMMUYHUHBI, S(t) u P(t), XapakTepu3yroT 3BONIONUIO TPABUTALHOHHOTO
IOJIS1 ¥ BXOJAT B MICTOUHHK-WIEH J, KOTOPBIX MPEAONPEAEIsIeT HBOTIOLMIO aKCHOH-
HOTO 110J1s1. MBI TOAPOOHO MPOaHAIU3UPOBAIH ABE TOYHO HHTEIPUPYEMBIE IIOIMO-
JIEJIM BOJIIOLIMY HEMUHUMAJIBHO CBSI3aHHOM CIMHOPHO-aKCHOHHOM CHCTEMBI B I'pa-
BuTauuoHHoM monie Tuna FLRW. B mepBoil nmoamonenu nceBAOCKaIsIPHOE MOJIE
[IPEAIONarajJoch 3aMOPOXKEHHBIM B OJTHOM M3 MUHMUMYMOB IOTCHLIMAJIA AKCHOHHO-
ro nojs, ¢ = 2wk, T. €. AaKCHOHBI CUUTAIIUCH HAXOAALIMMHUCS B PaBHOBECHOM COCTO-
SSHUM. AHaJM3 TOYHBIX PEUICHMIA, ONHCHIBAIOIUX (QYyHKIHIO Xabbna H(?),
MacITaOHBIN (akTop a(f) u mapamerp yckopeHus: —q(f), MOKa3bIBaeT, 4TO B 3aBH-
CHUMOCTH OT 3HaYeHHI HEMUHUMAIIbHBIX HAIPABJISIONINX MapaMeTpoB Pi, P2, P*, v*
Bcenennast Moxer OBITH OXxapakTepu3oBaHa creHapusmu bonbimoro Paspoisa,
Bbonbuioro B3peiea u IlceBnopaspriBa.

3akawuenue. Mpl 00CyXkITaeM HOBYH BEPCHI0 HEMHHHUMAIBHONH TEOPUHU
OliHmrelHa-/upaka-akcioHa BTOPOTO MOPSAIKa MO MPOU3BOJHBIM U MEPBOTO IO-
pAAKa O IUIOTHOCTH YHUCJIAa CIIMHOPHBIX YacTHll N.

KakoBbl mHTEpecHblE AeTanud 3TOM Teopuu? HeMuHUMAanbHblE WIEHBI B Jia-
rpaHXuaHe 3TOH TeOpHH (POPMYIUPYIOTCS KaK TEH30PHbIE MPOU3BEACHUS TEH30pa
Pumana Rmnpq, ero neBomyanbHOro, Rmnpq*, M MpaBoAyalbHOTO, TEH30POB, a
Takke TeH3opa Puuun u ckamspa Puyun R ¢ OJHOM CTOpPOHBI, U CIHHUHOPHO-
AKCHOHHBIX TEH30POB U IICEBAOTEH30POB C IPYroil cTopoHsl. Bee mponsBoaHbie B
HEMUHUMAJIBHBIX YJ€HaX MPOM3OLUIM OT TEH30pa KPHUBU3HBI M €T0 CBEPTOK; CIIH-
HOPHO-aKCHOHHBIE TEH30PHI U IICEBIOTEH30PHI HE COIEPKaT MPOU3BOIHBIX. B aTOM
cMbIClie Ha0Op HEMUHHMMAJIBHBIX UICHOB, INEPEYHCICHHBIX B palote, sBIsSETCA
MOJHBIM: B KOHTEKCTe d(h()EKTUBHOIN TEOPHH TOJsl HET HOBBIX HE3aBHCHUMBIX I'€O-
METPUYECKUX 0OBEKTOB BIUIOTH JI0 BTOPOTO MOPS/IKA TIO TIPOU3BOIHBIM.

Mpsr xotenu Obl 0OpaTWTh BHUMAaHHE Ha TO, YTO PACIIUPEHHbIE YPaBHEHHS
CIMHOPHOTO MOJIsl UMEIOT CTPYKTYPY KaHOHHYECKOro ypaBHeHus [lupaka, HO BMe-
CTO 3aTPaBOYHOM Macchl M, YMHOXXEHHOW Ha €AMHUYHYIO MaTtpully E, Mbl noayda-
eM 3(QQEeKTUBHYIO MaCCOBYIO MaTpHily M, 3aBHCALIYIO OT TE€H30pa KPUBHU3HBI U OT
AKCHOHHOTO TOJs. AHAJOTMYHO, PACIIMPEHHOE YPaBHEHUE ISl aKCMOHHOTO IOJIS
conepkuT d3OPEKTUBHYIO MacCy akCMOoHa MA, 3aBHCAIIYIO0 OT CKaIsIpoB R m N,
BMECTO 3aTpaBOYHOM Macchl MA. Ot 3 pekTuBHBIE MacChl, CBI3aHHBIC C KPUBH3-
HOM NPOCTPaHCTBa-BPEMEHM, MNPEAOIPEIEIAIOT MOBEJCHNE CIUHOPHBIX YaCTHI]
(MaccuBHBIX ()EPMHUOHOB U 0€3MACCOBBIX HEUTPHUHO) M TUHAMUKY aKCHOHOB B paH-
Hel BeeneHHOM.
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Abstract. The influence of growth of global energy consumption on changes in ecological
balance in nature is considered. The risks of further growth of use of non-renewable energy
sources are presented. The directions of development of alternative energy sources are
shown. The potential possibilities of application of nanotechnologies and innovative nano-
materials in production and transmission of energy aimed at saving natural resources and
reducing toxic emissions into the environment are listed. Taking into account the specific
properties of nanosystems, a conclusion is made about the need for systematic research to
assess the potential risks of application of nanomaterials aimed at ensuring a safe future of
mankind.

Keywords: Alternative theories of gravity, Einstein-Dirac theory, axion, spinor

Introduction. Keeping in mind the mentioned details of the history of the non-
minimal field theory, we established here the new complete non-minimal version
of the Einstein-Dirac-axion theory, which is linear in curvature, is of the second
order in derivatives, is linear in the number density of spinor particles and non-
linear in the axion field. The paper is organized as follows. At first we construct the
Lagrangian of the non-minimal Einstein-Dirac-axion theory, and derive the extend-
ed master equations for the spinor, pseudoscalar and gravitational fields. Next we
apply the established extended theory to the homogeneous isotropic cosmological
model, describe the evolution of the spinor field invariants, analyze the behavior of
the Hubble function and of the scale factor. To be more precise, in Section III we
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reduce the master equations of the spinor, axion and gravity fields, taking into ac-
count the symmetry of the Friedmann-Lemaitre-Robertson-Walker (FLRW) space-
time platform. Then we deal with the exactly integrable model, in which the axion
field is frozen into one of the minima of the axion field potential, and thus is in the
equilibrium state; in Section V the axion field is fixed in the instable state related to
one of the maxima of the axion potential. In the end we discuss physical conse-
quences of the non-minimal graviton-spinor-axion interactions.

Methods and materials; results. The non-minimal terms in the Lagrangian of
this theory are formulated as tensorial products of the Riemann tensor Rmnpq, of
its left-dual, *Rmnpq, and right-dual, R¥mnpq, tensors, as well as, of the Ricci ten-
sor Rmn and Ricci scalar R on the one hand, and of the spinor-axionic tensors and
pseudotensors, on the other hand. All the derivatives in the non-minimal terms
originated from the curvature tensor and its convolutions; the spinor-axion tensors
and pseudotensors do not contain derivatives. In this sense, the set of the non-
minimal terms is complete: there are no new independent geometrical objects up to
the second order in derivatives in the context of the Effective Field Theory.

In order to construct the complete Lagrangian of the presented theory, we
used the so-called spinor-axion tensors and pseudotensors. One can explain this
idea as follows. If we use the odd function sin ¢ as the multiplier, we obtain the
spinor-axion pseudotensor. Why do we restrict ourselves by the frameworks of the
linear theory with respect to the spinor particle number density N = yy  ? If we
consider, e.g., the theory of the second order, we should include into the Lagrangi-
an a lot of terms, which have the form Rmnpq(yy myny)(yy pyq v), Rmnpq(yy
my)(yy nypyqy), Rmn(yy my)(yy n y),..., etc. Clearly, such a model would
become non-effective because of the large number of phenomenological parame-
ters. Let us recall that the constructed theory contains only four non-minimal pa-
rameters: B1, 2, B* and v*.

We would like to attract attention to the fact that the extended equations of the
spinor field have the structure of the canonic Dirac’s equation, but instead of the
seed mass m multiplied by the unit matrix E we obtain an effective mass matrix M,
which depends on the curvature tensor and on the axion field. Similarly, the ex-
tended equation for the axion field contains the effective axion mass MA, which
depends on the scalars R and N, instead of the seed mass mA. These effective
masses, associated with the space-time curvature, predetermine the behavior of the
spinor particles (massive fermion and massless neutrinos) and the dynamics of the
axions in the early Universe.

Application of the formulated non-minimal theory to the isotropic homogene-
ous cosmological model revealed an interesting detail. If we introduce one spinor
scalar S =wyy and two spinor pseudoscalars P =iyy 5y, Q=vyy 0y y, the evo-
lutionary equations for these quantities form the closed system of differential equa-
tions of the first order. Moreover, this system admits the explicit first integral, and
thus, only two quantities, S(t) and P(t), characterize the evolution of the gravita-
tional field, and enter the source-term J, which predetermines the evolution of the
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axion field. We analyzed in detail two exactly integrable sub-models of evolution
of the non-minimally coupled spinor-axion system in the gravity field of the FLRW
type. In the first sub-model, the pseudoscalar field was assumed to be frozen into
one of the minima of the potential of the axion field, ¢ = 27k, i.e., the axions are
considered to be in the equilibrium state. Analysis of the exact solutions describing
the Hubble function H(t), scale factor a(t) and acceleration parameter —q(t) shows,
that depending on the values of the non-minimal guiding parameters B1, B2, B*, v*
the Universe can be characterized by the Big Rip, Big Cranch and Pseudo-Rip sce-
naria.

Conclusion. We discuss the new version of the non-minimal Einstein-Dirac-
axion theory of the second order in derivatives and of the first order in the spinor
particle number density N = yy . What are the interesting details of this theory?
The non-minimal terms in the Lagrangian of this theory are formulated as tensorial
products of the Riemann tensor Rmnpq, of its left-dual, Rmnpq*, and right-dual,
tensors, as well as, of the Ricci tensor and Ricci scalar R on the one hand, and of
the spinor-axionic tensors and pseudotensors, on the other hand. All the derivatives
in the non-minimal terms originated from the curvature tensor and its convolutions;
the spinor-axion tensors and pseudotensors do not contain derivatives. In this
sense, the set of the non-minimal terms listed in research is complete: there are no
new independent geometrical objects up to the second order in derivatives in the
context of the Effective Field Theory.

We would like to attract attention to the fact that the extended equations of the
spinor field have the structure of the canonic Dirac’s equation, but instead of the
seed mass m multiplied by the unit matrix E we obtain an effective mass matrix M,
which depends on the curvature tensor and on the axion field. Similarly, the ex-
tended equation for the axion field contains the effective axion mass MA, which
depends on the scalars R and N, instead of the seed mass mA. These effective
masses, associated with the space-time curvature, predetermine the behavior of the
spinor particles (massive fermion and massless neutrinos) and the dynamics of the
axions in the early Universe.
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AHHoOTanus. PaccMoTpeHa BO3MOXKHOCTh HAXOXAEHHUS TOYHBIX KOCMOJIOTMUYECKHX pelle-
HUI ypaBHEHHI DWHIITEeHHa 0e3 KOCMOJOTHYECKOH MOCTOSHHOM AJIsl OTKPBITOM Mopaenu
BcenenHoii myTeM cBelleHUsI TPOOJIEMBI K SKBUBAJICHTHOH 3ajaue 00 OCLULIATOPE B OJJHO-
POJTHOM CHJIOBOM TOJIe («MEXaHWYEeCKHH MOoaXo/»). B3sdTas kocMonoruyeckas Mosens 3a-
TIOJTHEHA MaTepHel B MPUOIMKCHUH HICATbHON KHUIKOCTH C HE PABHBIM HYJIIO JAaBICHUEM
U Ha TaIuIeeBOl aCUMIITOTUKE MEPEXOIUT B OTKPBITYI0 KOCMONOTHYECKYI0 Mojens Opun-
MaHa. OOHapy’KEHO BIMSHHIE «CHIOBOTO TIOJISH Ha MOBEICHUE MOJIEIH.

KiroueBblie cj10Ba: KOCMOJIOTHIECKIE MOJIENH, 0000IIeHNe OTKPEITOI Momenn @punmaHa

BBenenue. Panee ObuT MpeMIoKeH METO KOHCTPYUPOBAHUS OTKPBHITHIX KOCMOJIO-
rudeckux mojeneil B pamkax OTO myTtem cBefeHHUs MPOOJIEMBI K 3ajade JBIKe-
HHUA 4YacTUlbl cuioBoM noie [1, 2]. Mcnonb30oBaHre MEXaHUYECKOW MHTEpIIpeTa-
LUK JUI1 ypaBHEHUH TATOTEHUs (C TEH30POM DHEPTHU-MMITYJIECA B MPHOINKEHUH
WearbHOM KUAKOCTH) MPUBOANUT K BO3MOKHOCTH PACCMOTPEHUS PA3INYHBIX CH-
JIOBBIX TIOJIEH, HAPUMEP MOTEHIIMANBHBIX, C TMOCIeayomel Gpu3ndeckoil naTep-
NpeTanueil Mmojay4yaeMblX TOUHBIX KOCMOJIOTHYECKUX pellleHuid. B wacTHOCTH, npu
OTCYTCTBHH «CHJIBD» (IBM)KCHHU IO WHEPLWH) UMeeM Mojenb dpuamana 1l oT-
KpbiToil Beenennoil. BBons ananor ynpyrod cuisl ['yka M CBSI3aHHOTO € 3THUM
FapMOHHMYECKOT0 OCLWIIATOPA, MOJyYE€HHas! OTKPBITas KOCMOJIOTHYECKAsT MOAEIb
sBJsieTCs. 0000IMIeHnEM OTKphITO Mozaenn DpupMaHa Ha ciiydaldl MPUCYTCTBHS
U paBHOBECHOro u3nydyeHus. JlanpHeiee 00OOILIEHNE CBA3aHO C IOMELICHUEM
OCLMJIIATOPA B OJJHOPOJHOE CHIIOBOE TIOJIE.

MeTtoabl W MaTepHalibl; pe3yabTaTbl. MeTpHKa YETHIPEXMEPHOTO MPO-
cTpaHcTBa-BpeMeHn Oepercst B popme Doka [3] kak MeTpuKka, KOHGOPMHAS MET-
puke Munkosckoro (g, =exp(20(S))-n,,, N, =diag(l,—1,-1,-1)) ¢ 3asucn-

MOCTBIO OT OJHOW TMepeMEHHOM S, KBagpaT KOTOPOW €CThb NPOU3BEICHUE

OIIEPEKAIOUICTO M 3alla3abIBarOIIeTrO0 BPEMCH, S2 212 —1’2; a CKOpOCThb CBETa

Y HBIOTOHOBCKAsl IPaBUTAIMOHHAS ITOCTOsIHHAS PaBHBI efuHUIe. [IpH nenosip3oBa-
Hun Metoda (3 + 1)-pacmierieHuss W BBEACHHHM Oe3pa3MEpHON IepeMEHHOU
z=B/S (mapamerp B OTBETCTBEHEH 3a HAJMYKUC W3ITYUYCHUS) OJHO U3 YpaBHEHUI
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OWHIITEelHA MOXKET OBITh MPEICTABICHO B BHJE BTOPOro 3akoHa HeloToHa, WTO
M03BOJISICT TOBOPUTH O «MEXAaHUUYECKOM TMOXO0E» K BOMPOCY O MOIYYCHUH KOCMO-
morndyecknx moxeneit (cm. [1, 2]). [Jamee BBogmTCa cynepro3uius «cuibl ['yka»
U «IOCTOSIHHOHM pacTsAruBaromier cuish». llocie perrenns ypaBHeHUs KojeOaHUi
C TIOCTOSIHHOM BBIHY>KJAIOIIEH CHUJIOW U OMpPENeTCHUS! TOCTOSHHBIX UHTETPUPOBA-
HUS U3 TPpeOOBAHUS MPOXOXKICHUS PelIeHMs Yepe3 peuieHrne OpunaMana Ha aCHMIT-
TOTHKE JUTA OTKPBITON BCelneHHOH MOKHO CKOHCTPYHUPOBATh (DYHKITUIO COCTOSHUS
B = p/e, KOTOpas B KaXKIbIii MOMEHT BPEMEHH €CTh ypaBHEHHE COCTOSHUS (p —

JaBJICHNE, € — TUIOTHOCTH SHEPTHUH),

| zotg(z+ a)(1+f(ﬂ/1+ tgz(z+oc))
B N S ——

& 3ztg(z+a)+(1+fomy

IloBenenue 3Toi (YyHKIMH WILTIOCTPUPYETCS HA pHUC. 1, TOe Kaxkaas KpuBas
COOTBETCTBYET OIIPEACICHHBIM 3HAYCHUSIM MapaMeTpoB o (OTBETCTBEHHOI'O 3a

HaJIMYUe MAacCOBOU MaTepHH) H f, (IIpHBEICHHAs «BBIHYXIatoIas cuiaay). Kpusoit
1 orBeuaror o =0, f, =0 (MaccoBas MaTepusi OTCyTCTBYET); KpUBOH 2 COOTBET-

ctBytoT o= 0,04, f, =0; anpu o = 0,01, f, =5 peanusyercs kpusas 3.
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Puc. 1. I'paduk noseseHNA GyHKLMU COCTOAHMA [3 B 3aBUCUMOCTU
OT 3HaYeHMIt NapameTpoB o U fo

3akaoueHue. HonyquHaﬂ C MOMOIIBIO «MEXAHUYCCKOI'0 oaxoaa» OTKPbI-
Tasi KOCMOJIOTHYCCKAasd MOACIIbL UMCCT JIBa YHPABJIAIOMIUX IMapaMEeTpa o U f(‘) , 1103~

BOJISIONIUX MEHATH TTOBeAcHHE Mojieu (puc. 1). Hampumep, mst kpuBoit 1 B Touke
z =0 BBINONHAETCS yNIbTPa PENATHBUCTCKOE YypaBHEHHE COCTOSHHA ( p =¢€/3),
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a «BKIJIFOYEHHE» mapameTpa f, (kpuBas 3) npuBoauT K 3QPEKTy «KOMIICHCAIIUH»

MIPUCYTCTBHSI MACCOBOW MaTepuu (KpuBas 2).
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Abstract. The possibility of finding the exact cosmological solutions of the Einstein equa-
tions without cosmological constant for open model of the Universe is considered within
the framework of an equivalent oscillatory task in a homogeneous force field (“a mechani-
cal approach”). The taken cosmological model is filled with the matter in approach of per-
fect fluid with a pressure not equal to zero. On the asymptotic infinity this model is the
open cosmological model of Friedman. The influence of the “force field” on behavior of
model is discovered.

Keywords: cosmological models, generalization of the open model Friedman

Introduction. Earlier the method of the construction for open cosmological models
within general relativity by way of transformation of the problem to the task about
of the particle movement in the force field was offered in [1, 2]. Use of mechanical
interpretation for the gravitational equations (with the energy-momentum tensor for
the perfect fluid) leads to the possibility of consideration of various force fields, for
example as the potential field, with the subsequent physical interpretation of the
found exact cosmological solutions. In particular, at absence of “force” (i. e. there
is the inertial movement) we have the open Universe model of Friedman. If we will
take analogs of Hooke's elastic strength and a harmonic oscillator then the found
open cosmological model is generalization of the open model Friedman on a case
of the presence and of the equilibrium radiation. Further generalization is connect-
ed with the oscillator which is in the homogeneous force field.
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Methods and materials; results. The four-dimensional space-time metric is
chosen in the Fock shape as the conformal metric to Minkowski's metric
(g, =exp(2o(S)) M, N, =diag(l,-1,-1,-1)) [3] with dependence on one varia-

ble S. The square of this variable is multiplication of the late and advancing times

S? =+* —r?, and the light speed and Newtonian gravity constant are equal to unit.
When using the method (3+1)-splittings in 4D space-time and introduction of the
dimensionless variable z = B/S (parameter B is responsible for radiation) we can
present one of Einstein's equations in the form of the second Newton's law. That
allows speaking about “mechanical approach” to the problem of finding cosmolog-
ical models (see [1, 2]). Further we introduce the superposition of “force of Hook”
and “the constant driving force”. After the solution of the oscillator equation with
constant driving force we require of passing the solution through the original
Friedman solution for the open Universe on the Euclidean asymptotics. In such
case we find the integration constants and can write the function of state = p/¢

which in each instant of time is the equation of state (p is a pressure, € is an energy

density),
| zete(zt oc)(l + fil+ tgz(z+oc))

e 3 ztg(z+oc)+(1+f0«/1+tg2(2+a)).

The behavior of this function is illustrated in Fig. 1 where each curve corre-
sponds to defined values of parameters o (responsible for presence of mass matter)
and fo (reduced “driving force”). We have the curve 1 for a =0, fo = 0 (mass matter
is absent); the curve 2 with values o = 0,04 and f; = 0 and parameters for the curve
Jarea=0,01, fo=>5.
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Fig. 1. The behavior graph of the function of state f3 in dependence
on values of parameters a and fo

Conclusion. The open cosmological model constructed by means of “mechan-
ical approach” has two control parameters a and fo which allow to change behavior
of model (Fig. 1). For example, for the curve 1 at the point z =0 the ultra relativ-
istic equation of state is satisfied ( p =&/3), and “turning on” of parameter fo

(curve 3) leads to the effect of “compensating” of the presence of mass matter
(curve 2).
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AnHoTanus. [ToyueHs! ToOuHBIE pelIeHns sl KocMoJIorndeckoi monenu buanku-I ¢ ox-
HOHAIPaBJICHHBIM MarHUTHEIM mojieM (MII) B Teopuu rpaBuTaniuu ¢ HEMUHUMAIBHON KH-
Hetnueckoit cBa3bio (HKC) ckangpHoro mosns ¢ kpuBH3HOW. Monens u3y4yaercss MpUMeHH-
TEJILHO K TEepUoAy JO0 M BO BpeMs IEPBUYHOW HHQUIAIMM BceleHHOH. [lomydeHs
OTpaHWYCHUS Ha IapaMeTphl MOJEIH, KOTOpble 0o0ecneynBaloT HaOmMogaeMoe TEH30PHO-
CKaJsSIpHOE OTHOILIEHHWE 7/, OTCYTCTBHE OYXOB M HeycroWunBocTH Jlammaca. Ilpu Takmx
OTPaHWYCHHUIX MOJENb 00JaacT HeOOXOIUMBIMU CBOMCTBAMU: M30TPOIM3ALHS, OBICTPHIN
TIepexo/] U3 MOCTCHUHTYJIIPHON 3MOXH K MHQIISAINH.

KiaroueBble ciioBa: BI/IaHKI/I-I, TeOopust XOpH,I[CCI(I/I, HCMHWHHUMAJIbHA KHHCTHUYCCKasa CBA3b,
MAar"mMTHOC 10JIC, CKAJSIPHOC 1TOJIE

Beenenune. YckopeHHOE pacuiMpeHHe BceneHHONH MOTHUBUPYET NPUMEHEHHE
MOIUGHUIMPOBAHHBIX TEOPUH I'PaBUTALIUH, B YACTHOCTH, TeopHio XopHueckH (TX).
Teopust rpasutaruu ¢ HKC ects wactaeiii coydair TX. HKC B xocMonormaeckux
MOJIEJISIX TaeT HOBBIH MEXaHW3M MepBUYHON UHQISIMHA O0e3 HACTPOHKH MOTEHIINA-
na [1]. Ha pannHux stamax somonuun Bcenennoit HKC Moxer 3kpaHHpOBaTh
OOBIYHYIO0 MaTepHio. JTO CBOWCTBO AAaeT MOJENb €CTECTBEHHONM CMEHBI KOCMOJIO-
rudeckux 3mox. Kak wmspectHo, MII HaOiromar0TCs Ha pa3idYHBIX MaciuTadax
Bcenennoii. I'mobansnoe MII mozmpasymeBaeT aHU30TPONHOE MPOCTPAHCTBO-
Bpems. B anuzorponseix Mozensix ¢ HKC nonmyckaercss HEMOHOTOHHOE MTOBEICHNE
aausotpornuu [2, 3]. [IpuaepxuBasch runore3sl 0 poxacann MII 1o win Bo Bpemst
MIEPBUYHON MHDIANN, MBI U3ydaeM B3aWMOJEHWCTBHE MAarHUTHOTO U CKaJISIPHOTO
noneit B pamkax HKC. Mp1 3amaemcs BompocamMu 00 HM30TPONU3ALMH MOJCIH
B XOJI€ pacIiupeHus, o caeacTeusax Bkiaouenus MII B mogens HKC.

Metoabl u MaTepuanbl; pe3yabTarbl. [lnotHocts neiictBus mns HKC
U 3JIEKTPOMArHUTHOTO 1oJIst OepeTcs B popme

o[ BR ne v _ L
L= —g[7+8X—A+7GHVVHV (P—ZFuann],u:Mlsz,Szil.

Mogens u3ydaeTcs B paMKax NpocTpaHcTBa-BpemeHu buanku 1. HeoOxonu-
MBIM, HO HEIOCTaTOYHBIM YCJIOBHUEM W30TPOIMU3ALUU SBIIETCS HEPaBEHCTBO
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e/ > 0. IlmotHocTh »HEeprum MII yMmeHbITaeTcs OT OTPaHHUYEHHOTO 3HAYCHUSI.
Benencteue Brmouenus MIT B HKC-mopens, 3Hak mapamerpa [=1+enA/pu

HayMHAeT KAaueCTBCHHO BIIMATh Ha CBOMCTBA Mojenu. B cly4ae =0 mpouecc

M30TpONM3aMu OTCYTCTBYeT. B ciydae /<0 THIN CHUHTYJIAPHOCTH MEHSAETCS:

-1/2 .
a—const, Hoct " — oo, t—>0. OBomronusa BeenenHoit HauUMHaeTCs ¢ HEHYIIe-

Boro o0bpema. CymecTBYIOT qBe BeTBH perieHns. OnHa BETBh OMUCHIBAET CHKAMA-

IOLIyIOCS] BceleHHY10. COrjacHO Opyroi BETBH, BCEIEHHAs pacuIMpsieTcs, HO MO-

JeJIb UMEET yXU U HeyCcToMunBOCTh Jlammaca. B coywae />0 THII CHHTYJIApHOCTH
1 -1 o

He memstercs:a oct? -0, Hoct' — oo, 0. Iocae KOPOTKOHM TOCTCHHTY-

JISIPHOW STIOXHM BCEJIECHHAsi BXOJUT B KBa3UAECHUTTEPOBCKYIO AIOXY C MapameTpoM

h, = Je/(31) = 6-10* sec™'. C nauana undmsun (h,-t~0,387) monens cra-
HOBUTCSI M30TPOIHOM 32 HECKOJIBKO €IUHUIL hn -t (IPOIOIIKHUTEIHLHOCTh HHDIIS-
uud h -t~ 60). Orpannyenns €=1, n>0, A>0, 1<nA/nu<1,049 obecre-

YMBAIOT OTCYTCTBUE NYXOB, HeycTOHunMBOCTH Jlamnaca n HabmomgaeMoe TEeH30pHO-
cKajsipHOE oTHOIIeHue » < 0,1.

3axiroyenue. TakuM 00pa3oMm, CyIIECTBYET BO3MOXKHOCTb «TapMOHHYHOM
BiirounTh MII B HKC-Moznens ¢ mapamerpom />0. B ocTanpHBIX ciaydasx y Mo-
nenu ecth paznuunble HegoctaTku. HKC mopamiser A-uneH um cam reHepupyer
nepBuuHyo HHQIsIuU0. OgHaKo, A-4iIeH SBISETCS BaXXHBIM (PaKTOpOM yCTOHYH-
Boctu. Hampumep, mnpu A =0, I CKaIIpHBIX BO3MYILUEHUH HMeEEM

cé =-1/3<0. A-wien mupencraeieH B mnapamerpe [. B cuiny TtpeboBanus
€/m>0 3HaK A KpUTHYEH JJIsl 3HAKA [, T. €. A-4lieH peryaupyeT CTENeHb BIUs-
aus MIT na HKC-monens.
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Abstract. Exact solutions are obtained for the Bianchi-I cosmological model with a unidi-
rectional magnetic field (MF) in the theory of gravity with non-minimum kinetic coupling
(NKC) of a scalar field with curvature. The model is studied in relation to the period before
and during the primary inflation of the universe. Constraints on the model parameters are
obtained that ensure the observed tensor-scalar ratio, the absence of ghosts and Laplace
instability. With such constraints, the model has the necessary properties: isotropization,
a rapid transition from the post-singular epoch to inflation.

Keywords: Bianchi-I, Horndeski theory, non-minimal kinetic coupling, magnetic field,
scalar field

Introduction. The accelerated expansion of the Universe motivates the use of
modified theories of gravity, in particular, the Horndeski theory (HT). The theory
of gravity with NKC is a special case of HT. NKC in cosmological models pro-
vides a new mechanism of primordial inflation without potential tuning [1]. At the
early stages of the Universe evolution, NKC can screen ordinary matter. This prop-
erty provides a model of natural change of cosmological epochs. As is known, MF
are observed at different scales of the Universe. Global MF implies anisotropic
space-time. In anisotropic models with NKC, non-monotonic behavior of anisotro-
py is allowed [2, 3]. Adhering to the hypothesis of the birth of MF before or during
primordial inflation, we study the interaction of magnetic and scalar fields within
the framework of NKC. We ask questions about the isotropization of the model
during the expansion, about the consequences of including MF in NKC model.

Methods and materials; results. The density of action for the NKC and the
electromagnetic field is taken in the form

R 1
L= —g(%+aX—A+?GWV“VV(p—ZF”"FM], w=Mp, e==l.

The model is studied within the framework of Bianchi I space-time. A neces-
sary but insufficient condition for isotropization is the inequality €/mn > 0. The en-

ergy density of MF decreases from a limited value. Due to the inclusion of MF in
NKC model, the sign of the parameter / =1+ enA/p begins to qualitatively influ-

ence the properties of the model. In case / =0, the isotropization process is absent.
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In case /<0, the singularity type changes: a — const, H oc " 50, t—0.
The Universe evolution begins with a non-zero volume. There are two branches of
the solution. One branch describes a contracting universe. According to the other
branch, the universe expands, but the model has ghosts and Laplace instability. In

case />0, the type of singularity does not change: a o 1?50, Hoect! - o,
t — 0. After a short post-singularity epoch, the Universe enters a quasi-de Sitter

epoch with parameter A, =4/e/(3n) ~6-10®sec™ . From the onset of inflation
(h,-t~0.387) the model becomes isotropic within a few units 7, -¢ (the duration
of inflation %, -¢~60). Constraints =1, n>0, A>0, I<nA/pu<1.049 ensure

the absence of ghosts, Laplace instability, and the observed tensor-scalar ratio
r<0.1.

Conclusion. Thus, it is possible to “harmoniously” include the MF in the NKC
model with parameter /> 0. In other cases, the model has various disadvantages.
The NKC suppresses the A -term and generates primary inflation. However, the A-

term is an important factor of stability. For example, at A =0, for scalar perturba-

tions we have c§ =-1/3<0. The A-term is represented in parameter /. Due to

requirement €/m >0, sign A is critical for sign /, that is, the A-term regulates the
degree of influence of MF on NKC model.
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AnHotanusi. OZJHUM 13 TEPCIICKTUBHBIX HANPaBJIEHUH B 00JACTH OPHEHTALMH W HaBHTa-
LMK JIETATEJbHBIX allapaToB SIBISETCS MOCTPOEHHE KOOPAWHATHO-BPEMEHHOH CHCTEMBI
orcyera Ha 0a3e PENMKTOBOrO M3IydeHHs. [yl ompelenieHus] mapaMeTpoB JBMOXKCHHS
B MPOCTPAHCTBE MOKHO HCIOJb30BaTh €CTECTBEHHYIO aHH30TPOITHIO TEMIEpaTypsl (GoHo-
BOTO 3JIEKTPOMAarHUTHOTO M3NTy4deHHS BceneHHON (PEeTMKTOBOTO TEIUIOBOTO H3JIyuYeHHS,
CHEKTp KOTOPOTO SBJSETCA YEePHOTENbHBIM C Temmeparypoir 7'=2,7 K). JlokanpHas au-
MIOJIbHAsI aHU30TPOITUS PEIMKTOBOTO M3Iy4deHHs cBsizaHa c 3ddekrom [lomepa, Bo3HUKA-
oM npu ABmKeHHH COJTHEYHON CHCTEMBI OTHOCHTEIBHO PEIUKTOBOTO ()OHA CO CKOPO-
cThio mpuMepHo 370 kM/c B cTOpoHY co3Be3nus JIbBa. JlumonbpHast aHU30TPOTIHS TPUBOIHT
K M3MEHEHUIO TeMIepaTypsl He6a Ha ypoBHe AT ~ 1072 K. Taxke JUIs MOBBIIEHHS TOYHO-
CTH HOCTPOEHHUSI KOOPAMHATHO-BPEMEHHOI CHUCTEMBI OTCUETa MOXET JOMOJIHUTEIbHO HC-
TI0JIb30BATHCSl MYJIBTHIIONbHASL AHU30TPOIHS PEITMKTOBOTO M3JIyYESHHUS] M KapTa TOYEYHBIX
HUCTOYHUKOB B MMJUIMMETPOBOM JUana3oHe JUINH BOJH.

KaroueBrbie ciioBa: PEIIMKTOBOC U3JTYUCHUC, CUCTEMA OTCUYETA, KOCMOJIOTU, HAaBUT'allU

Beenenue. Hauano TeopeTHdecKux UCCIEIOBAHUN PEIMKTOBOTO AIEKTPOMArHUT-
HOTO M3JTy4EHUs CBSA3aHO ¢ paboToii [1], B KOTOpoii ObLIa BEIYMCICHA TEMIIEPATypa
uznyuenus [2]. B mocnenyromme roasl ObUIM SKCHEPUMEHTAIBHO OTKPBITHI Kak
PETMKTOBOE M3TyUeHUe Bcenennoi, Tak u ero anm3orponws [3—5], 9Tro ObLI0 1oj-
TBepKaeHO B xoxe skcrepumenta COBE [6].

JumonpHasi aHU30TPONHS PEMKTOBOTO HM3Iy4YCHHUs, HaOlogaeMas B OKOJIO-
36MHOM IIPOCTPAHCTBE HPOSBISETCS B TOM, YTO TeMIIepaTypa H3JIy4eHUs
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B HampasneHun co3Be3nus JIba Ha 0,01 % BeIIIE cpenHell Temmeparypsl. B mpo-
THUBOIIOJIOKHOM HalpaBlieHWH co3Be3usi Bogones — TeMiepaTypa Ha CTOJIBKO JKe
Hke. OCHOBHOW THIOTE301, OOBSCHSIONIEH AUITONBHYI0 KOMIIOHEHTY pacipese-
JIeHUsT TeMIiepatypbl Bo Bcenennoii, spusercs sddexr oriepa, BOSHUKAOMNH
npu awkeHnd COMHEYHOH CHCTEMBI OTHOCHTENBHO PeluKTOBoro (ona. Takxke
B XOJi¢ IKCIIEPUMEHTOB OBbLIM M3MEPEHBI MYJIBTUIIONH aHU30TPONUU PEIUKTOBOTO
M3ITydeHus 0oJiee BBICOKMX TOPSAKOB [6].

MeTtoabl M MaTepuaibl; pe3yibTaTbl. (s MOCTPOCHHS HOBBIX CHUCTEM
HaBUTAllMM U OPUEHTAIMHU JIeTaTeJbHBIX alllapaToB C YJIyYIIEHHBIMH XapaKTepH-
CTHUKaMH MOXXET OBITh HCIIONB30BaHA KOOPAMHATHO-BpEMEHHAs CHCTEMa OTcUueTa
Ha 0a3e PemMKTOBOTO M3NTydeHMs. B 0CHOBE MeTOqa JIeKUT aHU30TPOIHS PEITUKTO-
Boro manydeHus. Croco0 Mmo3BOJsIET OAHO3HAYHO ONPEAETHUTh YIJIOBOE MOJOXKe-
HHUE, CKOPOCTh, YCKOPEHHUE amnmapaTa B MPOCTPAHCTBE Ha OCHOBE M3MEPEHUH CIIeK-
TPaILHOW TUIOTHOCTH MOIITHOCTH 0 HECKOJIBKAM HAIPaBICHUSIM.

PenukroBoe w3nmyueHuwe mpencTaBiseT coOOW HABHTAIMOHHOE TMOJE ecTe-
CTBEHHOTO IPOUCXOXKIEHHS, KOTOPOE MO3BOJSET HEMOCPEICTBEHHO OMNpPEAEsTH
OpPHEHTAINI0O ¥ CKOPOCTh JIETaTeIbHOTO ammapara. llojoxeHre B MPOCTpaHCTBE
MOXKET OBITh OTpEAeNIEHO IMyTeM HHTETPHUPOBAaHUS COOTBETCTBYIONIUX YPaBHEHUI
nBwkeHus. Jns ompeneneHuss BpEeMEHH HEOOXOAWMO HCIOJIb30BaHUE JOIOIHHU-
TEJNBHBIX CPEJICTB, TAKUX KaK OOPTOBBIC YaCHI.

Ha ceromHsi OCHOBHBIMH HMCTOYHUKAMHU OINMOOK OIPENENeHUs KOOpPUHAT,
CKOpOCTEH W OpUEHTAIIMY allapara Ha OCHOBE U3MEPEHHUS TEMIIEPATYPBl PEIUKTO-
BOro HU3JIy4YCHUS ABJIAIOTCA q)HyKTyaI_[I/IOHHaH YYBCTBUTCIIBHOCTL IIPUCEMHHKOB,
YIIIOBOE pa3peleHre ONTHYECKONH CHUCTEMBI, a TaKXKe YHCIO0 M3MEPUTENBHBIX Ka-
HaJIOB. HpI/I HCITOJB30BaHUU 3 HU3MCPUTCIIbHBIX KaHaJIOB U IMPUCMHHUKOB C YyB-
CTBHTEJILHOCTHIO Ha ypoBHe | MKK (MpHONM3UTENFHO COOTBETCTBYET UYBCTBH-
TENPHOCTH KocMudeckoro ammapara Planck) TodHOCTE ompeseneHus yriioBbIX
KOOpJMHAT OYJIET COCTABIIATh MeHee | yIII. MHUH, TOYHOCTb OTIpeAeNIeHHs] CKOPOCTH
nerxenus He menee 100 m/c [7].

OyHpaMeHTaNbHBIE OIpAaHWYECHHS Ha TOYHOCTH METOJA HAaKJaJbIBalOT COO-
CTBEHHBIC (UIYKTyalld TEMIIEPAaTyphbl PEIUKTOBOIO M3JIyUEHUs, BO3MOXKHBIE OT-
KIJIOHEHHUS ero crekTpa oT [1IaHKOBCKOTO, a TAaKXKe CIIEKTP €ro MpOCTPaHCTBEHHBIX
HeoJHOpoiHOCTeH. [Ipu ycloBUM JOCTHAKEHUHA HW3MEPUTEIBHBIMUA CpPEICTBAMU
JaHHBIX (YHAaMEHTAIBHBIX IPEJEIIOB TOYHOCTh ONPEAEICHUS HAaBUTALMOHHBIX
MapaMeTpoB Ha OCHOBE M3MEPEHUs KapT paclpeieleHns] TEMIIepaTyphl PETUKTOBO-
T'0 U3JTYYCHUA MOXET OKa3aThbCA Ha HECKOJIBKO IMOPAAKOB BBIIIEC, YEM IIPU HUCIIOJIb-
30BaHMU TI100aJIbHBIX HABUTALIMOHHBIX CITYTHUKOBBIX CUCTEM.

3axiouenue. B pesynbraTe BBINONHEHHBIX AHAJUTUYECKUX W UYMCIIEHHBIX
OIIEHOK MPOAEMOHCTPHUPOBAaHA BO3MOKHOCTh UCIIOBE30BAHMS aHU30TPOITUHU PEITUK-
TOBOTO H3JIyYeHHS IJIsi TIOCTPOEHHsI KOOPAWHATHO-BPEMEHHON CHCTEMBI OTCYETa
C YHHMKaJIbHBIMU XapaKTEepUCTUKAMH AJISl PELICHUS 3a]ad HAaBUTALUM U OpPHCHTa-
LIMU JIETAaTeNbHBIX allapaToB.
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Abstract. One of the promising directions in the field of aircraft orientation and navigation
is the construction of a coordinate-time reference system based on cosmic microwave
background radiation. To determine the motion parameters In space, it is possible to use the
natural anisotropy of the temperature of the background electromagnetic radiation of the
Universe (cosmic microwave background radiation, the spectrum of which is blackbody
with a temperature of 7 = 2.7 K). The local dipole anisotropy of the cosmic microwave
background radiation is associated with the Doppler effect, which occurs when the Solar
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system moves relative to the cosmic background at a speed of about 370 km/s towards the
constellation Leo. Dipole anisotropy leads to a change in the temperature of the sky at the
level of AT ~ 10-3 K. In addition, multipole anisotropy of cosmic microwave background
radiation and a map of point sources in the millimeter wavelength range can be used to im-
prove the accuracy of constructing a coordinate-time reference system.

Keywords: cosmic microwave background radiation, reference frame, cosmology, naviga-
tion

Introduction. The paper [1], in which the temperature of the cosmic microwave
background radiation (CMBR) was computed [2], presented the first theoretical
investigation of this phenomenon. Later, both the CMBR and its anisotropy were
detected experimentally [3—5] and confirmed by the COBE measurements [6].

The dipole anisotropy of the CMBR observed in the near-Earth space mani-
fests as the radiation temperature in the direction of the Leo constellation being
0.01% higher than its average temperature, with the temperature in the opposite
direction, towards the Aquarius constellation, being lower than the average by the
same amount. The main hypothesis to explain the dipole component of the temper-
ature distribution in the Universe would be the Doppler effect arising from the mo-
tion of the Solar System relative to the CMBR. Moreover, there were experiments
that allowed higher multipole orders of the CMBR anisotropy to be measured [6].

Methods and materials; results. A CMBR-based coordinate-time frame of
reference may be used to design novel navigation and attitude control systems for
advanced spacecraft. The method rests on the anisotropy of the CMBR. It allows
the angular position, velocity and acceleration of the spacecraft to be uniquely de-
termined via measuring the power spectral density in several directions.

The CMBR is a navigation field of natural origin that enables the attitude and
velocity of the spacecraft to be determined directly. The attitude may be deter-
mined by integrating the corresponding equations of motion. Determining the time
requires using certain supplementary means, such as an on-board clock.

At present, the error in determining coordinates, velocity and attitude of space-
craft via measuring the CMBR temperature primarily stems from the fluctuation
sensitivity of the receivers, the angular resolution of the optical system, and the
number of measurement channels. Using 3 measurement channels and receivers
with a sensitivity of 1 uK (which is approximately the same as the sensitivity of the
Planck spacecraft), the accuracy of angular coordinate determination will be under
1 arcminute, while the accuracy of motion velocity determination will be at least
100 m/s [7].

There are several sources that impose fundamental limitations on the accuracy
of the method: intrinsic fluctuations in the CMBR temperature, its spectrum poten-
tially deviating from the Planck spectrum in specific ways, and the spatial inhomo-
geneity spectrum of the CMBR. Should measuring instruments reach these funda-
mental limits, the accuracy of determining navigation parameters by measuring



XXIV MexcdyHapoOHas Hay4Has KoOH@epeHyusa «Puaudeckue uHmepnpemayuu meopuu 0mHoCUMensbHoOCmu» 45

CMBR temperature distribution maps may be several orders of magnitude higher
than when using global navigation satellite systems.

Conclusion. Our analytical and numerical assessments demonstrate the poten-

tial for using the CMBR anisotropy to design a coordinate-time frame of reference
featuring unique characteristics for solving the problems of navigation and attitude
control of spacecraft.

References

Gamow G. DetKongelige Danske VidenskabernesSelskab, Mat.-Fis. Medd. 1953, vol. 27 (10),
p- 1.

Chernin A.D. How Gamow calculated the temperature of the background radiation, or A few
words about the fine art of theoretical physics. Physics-Uspekhi (Advances in Physical Scienc-
es), 1994, vol. 164, no.8, pp. 89-896.

Strukov I.A., Bryukhanov A.A., Skulachev D.P., Sazhin M.V. Anisotropy of the background
radation. Astronomy Letters — A Journal of Astronomy and Space Astrophysics, 1992, vol. 18,
no. 5, pp. 387-395.

Strukov I.A., Brukhanov, A.A., Skulachev, D P., Sazhin, M.V. Anisotropy of the microwave
background radiation. Soviet Astronomy Letters, 1992, v.18. pp. 153—156.

Strukov [.A. et al. The Relikt-1 experiment - New results. Monthly Notices of the Royal Astro-
nomical Society, 1992, v. 258, pp. 37-40.

Bennett C.L. et al. Four-year COBE DMR cosmic microwave background observations: maps
and basic results. Astrophysical Journal Letters, 1996, v. 464, pp. 1-4.

Gordin M.V., Bazlev D.A., Gladyshev V.O., Kauts V.L., Kayutenko A.V., Nikolaev P.P. Fomin L.V.,
Sharandin E.A. Using relic radiation to build a novel navigation system. Space, Time, and Fun-
damental Interactions, 2023, vol. 3-4 (44-45), pp. 108-116.



46 Mockea, MITY um. H.3. baymaHa, 7-10 utons 2025 2.

uDC 530.12

Evolutionary Behaviour of Newly Constructed Accelerating Universe in the
Framework of Teleparallel Gravity
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Abstract: In this study, we take into account a particular form of f(T) inspired by a f(R)
gravity model. The Monte Carlo Markov Chain (MCMC) approach is used to constrain the
parameters of the Hubble model, offering a strong statistical analysis. Our outcomes con-
firm the viability of the suggested f(T) model as an alternative framework for dark energy
explanation by successfully supporting an accelerating cosmic expansion.

Keywords: Teleparallel Gravity, Monte Carlo Markov Chain, Energy Conditions

Introduction. Our understanding of cosmology has been drastically transformed
by observational findings made in 1998 [1] that the universe is expanding in an
accelerated manner. Due to several drawbacks of GR, Hence, the establishment of
modified theories of gravity is one of the main approaches being explored to study
the late time cosmic evolution.

In an Intriguing extension of Riemannian geometry, in the witzenbock space,
the Riemannian curvature tensor is zero, and the torsion tensor is non-zero. This
leads to a flat spacetime with the significant characteristic of absolute parallelism,
also referred to as teleparallelism. The primary characteristic of the teleparallel ap-
proach is the substitution of a set of tetrad vectors, for the metric tensor, which is
the main physical variable that determines gravitational qualities. Instead of curva-
ture, torsion, originating from the tetrad fields, can be used as a general description
of the gravitational effect. This is reflected to the theory known as the teleparallel
equivalent of general relativity (TEGR), which has been extended to the f(T) grav-
ity theory.

The primary objective of this research is to explore the f(T) modified gravity,
starting with TEGR rather than the GR. In this study, we employ the simple para-
metrization of a particular form of the Hubble parameter using Hubble, BAO, and
Hubble+BAO observational datasets and generate exact solutions for the modified
Friedmann equations in the FLRW spacetime. Specifically we employ a form of
f(n), f(Ty=T+ fi((;// 7;02)),1, where a and n are constants with T = —6HZ, where
H, is the current value of the Hubble parameter. Subsequently, we have examined
all the dynamical and cosmological parameters followed by energy conditions and
Om(z) diagnostic. The work is organized as follows: in section 2, we commence
by offering an overview to TG and then describe the f(T) gravity framework.
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In section 3, a specific form of the Hubble parameter is parametrized using Hubble,
BAO and Hubble+BAO datasets via MCMC approach. Section 4 presents solutions
to the field equations and explores the cosmological elements of the specific form
of f(T). In sections 5 and 6, the viability of the model is checked by performing
energy conditions and Om(z) diagnostic respectively. Section 7 provides a thor-
ough conclusion to the work.

Methods and materials. Framework of f(T). The torsion scalar-based modi-
fied theory of gravity, known as f(T), has a geometric action determined by an alge-
braic function associated with torsion. To describe the geometric components, this
theory incorporates orthonormal tetrad components that are defined within the tan-
gent space at each point of the manifold. Basically, the line element is presented as:

ds? = g, dxtdx’ =1,;;6'6)

where dx* = e} 6%, 6' = eﬁdx” and 7;; = diag (1,—1,—1,—1) represents the
metric associated with Minkowski spacetime and e,i represents the components of
the tetrad satisfying the conditions:

el e ] = §; !
The action [2] of the f(T) gravity can be defined as,

S—16 Gfd4xe [T+ £(T) + Ly,].

where L, is the total matter Lagranglan e = det| eu =V- g, and G is the gravita-

tional constant. The natural system, xk?> = 8 G = 1, is taken into consideration.
The gravitational field equations can be found by varying the action with respect to
vierbein as,

e 0,(eef Sy )1+ frl + eh Sy 0,(T) frr — e{}TpAS[’,W[l + frl +
1
+4ea [T + f(T)] = 4nGelT)

T, is the total-energy momentum tensor, and we represent f = f(T) and the

first and second derivatives of f with regard to T as fr and fyr, respectively. In
this study, we will consider the FLRW metric to derive the modified Friedman
equations. Then the f(T) gravity field equations are:

3H* = 8nG(pm + pr) — + Tfr;

H — _4nG(pm+pr+pm+pr)
1+fr+2Tfrr
Where H = % and the derivative of it with respect to cosmic time is represent-

ed by H. It is now possible to describe the field equations of f(T) gravity in the DE
sector pressure (pg.) and energy density (pge) as,
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Pde [—f +2Tfr]

= T6nG
and

1 [=f+Tfr—2T?frr
167G | 1+ fr + 2Tfpr

Pdae =

Then the EoS parameter can be expressed as,

Ur +2Tfrp)(—f + T+ 2Tfr)
(1 + fr + 2T frp)(—f + 2Tf7)

Model Parametrization. From [3], we introduce the following new para-
metrization of the Hubble parameter in the FLRW universe:

H(z) = \/(z— aA)(1+bz)+(1+a),

Wie =-1

where Hy is the current value of the Hubble parameter at z = 0, a and b are free
parameters that must be ascertained via observational constraints.

Analysis With Observational Datasets. In this part, we use observational da-
ta from several cosmological surveys to constrain the free parameters of H(z), that
is by investigating data describing the distance-redshift relation.

Hubble Data: A sequence of 32 data points for the Hubble parameter are taken
in the redshift range 0.07 < z < 1.965. The chi-square function for the Hubble
dataset is defined as,

= (Hen(zi,9) — Hobs(Zi))2

2 =
XH (l/)) {;} 0_1-21 (Zi)

where ¥ is the vector of the cosmological background parameters and
Hyp(z;,¢¥)and H,ps(z;) refer to the developed and the observed Hubble parameters
respectively. The observational errors in the observed values H,ps(z;) are denoted
by o7 (z)).

BAO Data: In this study, we utilize a dataset of 26 independent data points de-

rived from line-of-sight BAO measurements. The y? function for the BAO data set
is defined by,

)

{26} 2
2 (ch(Zir d)) - Hobs(Zi))
X5ao(P) = 2
= o5 (z)
where Hyj, (z;, ¢) represents the theoretical value of the hubble, the model parame-
ters are represented by ¢, H,ps(z;) represents the observed value of the Hubble
from the BAO analysis, and the related error in the observed BAO data points is

denoted by gy (z;).

)
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Once, Hubble and BAO datasets have been analyzed, we may also take the
combination of both to determine the best-fit values of our model. To do this, the

X2 ta function can be set up as the sum of )(I?I(z) and y240.
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Fig. 1. 2D-contour plot derived from the study of Hubble, BAO and Hubble+BAO datasets in the (i)upper left
panel, (ii)upper right panel, and (iii) lower panel that display the most likely values and confidence regions up to
30 for model parameters a, b, and H,
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Table 1

Best-fit values with 10, 20, and 30 confidence intervals for the model parameters a,
b, and H, derived from the Hubble, BAO, and Hubble+BAO datasets

Datasets a b H,

Hubble it 0451339 1.07+39 72.7671%83
20 0.45394° 1074315 72.7613¢1
30 0.45%922 1.07+328 72.761243

BAO 1o 0.076%5:958 0.952%0:9¢5 69.68311935
20 0.076+3123 0.952+3112 69.68312574
30 0.076+3:288 0.952%3182 69.683%31%7

Hubble+BAO 1o 0.06915:952 0.97115:5¢9 69.550 3354
20 0.069+3188 0.971+3117 69.550%%5%4
30 0.069+3:281 0.971*3179 69.550%3:9¢3

250
==+ ACDM Model
—— Hubble
BAC
—— Hubble + BAO
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Fig. 2. (i) Left panel is the error bar plot of Hubble parameter, and (ii) right panel
is the plot of deceleration parameter for Hubble, BAO and Hubble+BAO datasets

We can see that the error bar plot of the HP presented in Fig. 2 left Pannel is
perfectly fit with the observational data and consistent with ACDM model. In Fig.
2 right Pannel, the behaviour of the deceleration parameter is staying negative
throughout indicating that the expansion is slow at early time but increases when it
moves towards late. Additionally, the estimation of the current values of the decel-
eration parameter for Hubble, BAO and Hubble+BAO datasets are qq = —0.74,
qo = —0.54 and gy = —0.53 respectively which are inn agreement with some pre-
vious literatures such as g, = —0.584 [4], qo = —0.544 [5], qo = —0.55 [6], q¢ =
—0.749 [7], qo = —0.744 [8] etc.

Dynamical study with the model. In analogous to f(R) theory, the form of

2 yp2\M

f(T) will be given as, f(T) =T + %,

T = —6HZ with the first and second derivatives denoted as fr and fry and defined

< 2anTy(12/1¢)" _2anTy(1%/13)" ((2n+1)(1%/13)" -2n+1)
T((TZ/TOZ)n+1)2 T2((T2/T02)n+1)3

we can reduce the field equations as,

Pae = 5| —6¢H3 —aTo (1~

_ aHE(22"132nAT,1(8n2 4129612 — 2219 (n+1)(4n—1)T-6n+1)

[9], where a, n are constants, and

+ 1 and, respectively. Then

2

36" (4n+1)T+ 1)]
(36™7+1)2

Pae = a36”nTOT(—36”(4n+1)‘r+4n—1)—6H§{(36”T+1)3
w =
_ aHZ72232n 1T (8% +1296™ 12 +22" 19" (n+1) (4n—1)T—6n+1)
- = s
n _2aM —1)— 2 n 3)( — 2_ _w
(@36™nTyT(~36™(4n+1)T+4n—1)—6HZ{(36™T+1) )( 6¢HZ—aTy(1 e )

H4‘(2 n
Where { = (—abz +bz? + z+ 1) and T = ( o3 ) )
0
These are the parameters a , b, a, and n on which the behaviour of the energy

density and the EoS parameter depend from which two parameters a and b are
constrained by the MCMC approach and the remaining two, that is, @ and n are
selected in such a way as to obtain a positive energy density. From Fig. 3, we can
see that the EoS parameter remains staying negative throughout the graph. It lies in
the region (—1,0) representing the quintessence phase for the observational Hubble
dataset. But in the case of BAO and Hubble+BAO datasets, it is showing the anal-
ogous results. It lies in the range (—1,0) that is in the quintessence region in the
early time, just after z = 0, it comes below —1 and stays in the phantom region
that is below —1 in the late time. At the redshift z = 0, the value of the EoS pa-
rameter for this model are estimated to be w, = —0.915, wy = —0.911, and w, =
—0.912 which are consistent with the previous studies [10—12].
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Fig. 3. (i) Left panel is the plot of energy density, and (ii) right panel is the plot
of EoS parameter with parameter scheme @ = 47.4andn = 0.038

Conclusion. In this study, we have reconstructed a cosmological model with
accelerating behaviour emphasizing late-time evolution. In the context of TG, first
the field equations got derived and to proceed for the dynamical study, a particular
form of f(T) inspired from a f(R) theory is taken to determine the dynamical pa-
rameters. In order to describe the evolution, we considered a special Hubble pa-
rameter dependent upon three free parameters which got constrained through the
MCMC approach using observational datasets such as Hubble, BAO and a combi-
nation of both. From the error bar plot of our Hubble parameter, we observed that
the behaviour of the Hubble is consistent with the ACDM model. The graph of the
Deceleration parameter is showing that the plot is staying negative throughout ad-
dressing the accelerating behaviour of our model. Where, the current values of both
Hubble parameter and Deceleration parameter are carrying in the range range
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[69.550,72.76] and [—0.53,—0.74], respectively with the values of the Decelera-
tion parameter are in agreement with the previous literatures mentioned in the cor-
responding section. In order to get to know about the dynamical behaviour of our
model, the EoS parameter got investigated which remained negative throughout the
graph. For the Hubble dataset it is lying in the quintessence region, but for BAO
and Hubble+BAO datasets it is lying in the quintessence region at the early time
and just after z = 0, it is coming to the phantom while moving towards the late
time. The estimated current values of the EoS parameter are consistent with the
previous results which are covered in the respective section.
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AHHoOTanus. /J[MHAMUKA YaCTHI] B TPAaBHTALIOHHOM II0JIe UCCIIEAYETCs C HCIOJIB30BAaHUEM
Mexanuku Jlarpanxka. IlonyuyeHsl JuHAMUYECKHE YPABHEHHMS, BKJIIOYAKOIUE CKOPOCTh IIE-
peaadyu SHEPruvu M UMiyJjibCa IrpaBUTAllTUOHHOMY IIOJIIO. OHH SABISIOTCS KOBapUaHTHBIMU
IUIsL JIMHEapH30BaHHBIX METPHK. PaccMoTpeHo aBmkeHne yactul B moje IlIBapunmisaa u
B cily4yae ciaboil IpaBUTAllMU OIpeNesicHa NMAacCHBHAs I'paBHUTAIlMOHHAs Macca (OTOHA U
MacCHBHOI YacTHIIbl NIPU YCIOBHU IPH YCIOBUM COOTHOLICHHUS MEXIY I'PaBUTALHOHHBIM
TIOTEHIMATIOM U e CKOPOCThIo o / # << ’? / ¢*. HaiizieHa aKTHBHAs IPaBUTALMOHHAS MAaC-
ca I YaCTHOrO CIydasl CHCTEMBI M3 IBYX OAWHAKOBBIX TEJ, JABMKYIIUXCS B IPOTHBOIO-
JIOXKHBIX HAIPaBICHUSIX.

KuroueBble ciioBa: Mexanuka Jlarpamka, IPpHHIUI CTALlMOHAPHOTO AEHCTBUSA, TpaBUTALIU-
OHHAas Macca

MeTtoapl U MaTepHaJibl; pe3yJbTaThl. B nmokazarensctBe dDoka ABWKEHUS CBeTa
o reo/ie3ndeckuM [1] B kauecTBe raMHUIbTOHHAHA OepeTcsl BpeMEHHasl COCTaBIIs-
I01asi KOBApPUAHTHOI'O BeKTOpa 4-ckopocTH. B [2] Obu1 npeyiokeH 0000meHHbII
npuHuun depma, B KOTOPOM HCTIONB3YETCsl BapHallus MHTErpaisa BpeMEHHONW KOM-
TTOHEHTHI BEKTOpa 4-CKOPOCTH, MPHUBOAINAS K TPACKTOPUHU JIBIKEHHUS CBETA, COB-
najarlen ¢ reoge3sndeckoil. IIpumMeHeHne OCHOBAHHOIO Ha JarpaHXKeBOW Mexa-
HUKE BapHAI[MOHHOTO MPHUHIIUIA CTAI[MOHAPHOTO WHTETpajia 3HEPTUN K JABIKEHHUIO
CBETO-1T0JI00OHON YaCTHILIBI B TPaBUTALIMOHHOM IToJie [3—5] He IPUBOAMT K HapyIle-
HUIO M30TPONHOCTH CBETOBOTO NMyTH. JlaHHBIH METOA JaeT ypaBHEHMs, TOXJE-
CTBEHHBIE IMOJTYYEHHBIM C TIOMOIBI0 00001meHHOTO puHIHa Depma, onpeaesis
CHCTEMY YpaBHEHHI, HMEIOIYIO0 Ha OJHO ypaBHEHHE OoJjblIe. DTO MO3BOJISIET MO-
JIyYUTh BEKTOP SHEPTUU-UMITYJIbCA YAaCTHIIBI.

B o6meit Teopun orHocutensHocTH (OTO) onpeseseHue UMITYJILCOB MAacCHB-
HBIX M CBETOBBIX WYACTHII, JABIDKYIINXCA B KPHUBOJMHEHHOM IPOCTPAHCTBE-
BPEMEHM, U CUJI, IEUCTBYIOIMX HA HUX, UMEET LIENIbI0, B TOM YHUCIIE, HAUTH pels-
THBUCTCKHE TIONIPABKU K Teopuu TAroTeHuss HpioToHa qmst ciaboro rpaBUTAIlMOH-
HOro mojs. Ecam B KayecTBEe COCTABIAIONIMX 4-BEKTOpa CHIIBI, NEHCTBYIOMIEH
Ha MacCUBHYIO YaCTHUIy €TUHUYHON MacChl, pacCMaTpUBaTh BTOPBIE IPOU3BOIHBIE
KOOpJMHAT MO MyTH [6—8], TO B HBIOTOHOBCKOM IIpEJENie BEIMYMHA, WIparolast
pOJIb TTACCUBHOM I'PaBUTALIMOHHONW MAacChl, OKa3bIBACTCS 3aBUCAILIEH OT HampasJie-
HUS JBIDKEHUS dYacTullbl [6, 9]. DTo ke uMmeeT MecTo W i (POTOHA, €CIU
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¢ 4-cuioi OTOXKIIECTBIATH BTOpPBIE MPOM3BOJIHBIE KOOpauHAT 1o adhuHHOMY Ta-
pamerpy.

Jpyrum moxxomom sBISIETCS BBIOOP JIarpaH)XMaHa YacTHLbI, ONpelesieHHe
0000IIEHHBIX CHJI KaK €r0 YaCTHBIX IIPOU3BOJHBIX 10 KOOPAUHATE B COOTBETCTBUU
¢ MexaHukoi Jlarpamxka. [3—5]. DHeprueil 1 UMIyIbcaMu YacTULl CYUTAIOTCSA KOM-
MOHEHThl KOHTPAaBapHAaHTHOTO 4-BEKTOpAa IHEPIHU-UMIIYJIbCA, KaK 3TO JIENaeTCs
B [8] u B [6] 1t 9acTUIIBI, ABMXKYIIEWCS B IPOCTPAaHCTBE-BpeMeHH MHHKOBCKOTO.
310 cornacyercs ¢ TeM, 4yTo B OTO ¢u3nueckue CKOPOCTH YacTHUI] CTABATCS B CO-
OTBETCTBUE KOMIIOHEHTaM KOHTpaBapHaHTHOro BekTopa 4-ckopocTd. llosTomy
¢ (pusnyeckoil cuiON CBS3BIBACTCA BEKTOP C BEPXHUMH HWHAEKCAMH, aCCOLUUPO-
BaHHBIA C BEKTOPOM OOOOIIEHHBIX CHII. B 3TOM citydae misi H30TPOITHONW METPHUKH
H_[Bap]_[HII/IJII)I[a nmacCuBHasd rpaBUTallMOHHAsA Macca CBETOBOM HaCTHUIlbI, OKa3bIBa-
€TCsl He3aBUCALIEH OT HampaBiicHUs IBHKeHHU. OHA paBHA yJIBOCHHOI Macce Mac-
CHUBHOH YaCTHULIBI SKBUBAJICHTHON €i SHEpruu. DTO COIIACYeTCs ¢ BEIMYMHOU aK-
THUBHOW I'PaBUTALMOHHOM MAacChl CBETOBOM YacCTHUIbl, IOJYYEHHOH U3 PEILICHHS
ypaBHeHU# DifHmTeiiHa — MakcBesia JUIsl HalpaBJIeHHOTO 3JeKTPOMarHuTHOTO
M3ITydeHus B ciaydae criadoit rpaBuranuu [10]. KBanTtoBas Teopus rpaBUTaIium aa-
€T aHAJIOTUYHBIA pe3yNbTaT sl aKTUBHOW TPaBUTAIMOHHOW Macchl otona [11].
[TaccuBHas rpaBUTAlIMOHHAS MAcca JBHXKYIIEHCS 110 HEOTPAHUYEHHOW TPAaCKTOPHUU
MAaCCHBHOM YaCTHIIbI TAKKe HE OyAeT 3aBUCETh OT HANPABJICHUs €€ IBHXKECHUSL.
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of Particle Dynamics in a Gravitational Field
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Abstract. The dynamics of particles in a gravitational field is investigated using Lagrange
mechanics. Dynamic equations are obtained, including the rate of energy and momentum
transfer to the gravitational field. They are covariant for linearized metrics. The motion of
particles in the Schwarzschild field is considered and, in the case of weak gravitation, it is
determined the passive gravitational mass of a photon and a massive particle under condi-
tion of the relationship between gravitational potential and its velocity o/r << V2/c

The active gravitational mass is found for the system special case of two identical bodies
moving in opposite directions.

Keywords: Lagrange Mechanics, principle of stationary action, gravitational mass

Methods and materials; results. In the Fock proof [1] of the light motion along
geodesics, the time component of the covariant 4-velocity vector is taken as the
Hamiltonian. In [2] a generalized Fermat's principle was proposed, which applies a
variation of the integral of the time component of the 4-velocity vector and gives
the trajectory of light propagation that coincides with geodesic. Application of the
variational principle of energy stationery integral to the motion of a light-like parti-
cle in a gravitational field [3—5] does not lead to a violation of the isotropy of the
light path. This method yields equations identical to those obtained using the gen-
eralized Fermat's principle, defining a system of equations that has one more equa-
tion. This allows one to obtain the energy-momentum vector of the particle.

In general relativity (GR), the definition of the momenta of massive and light-
like particles moving in curvilinear space-time, and the forces acting on them, aims
in particular to find relativistic corrections to Newton's theory of gravitation for a
weak gravitational field. If the second derivatives of the coordinates along the path
[6-8] are considered as components of the 4-vector of the force acting on a massive
particle of a unit mass, then in the Newtonian limit, the value playing the role of
the passive gravitational mass turns out to depend on the direction of motion of the
particle [6, 9]. The same is true for a photon, if the second derivatives of coordi-
nates are identified with the 4-force by an affine parameter, as which the coordinate
time is chosen.

Another approach is the choice of the Lagrangian of the particle, the definition
of generalized forces as its partial derivatives with respect to the coordinate in ac-
cordance with Lagrange mechanics [3—5]. The energy and momenta of particles are
considered as the components of the contravariant 4-vector of energy-momentum,
as is done in [8] and in [6] for a particle moving in the Minkovsky space-time. This
is consistent with the fact that in GR the physical velocities of particles are associ-
ated with the components of the contravariant 4-velocity vector. Therefore, the
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physical force is aligned with the upper index vector associated with the general-
ized force vector. In this case, the passive gravitational mass light-like particle
turns out to be independent of the direction of their motion. It is equal to twice the
mass of the massive particle corresponding to its energy. This is consistent with the
value of the active gravitational mass of the light-like particle obtained from the
solution of the Einstein — Maxwell equations for directed electromagnetic radia-
tion in the case of weak gravity [10]. Quantum gravity theory yields a similar result
for the active gravitational mass of a photon [11]. The passive gravitational mass of
a massive particle moving along an unrestricted trajectory will also not depend on
the direction of its motion.
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AHHOTanus. B cranmapTHONM KOCMONOTMYeCKOil Mojenu OT AaBI€HHS BaKyyMa 3aBHCUT
yCKOpeHue pacimpenus BcenenHodl. B gaHHOW paboTe paccMaTpuBacTCs BO3MOXKHOCTH
€ro OIpPENEICHMs U3 CBOMCTB JIOKAJIbHON IPaBUTALMOHHOM cUCTEMBI. PaccMoTpeH Mexa-
HU3M BO3HUKHOBCHUSA [aBJICHUSA BaKyyMa, OCHOBaHHBI Ha rpaBUTAllMOHHOM aed)eKTe
Macc. Ero 3HaueHne mosy4eHo Iyl BHyTpEeHHEW 00JacTH cjiabo IpaBUTHPYIOIIETo chepH-
YECKOT0 CTaTUYECKOTO HMCTOYHMKA TpaBUTALMHM C NOCTOSHHOW IUIOTHOCTBIO. YPaBHEHHE
COCTOSIHUSI COOTBETCTBYET PEUICHUIO YPaBHCHUH DHHINTEHHA VI cephbl, BHYTPH KOTOPOM
BpeMsi BE3/1€ T€YET OJMHAKOBO. DTO PELIEHUE UCIOIb3YETCS AJIsl OLIEHKU TEUEHUSI BPEMEHU
[I0J1 IOBEPXHOCTbIO 3eMiIU. Pe3ynbTaThl CpaBHUBAIOTCS C BEIMYMHAMH, MOJyYEHHBIMH Ha
OCHOBE 3aBUCUMOCTH €T0 T€UEHUsI TOJIBKO OT IPABUTALIMOHHOIO MOTEHLIHANA.

KaroueBble cioBa: cheprueckuii HICTOUYHHUK I'PaBUTALNY, AABJICHUE BaKyyMa, ITPaBUTAIH-
OHHBIN Je(eKT, 3aMeIeHHe BpEeMEeHN

Metoabl M MaTepualibl; pe3yJbTaThl. [[aBieHne Bakyyma Omnpenesnsercs: U3 reo-
METPHH TIPOCTpaHCTBa coriacHo uuee A. /. CaxapoBa 0 «METPHUYECKOH yIIPyTrOCTH»
MPOCTPAHCTBA, T. €. BOBHUKHOBEHHH OOOOIIEHHOW CHJIBI, IPEMATCTBYIONIECH €ro Hc-
kpupienuro [1]. [Ipennonaraercs, 4To SKBUBAJICHTHASI TPABUTAIIMOHHOMY JIE(EKTY
Macc dHeprus, pacxoayercs Ha Aedopmanuio Bakyyma. Onpenensiercs: rpaBUTaLM-
OHHOE BO3J/ICHCTBHE Ha HETO B Cliydae cjIa00 TPaBUTHUPYIOIIETO CTATHYECKOro ICH-
TpabHO-CHMMETPUYHOTO pactpesiesieHust BenecTsa. Cepuueckne UCTOYHUKY Tpa-
BUTALMM C IIOCTOSHHBIMU IUIOTHOCTSIMH W OJMHAKOBBIMHU TI'PABUTALMOHHBIMU
MaccaMHM 7 paccMaTpuBaroTcs B chepax ¢ OAMHAKOBBIM 00BEMOM B YAAICHHOU CH-
creMe otcyera [2, 3]. PasHuiia Mexay coOCTBEHHBIM 00beMOM cep U UX 00BEMOM
B yIAJICHHOW CHCTEME OTCUETa yBEIWYMBACTCS C YBEIMUCHUEM Je(peKkTa Macchl, 4To
JaeT TIOJIOKHUTENBHOE JIABJICHWE TPAaBUTAIMOHHOTO TIONISi BHYTPH  cepsl

p=(1/3)c’p, Tme p — ee MWIOTHOCTh. B cTaTHUeCKOM Cilyuae JaBICHHE BaKyyMa
YPaBHOBEIIMBAECT BO3/ICHCTBUE IPaBUTAIMM HA BaKyyM. JTO NMPUHOCHT ypaBHEHHE
COCTOSIHHSL BHYTpH 11200 rpasutupytomei cdepsl p, = —(1/3)c’p. Pacnpenenen-

Hasl B IPOCTPaHCTBE MaTepHs BO30YKAaeT BaKyyM, B Pe3yJbTaTe Yero oH npuoope-
TaeT HEHYJIEBOE NaBJIEHHE, KOTOpOe, KaK IPEroNaraercs, SBseTCS MCTOYHHUKOM
rpaBUTalluM. DTO YPaBHEHUE COCTOSHMS COOTBETCTBYET PEIICHUIO YpaBHEHMH OWH-
mTeitHa it cepsl C pagycoM d B TIOCTOSHHOH TIOTHOCTBIO
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2 _ _2’Y_mj z_d—”z_ 2 2 2 2
ds —[ 2, d(ct) 1_2Ymr2 r (de +sin“0do ),

(13

BHYTPH KOTOPOH TEUCHHE BPEMECHH OJIMHAKOBO BO BCEX TOYKax [4].

DTa MeTpHKa HCIOJIB3YETCS JJIs OICHKH TCUCHHUS BPEMEHHU IOJ IMOBEPXHO-
CTHIO 3eMJI B COOTBETCTBUH C PACIPEEICHNEM €€ TUIOTHOCTH B 3aBUCUMOCTH OT
paccrosiHus OT ee mentpa [5]. Llentp 3emum, corilacHO MpUMEHEHHOMY METOIY,
Oyner moiyioxke moBepxHoctu Ha 0,5 ner. Mojenb ¢ 3aBUCUMOCTBIO 3aMeJICHUS
BPEMEHU TOJIBKO OT TPaBUTAIIMOHHOTO IMOTEHIMANA NaeT pasHuiy 2,49 sner [6].
OTHOCUTENbHOE W3MEHEHHE TIPOMEKYTKOB BPEMEHH Ha TOBEPXHOCTH W Ha
paccTosiHuM [ OT Hee B Mpejesiax 3eMHOH KOpbI omnpezeseTcs Kodh(UIMESHTOM

AT, —At
K. IAT,

n

1

B mepBoM ciydae OH cocTaBHT 5,36-10 "7 m™' mis cpemmeit

ILIOTHOCTH 3eMHO¥ Kopsl ¥ 8,86-10 "7 M~ s mmoTHOCTH BOIBI MHPOBOTO OKe-

aHa. IIpu 3aBUCUMOCTH TOJIBKO OT I'paBUTAallMOHHOIO NOTeHIMana Aast K, Jaercs

cnaGo 3aBUCSINAs OT JOKAIbHOH mioTHocTH orenka 1,11-10 ¢ m™'. Tounocts

OIIpe/IeIIeHHs] BPEMEHH C MOMOIIBI0 aTOMHBIX YacOB MO3BOJISIET OOHAPYKUTH JaH-
HBIH 3 dekT ero 3amensieHusI.
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Abstract. In the standard cosmological model, the acceleration of the Universe expansion
depends on the vacuum pressure. This work considers the possibility of determining it from
the properties of a local gravitational system. Mechanism of vacuum pressure occurrence
based on gravitational defect of masses is studied. Its value is obtained for the inner region
of a weakly gravitating spherical static gravity source with constant density. The equation
of state corresponds to the solution of Einstein's equations for a sphere within which time
flows equally everywhere. This solution is used to estimate the flow of time under the
Earth's surface. The results are compared with the values obtained on the basis on the de-
pendence of its flow only on the gravitational potential.

Keywords: spherical gravitational source, vacuum pressure, gravitational defect, time dila-
tion

The vacuum pressure is detected from the space geometry according to Sakharov's
idea of a “metrical elasticity” of space i.e., the emergence of a generalized force
that prevents its curvature [1]. It is assumed that the energy equivalent to gravita-
tional defect of masses is spent on vacuum deformation. The gravitational influ-
ence on it is determined in the case of a weakly gravitating static centrally symmet-
rical distribution of the substance. Spherical gravity sources with constant densities
and the same gravitational masses m are considered in spheres with the same vol-
ume in a distant frame [2, 3]. The difference between the proper volume of spheres
and their volume in the distant reference frame increases with increasing mass de-
fect, which gives a positive pressure of the gravitational field inside the sphere

p=(1/3)c’p, where p is its density. In static case the vacuum pressure balances
impact of gravity on vacuum. This yields equation of state inside the weakly gravi-
tating sphere p = (1/3)c’p. Matter distributed in space excites a vacuum, causing it

to acquire a non-zero pressure, which is assumed to be the source of gravity. This
equation of state corresponds to the solution of Einstein's equations for a sphere
with radius a and constant density

2 Zym 2 er 2 2 ) 2
ds =(1—£ d(et) ——g = (40> +sin’0do’ ),
a

within which the flow of time is the same at all points [4].

This metric is used to estimate the flow of time under the Earth's surface in ac-
cordance with the distribution of its density depending on the distance from its cen-
ter [5]. The center of the Earth, according to the applied method, will be younger
than the surface by 0.5 years. The model with time dilation dependent only on the
gravitational potential gives a difference 2.49 years [6]. The relative change in
time intervals on the surface and at a distance from it within the earth's crust is de-
At, — At

In the first case, it will be
IAT,

termined by the coefficient K =
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5.36-10 " m™" for the average density of the Earth's crust and 8.86-10 "' m™" for
the density of the water in the World Ocean. If K. depends only on the

gravitational potential, it is given an estimate of 1.11-10 "'* m™', which weakly

depends on the local density. The accuracy of determining time using atomic
clocks makes it possible to detect this effect of its slowing down.
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Abstract. The accelerated expansion of the Universe remains a fundamental challenge in
modern cosmology, often attributed to dark energy within the ACDM framework. However,
issues such as fine-tuning and the cosmic coincidence problem motivate the exploration of
alternative theories. This study investigates late-time cosmic acceleration within the frame-
work of f (Q,T) gravity, a modified gravity theory where gravity is governed by nonmet-
ricity Q instead of curvature or torsion. We formulate the field equations for f (Q,T) gravi-
ty and derive a specific model parameterized by a and . The model is constrained using
observational data from Cosmic Chronometers (CC), and the Pantheon+ Supernova dataset.
We employ Bayesian inference with a Markov Chain Monte Carlo (MCMC) approach to
estimate key cosmological parameters, including the Hubble constant H,, and the model-
specific parameters « and . The results are compared against ACDM using statistical crite-
ria such as Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC).
Our findings suggest that f (Q,T) gravity can provide a viable explanation for cosmic ac-
celeration while offering insights into the nature of dark energy.

Keywords: f (Q,T) gravity, symmetric teleparallel gravity, observational dataset, analysis
of dynamic systems

Introduction. The observation of the Universes late-time acceleration has signifi-
cantly reshaped modern cosmological theories. Although the standard ACDM
model attributes this phenomenon to the presence of dark energy, persistent theo-
retical challenges such as the fine-tuning problem and the cosmic coincidence issue
have sparked interest in alternative explanations. One such approach is f (Q,T)
gravity, a modified gravity theory that replaces the role of curvature and torsion
with the nonmetricity scalar Q, and introduces an explicit dependence on the trace
of the energy-momentum tensor T in the gravitational action [1]. This added cou-
pling enriches the interaction between matter and geometry, providing a broader
framework for cosmological modeling. Both f (Q) and f (Q,T) models hold
promise for addressing foundational cosmological problems, including the cosmo-
logical constant dilemma and the elusive nature of dark energy [2—4]. These modi-
fied gravity theories offer novel perspectives on gravitational dynamics and their
influence on the Universes evolution.
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Methods and materials; results. 1. Observational analysis in the f (Q,T)
gravity framework. We consider the f (Q,T) gravity model as proposed in [1],
where the action is given by

S = f [% fQ,T)/—gd*x + Lm\/—_gd‘*x],

with Ly, as the matter Lagrangian and g the determinant of the metric g,,.
Varying the action yields the field equations:

2 v, (Fy=9,") = F (Pua@" — 20", Prs,) - %fgw =

= 8nT,,(1-G)—81GO,,, 2)

with F = df/0Q and G = 1/8m df/aT.
Using the FLRW metric

ds? = —N?2(t)dt? + a?(t)(dx? + dy? + dz?),

the modified Friedmann equations become
_ L 6FH? — 25 (f ;
8mp =7 —6FH? — = (FH + FH), 3)
8mp = —L + 6FH? + 2(FH + FH), (4)

Assuming a dust-dominated Universe, we adopt the exponential form

Qo
fQ,T) = —Qe" e + BT[5]. This form leads to a first-order differential equation
for the Hubble parameter and matter density parameter, converted to redshift using
d/dt = —(1+2z)Hd/dzd.

We numerically solve these eqns using the “Odeint” method. To constrain the
model parameters (@, 5, Hy) and initial conditions, we perform a Markov Chain
Monte Carlo (MCMC) analysis. This approach samples the posterior distribution,
providing best-fit values and uncertainty estimates. The model is tested against
cosmological data to ensure observational consistency.

Table. Constrained parameter values, deceleration parameter and y2 for CC
and pantheon+ data sets and its difference with ACDM

Data sets Ho a B g | Xomn | AIC | BIC [AX . [ AAIC] ABIC
CC + Pantheon* [72.76 + 0.23 | 2.43%%135 | 224732 | —0.445|849.72[861.72[882.34| 3.09 | 7.09 | 13.97
Priors (60,80) | (40,10) [(0,10)] — | — | = | =] =1 =] =

Conclusion. The f (Q) gravity model, examined here through both observa-
tional and dynamical lenses, demonstrates its potential to explain cosmic accelera-
tion without invoking dark energy explicitly. The consistency of the model with
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recent observational datasets and its theoretical viability via stability analysis rein-
force its credibility as an alternative to the ACDM paradigm.
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Abstract. This work explores a novel singularity-free relativistic solution to the Einstein
field equations, focusing on dark energy stars within the framework of Rastall gravity. The
Low-Mass X-ray Binary (LMXB) 4U 1608-52, characterized by a mass of 1.74 Mg, and a
radius of 9.3 km (T. Giiver et al., Astrophys. J. 712, 964 (2010)), is considered as a poten-
tial candidate for dark energy star. The analysis begins with the equation of state for dark
energy, where its density is linearly related to an isotropic perfect fluid distribution via a
coupling parameter a. To address the unknown constants within the model, the induced
metric and extrinsic curvature tensors are computed at the stellar surface. A detailed inves-
tigation is conducted to examine how the physical properties of the model depend on the
Rastall parameter &. Notably, the results reveal the possibility of a phase transition from a
dark energy-dominated regime to a baryonic matter profile, influenced by both a and &.
Additionally, the model evaluates the percentage of dark energy present by varying &,
demonstrating that for a fixed &, the dark energy fraction is sensitive to the mass and radius
of the star. The model satisfies the energy conditions and causality requirements, affirming
its physical viability. Stability analysis further supports the stability of the stellar configura-
tion. The graphical representations of physical parameters, alongside the theoretical results,
indicate that the proposed model is non-singular and provides a realistic description of a
stable stellar structure composed of both dark energy and baryonic matter.
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AHHOTanusi. B paboTe momxydeHbl KOCMOJIOTHYECKHE PEMICHHS Ul MOJIEIH C MOTCHIHA-
oM XHWITCa B CIIEHApUsIX CTEIEHHOH M NPOMEXYTOYHOM MHQISIMU B paMKax CKaJIIpHO-
TOPCUOHHOW Teopuu rpaBuTauuu. HaliieHsl orpaHudeHus Ha napaMeTpbl MOAEIH, 1103BO-
JISIFOLIME COTJIacOBaTh MOJTYyYEHHBIC PEICHHs C HAaOMI0AaTeIbHBIMU TaHHBIMU.

KaioueBble ciioBa: cKajsipHO-TOPCHOHHAs Teopusi rpaButauny, f(T)-rpaBuTanus, IOTEH-
nuan Xurrca, CTeneHHast HHQISIIUS, TPOMEeXYTOYHas HUHPIIALMSA, KOCMOJIOTHYECKUE Mapa-
METpBI

Beenenne. Hacrosiias pabota mocBsimieHa UcCieJOBAHHI0 HHQISIMHA C TIOTSHIIU-
aoM XwWrrca B CKaIsIpHO-TOpCHOHHOW Teopum rpaButanuu (wu [ (T)-
rpaButaruu) [1]. Ha maHHBI MOMEHT CymIecTBYeT TOJBKO OfHa paboTa, TOCBS-
HICHHAs TaHHOMY HcciiefioBanmto B pamkax f (T)-rpaButanuu [2].

MeTtoabl U MaTepHaJbl; pe3yjbTaThl. B nanHOl padoTe paccMaTpuBaeTcs
MOJIEJIb B CKAJSIPHO-TOPCUOHHOM TEOPUU T'paBUTALIUU, ONMKCHIBAEMas CIEAYIOLIUM
neiicreuem [1]:

s=J d*x [~ F(@)T =5 w(9)d,0 V9 — V()] (1)

rne e = ./(—g) —rerpana, F(@), w(p),V(p) — npousBoibHbIe QYHKINH CKa-
nsipHoro nonst @, T — ckansip kpydeHust. GoHOBasi TEOMETPHUST OMUCHIBACTCSI MET-
pukoit ®PY c rerpanoit eMA = diag{1, a(t),a(t),a(t)}. YpaBHEeHUs] KOCMOJIOTHU-
YeCKOH IUHAMHUKH, MNOJy4YeHHBbIE BapbupoBaHueM aeicteua (1) mo Terpane,
AQHANIM3UPYIOTCS C MCIIONb30BaHUEM (DYHKIIMM HEMHHUMAIHLHOTO B3aUMOJICHCTBHS
F(p(t)) = (@)n, rae A > 0,n = const. YpaBHenus ans nortenuuana V(@)

U KUHETHYecKol QyHKUMH w (@) umeroT Bup [1]:

Vip) =L BH A+ ). to@e? = - (2) Ha+n. @
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Kpowme Toro, momyuensl cienyrouue ypaBHenus [1]:
H = H(H),H(p) = H(L). 3)

[Tommydennsie ypasaenus (2) u (3) MO3BOJISIOT MPOBOAWUTEH aHAIH3 WHQIALN-
OHHBIX pelneHud. 3Hasl, Kak mapamerp Xa00ia MeHsercs co BpemeHeM H(t),
ypaBHeHUs (3) TO3BOIISIIOT HAWTH ero 3aBUCUMOCTh H (). 3HaYUT MOKHO ompene-
JIUTH BUJ MOTEeHIMaNa ckaixspraoro nois V(t) uz (2) [1]. Teneps 3amaeM npaByro
yacTh B ypaBHeHuu (2) g V(t) kak ¢pynknuio ot Bpemenu T(1/t) [3], a neByro
4acTh ypaBHeHHA (2) TMpHUpaBHMUBAEM K IMOTEHNHATy Xurrca. Takum oOpazom,
MO>KHO TMOJYYHTh SBOJIOIMIO CKAJSIPHOTO Mo ¢ (t) B YCIOBHSIX 33JaHHOTO Ia-
pamerpa Xabb6na 1 moTeHIMana Xurrea.

B ciydae crenenHoi nHGIsIMHA ¢ mapameTpoM Xab6ma H = m/t, ycraHos-
JICHO, 4TO AJIsI COOTBCTCTBU Ha6JHOI[aTeJ'H)HI>IM OTpaHUYCHHUAM HapaMeTp n A0JI-
JKeH HaxoAuThes B nuamnazone —0.99 < n < —0.83. lnga Moaenu mpoMexyTod-

A e A>0u0<f <1,

MOJTy4eHBl clieAytome pesynbTatel: mpu [ = 0,999 wmogens cormacyercs
C HaOJIIOIaTeNIbHBIMK JaHHBIMU B nuana3one —17,479 < n < —1,1,anpu f§ =
0,001 — B guana3zone —1 < n < —0,831.

3akawuenue. [[pumeHerre METOIOB, TIPENICTABICHHBIX B padoTax [2, 3], naet
BO3MOXKHOCTb TTOJIYYE€HHUS PEIISHHUH C TTOTSHIIMAIOM XHITCa IS Pa3IMdHbIX THIIOB
napamerpa Xab6na. B 4acTHOCTH, MOJIENIN CTENICHHOW W TIPOMEXYTOYHOH WHIIS-
H@®)
e
MOHCTPHUPYIOT yIOBJIETBOPUTEIEHOE COTJIACHE C AKCIIEPUMEHTAIBHBIMHA OTpaHuye-

HHSAMU.

HOWM mHGISIMH ¢ mapamerpoM Xab0ma H =

n
UM C HEMUHUMAaIBHOU cBsizbio F(@(t)) = ( ) U TOTeHlIHaioM XWrrea, Jie-

Hccaeoosanue gvinonneno ¢ pamrax Coenawenus o npedocmasienuu cyocuouu
u3 edepanvrozo 6r00xcema Ha PuHaArHCOB0e 0becheueHue bINOIHEeHUS 20CY0ap-
CMBEHH020 3A0aHUs HA OKA3AHUEe 20CYOAPCMBEHHbIX YCye (8bINOIHEHUs pabom)

Ne 073-03-2025-066 om 16.01.2025, 3axniouennvim medicoy @I'BOY BO « Yal TIY
um. U.H. Ynvanosa» u Munucmepcmeom npocsewernus Poccutickou @edepayuu.
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Abstract. This study presents cosmological solutions for a model with the Higgs potential
in the frameworks of power-law and intermediate inflation scenarios within the scalar-
torsion theory of gravity. Constraints on the model parameters are obtained, ensuring the
consistency of the derived solutions with observational data.

Keywords: scalar-torsion gravity, f(T)-gravity, Higgs potential, power-law inflation, in-
termediate inflation, cosmological parameters

Introduction. This work is devoted to the study of inflation with the Higgs poten-
tial in the framework of scalar-torsion gravity (or f(T)-gravity) [1]. To date, only
one study has explored this issue within the f(T)-gravity framework [2].

Methods and materials; results. The model under consideration in scalar-
torsion gravity is described by the following action [1]:

S = [ d*e [~ F(@)T —5w(9)0,0 V0 — V()] (1)

where e = ,/(—g) is the tetrad determinant, and F(¢), w(@),V (@) are arbitrary
functions of the scalar field ¢, while T denotes the torsion scalar. The background
geometry is described by the FLRW metric with the tetrad eﬂA =
diag{1, a(t), a(t),a(t)}. The cosmological dynamics equations, obtained by vary-
ing the action (1) with respect to the tetrad, are analyzed using the nonminimal

n
coupling function F(¢(t)) = (?) , where A > 0,n = const. The equations for

the potential V (¢) and the kinetic function w (¢) take the form [1]:

H™ . 1 . H n .,
V(p) = (BH> + H1 +n)), s w(p)¢? = _(I) H(1 4+ n). )
Additionally, the following equations are obtained [1]:
H=H(H) H(p) = H(t). 3)

The obtained equations (2) and (3) allow for the analysis of inflationary solu-
tions. Knowing how the Hubble parameter evolves over time H(t), equations (3)
enable us to determine its dependence H(¢@). Consequently, the scalar field poten-
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tial V(t) can be determined from (2) [1]. By expressing the right-hand side of
equation (2) for V(t) as a function of time T(1/t) [3] and equating the left-hand
side to the Higgs potential, we derive the evolution of the scalar field ¢ (t) under
the conditions of a given Hubble parameter and Higgs potential.

For the case of power-law inflation with the Hubble parameter H = %, it is es-

tablished that to satisfy observational constraints, the parameter nn must be in the
range —0.99 < n < —0.83. For the intermediate inflation model, where H =

= t('f—i,) with A > 0 and 0 < B < 1, the following results are obtained: When

B = 0,999, consistency with observational data is achieved for —17,479 < n <
< —1,1, When 8 = 0,001, consistency is achieved for —1 < n < —0,831.
Conclusion. The methods presented in [2, 3] enable the derivation of solutions
with the Higgs potential for various forms of the Hubble parameter. In particular,
power-law and intermediate inflation models with a nonminimal coupling

n
F(p(t)) = (#) and the Higgs potential demonstrate satisfactory agreement
with experimental constraints.

This research was carried out within the framework of the Agreement on
the provision of a subsidy from the federal budget for the financial support
of the execution of the state task for the provision of public services (execution
of works) No. 073-03-2025-066 dated 16.01.2025, concluded between
Ulyanovsk State Pedagogical University named after I.N. Ulyanov
and the Ministry of Education of the Russian Federation.
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AnHoTauus. HalineHsl pemenus i aCMMMETPUYHOTO TOTEHI[HaIa HEOTHOPOIHOTO JJIEK-
TPUYECKOTO TOJIsL, 3aJaHHOT0 Tankoil GyHkiped. C moMOIIb0 HemepTypOaTHBHOTO (Hop-
Mam3zma KD/l ¢ MHTEHCHBHBIM HEOIHOPOJIHBIM 3JEKTPUYECKUM IOJIeM C(HOPMUPOBAHBI
IIOJIHBIC Ha6op1>1 peHleHI/Iﬁ, KOTOPBIC OIMUCBHIBAIOT HAYaJIbBHBIC U (I)I/IHaJ'H)HI:Ie COCTOSITHUA
YaCTull U1 aHTHU4YaCTHUIl. YT0 mO3BOJIHIIO HCCJIE0BATh OCHOBHBIC XapPAKTCPUCTHUKU HECTA-
OWJIBHOCTH BaKyyMa B pacCMaTpPUBAaEMOM 3JICKTPUYECKOM II0JI€ U CPABHUTH UX C COOTBET-
CTBYIOIIMMH XapaKTePUCTHKAMH HECTAOMIFHOCTH BaKyyMa B H3BECTHBIX TOYHO PEIIAeMBIX
ciy4dasix. [IpoaHann3upoBaHa 3aBUCHMOCTE YHCIIa POKIACHHBIX Map OT IapaMeTpa, orpee-
JISTIOMIETo (POPMY aHATTUTHISCKOTO ACHMMETPHYHOTO 3JICKTPUIECKOTO OIS

KuaroueBbie cioBa: KO/l cunpHOTO OIS, HECTAOMIBHOCTDh Bakyyma, a(dekT IlIBuHTepa,
ypaBHeHue J{upaka, npeobpasoBanue [JapOy

Beenenmne. [lnst KBaHTOBBIX d(PEKTOB CHILHOTO TOJS, TAKHX KaK POXKIACHUE Tap
13 BaKyyMa, BO3MOXXHOCTb BBINIOJHEHMsI BBIUHCIEHUH CYIIECTBEHHO 3aBHCUT
OT CTPYKTYpbl BHEIITHHUX TOJIEH.

B Tex cmywasx, Korga KBa3MKJIACCHYECKOe MNpUONMMKEeHHe He paloTaer,
HanOoJiee HaIeXKHBIM SBJISIETCS MTOAX0/, CHOPMYJINPOBAHHBINA B paMKaX KBAHTOBOM
TEOPUU MHTEHCUBHOTO MO, B yactHocTH, Uit KOJI. B aToM noxxone HenepTyp-
OaTUBHBIE BBHIYHCIICHHS OMHUPAIOTCS HA TOYHBIE PEUICHHS PENATHBUCTCKUAX BOJHO-
BBIX YpaBHEHMI ¢ BHEIIHUM 1iosieM [1]. DakTudecku, OJHAKO, H3BECTHO JIUIIb HE-
CKOJIBKO TOYHO-PEIIAEMBIX CIy4aeB, XOTS Obl MPUOIMKEHHO COOTBETCTBYIOLIMX
peaMcTHYecKuM cutyanusM. TakuM oOpa3oM, BO3HHKAET 3ajada MOCTPOCHUS HO-
BBIX TOYHBIX pelIeHWH ypaBHeHUS [lypaka B WHTEHCHBHBIX BHEUIHHUX IOJIAX, pe-
LIEHWE KOTOPOW MO3BOJHMIIO OBl PACHIMPHUTH KIAacC TOYHO PELIaeMBIX CIIy4yaeB
B KO/, a Taxke u KTII B uCKpHBIEHHOM IIPOCTPAaHCTBE-BPEMEHHU.

MeToabl 1 MaTepHaJibl; pe3yabTaThl. [ uccinenoBanus >pdexra poxe-
HUSl TP BHEIIHUM O3JICKTPUYECKUM IIOJIEM HCIONIB3yeTCsl OO (opMaIn3m
W METOJbl KBAaHTOBOM TEOPHM MOJIA, B 4acTHOCTH, kaptuHa PDappu mms KO
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C BHEIIHWMH TOJISIMH, HApYIIAIOMIMMHU CTa0MIBHOCTE Bakyyma [1]. Jlms mocTtpoe-
HUS TOYHBIX PCUICHMI ypaBHeHHS JlMpaka MPUMEHSICTCS METOJ pa3ieicHUs mepe-
MEHHBIX U METOJ 00001IeHHoro peodpazoanus JapOy. UTo mo3BoIMIIO TOCTPO-
UTh HOBYIO TOYHO pemiaeMyo wmozaenb B KO3J[ CHIBHOTO 3JIEKTPUYECKOTO
ACUMMETPHUYHOTO T10JIS, 33JJAHHOTO aHATUTHYSCKUM 110 OopMe MOTSHIIUAIOM [2].

3aknawuenne. HenepTypOaTuBHO NpOaHATU3UPOBAHO BIIUSHUE ACUMMETPUU
AIEKTPUIECKOTO MOl Ha 3(pPEeKTH HECTAOMITFHOCTH BaKyyMa, B YaCTHOCTH ITOKa-
3aHO, YTO CYIIECTBEHHO MCHSIETCS MOBEICHUE CpeHUX MU (HepeHIINATBHBIX YUCEIT
POKJICHHBIX Tap M0 CPABHEHHUIO C MX MOBEIECHUEM B CIIy4ae CHUMMETPUYHOTO DJICK-
Tpu4ecKoro mois tuma 3ayrtepa. MccienoBaHa HecTaOMIBHOCTh BaKyyMa B Mel-
JICHHO MeHstonieMcsi moje. [lokazaHo, 4TO B JOCTATOYHO IHIMPOKOM JHAMa30HE
HUMITYJIbCOB T QepeHInATBHBIE CPETHIE YHCIIA POKIAIOIINXCS Map HE 3aBUCAT OT
(GOpMBI aHATTUTUYECKOTO ACUMMETPUYHOTO SJICKTPHUSCKOTO TOJS ¥ COBMAJAIOT C
TEMH, KOTOPBIC CO3/Ial0TCS TIOCTOSHHBIM 3JIeKTprueckuM nojem. [TpoBeneHo cpas-
HEHHUE OOIIEro CPeHEro YKcia POXKICHHBIX Map B PEKUME MEIJICHHO MEHSIOIIC-
T'oCsda 1I0JIA C OHCHKOP'I, HOJ'Iy‘-ICHHOﬁ B HpI/I6HI/I)KCHI/II/I YHHUBCPCAJIBHOTO MCIJICHHO
MEHSIFOILIETOCS TIOJISI.
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Abstract. Solutions have been found for the asymmetric potential of the heterogeneous
electric field, given by a smooth function. With the help of non-perturbative formalism
QED with intense heterogeneous electric field complete sets of solutions are formed, which
describe initial and final states of particles and antiparticles. Which made it possible to
study the main characteristics of vacuum instability in the electric field under consideration
and to compare them with corresponding characteristics of vacuum instability in known
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precisely solved cases. The dependence of the number of created pairs on the parameter
defining the form of an analytical asymmetric electric field was analyzed.

Keywords: QED strong fields, vacuum instability, Schwinger effect, Dirac equation, Darby
transformation

Introduction. For strong-field quantum effects, such as the creation of a pair from
a vacuum, the ability to perform calculations depends significantly on the structure
of the outer fields.

In cases where the quasi-classical approximation does not work, the most reli-
able approach is the one formulated within the framework of SFQFT, in particular
for SFQED. In this approach, non-perturbative computations rely on the precise
solutions of relativistic wave equations with an external field [1]. In fact, however,
only a few well-defined cases are known, even if they are close to realistic situa-
tions. Thus, there is the problem of constructing new exact solutions of Dirac equa-
tion in intense external fields, which solution would allow to expand the class of
exactly solved cases in QED as well as in QFT in curved space-time.

Methods and materials; results. To study the effect of pair production by an
external electric field, the general formalism and methods of quantum field theory
are used, in particular, the Farry picture for QED with external fields that violate
the stability of the vacuum [1]. To construct exact solutions of the Dirac equation,
the method of separation of variables and the method of generalized Darboux trans-
formation are used. This made it possible to construct a new exactly solvable mod-
el in QED of a strong electric asymmetric field specified by a potential of analyti-
cal form [2].

Conclusion. The influence of the electric field asymmetry on the effects of
vacuum instability is analyzed nonperturbatively. In particular, it is shown that the
behavior of the average differential numbers of produced pairs changes significant-
ly compared to their behavior in the case of a symmetric electric field of the Sauter
type. The instability of the vacuum in a slowly varying field is investigated. It is
shown that in a sufficiently wide range of momenta, the differential average num-
bers of produced pairs do not depend on the shape of the analytical asymmetric
electric field and coincide with those created by a constant electric field. A compar-
ison is made of the total average number of produced pairs in the slowly varying
field regime with the estimate obtained in the approximation of a universal slowly
varying field.
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INEeKTPOH KaK YepHaa abipa Keppa — HblomaHa ¢ usnyyeHmem

BypuHckuli AnekcaHop AHosuY Burinskii@mail.ru

MBPA3 PAH, MockBa, Poccua

Annoranust. Pemmenne Keppa — Hetomena (KH) anst 3apskeHHO# M cBepXBparuaromeics
YEePHOMH JBIPbI MOJUMUIIMPYETCS B MHOTOJIMCTHOE PElICHHE, KOTOPOE HE TOJILKO MOTPeOIs-
€T MacCy-HEepTuI0 Kak 4YepHas AbIpa, HO TAKKE M3IydaeT KJIACCHUECKOE IEKTPOMarHuT-
Hoe (OM) ¥ rpaBUTALMOHHOE 10JIe, 0000IIas H3BECTHYIO KIACCHYECKYIO MOJIENb JJIEKTPO-
Ha Kaprtepa — Uzpasns — Jlonesa. [Ipu stom snextpon KH mpuoGperaer Tomosioruio
Oyteuikn KisitHa co CBepXmpOBOASIINM BAaKyyMHBIM SOPOM, OKPY)KEHHBIM METISIMHU
BunbcoHa, MOpoXIaONMMHU KIACCHUYECKYIO CTPYHHYIO CHCTEMY, KBaHTyeMyto 1o bopy —
3ommepdenpry.

KuroueBbie cnoBa: Keppa — Hpromana, kitaccudeckas TpaBUTAIMs, KIacCHIeCKas CTPY-
Ha, CBEPXIPOBOJAMMOCTh, CYNEPCHMMETPHS, SIPO AJIEKTPOHA, METIM BWiIbcoHa, MarHUT-
HBII MOHOIIOJIb

Beenenue. B HenaBHeit pabore [1] kmaccuueckoe pemenue Keppa — Herlomena
(KH) ms 3apspkeHHOM M cynepBpaliarolieiicss Y4epHoi ABIPBI ObLT0 MOAU(MHUITUPO-
BaHO B MHOTOJIUCTHOE, pEllIeHHEe, KOTOPOE HE TOJBKO MOTPeOIsieT MacCy-3HEPrHIO
KaK 4epHas JpIpa, HO MOXXET TaKKe HCITycKaThb 3JeKTpoMarHuTHoe (OM) moie
¢ "HekoTtoporo oOenoro sucra KH. Oto n3mensier crpykrypy 3nekrpona KH, onm-
cannyto b. Kaprepom [2], B. Uzpaunem [3] u K. Jlonezom [4], u BblaensieT
B CTPYKTYpE JJIEKTPOHA TPH 00JIACTH: JIBE YHCTO KIACCUYECKUE 30HBI «IIPOLIIOTOY
1 «OyaylIero» 1 OfHy CMEIIaHHYIO0 30HY, OOIIYIO A7l MPOLIOro U OyayLero, Ko-
TOpasi OTOXKAECTBIISICTCA C CYNEPCHUMMETPHUUYHBIM U CBEPXIPOBOMISAIIMM BaKyyM-
HBIM SIPOM 3JIEKTPOHA.

MeTtoabl UM MaTepuaabl; pe3yJbTaTbhl. AHaMM3UPys 00NacTh OyIyIIeTro
B MOJIEJIM OJHOJMCTHOTO 1eKTpoHa B. W3pasid, Ml ipencTaBisieM €€ NPOEeKTHB-
HbIM OTOOpaxkeHHeM HeOecHoU cheprl ¢ CeBEpHOro MOI0Cca Ha YKBATOPUAIBHYIO
mockocTh pemeHus: KH, rie oHa orpaHUYMBaeTCsl CUHTYJISIPHOM KOJIBLIEBOU CTPY-
HOMW, TPaHULEH PEeNSITUBUCTCKH BPAILAIOIIEIOCs IUCKa B CHCTEME «COOCTBEHHOTO
BpeMeHn — s» aapa anektpoHa KH cm. [5]. Ananornunas npoexnus ¢ FOxxHoro
moJiroca HeOecHOM cepbl 1aeT MPOCKTHBHYIO HHTEPHPETAIMI0 30HBI OyIyILero,
U BMeCTe OHM 00pa3yloT ABYJIMCTHYIO KOJbleBylo cTpyHy KH — nenty Mebnyca,
COEUHSIONIYIO CEBEPHYIO M IXKHYIO IIPOEKIUIO Ha KPalo PEATUBUCTCKU Bpallia-
romerocs sapa permenns KH B equnyro Tomonoruro OyTteinku Kietina. [lpu aTom,
neHTa MeOuyca MHTEpHpeTUpYeTCA KaK KJIAcCHYECKas CHUHTYJIPHAs KOJIbLEBas
crpyna KH, xotopas umeeT (yMeHbIIeHHBIN Ha 2m) pagunyc Komnrona

h

a=—— (1)

~ 2mc
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1 HeceT OECKOHEYHBII H30BITOK MacCHI-DHEPTUH, TPEOYIOIIHIA PETYIISPH3AIHH.

JBe ctpynneie nemin EM moreHmmana &°(string), cBs3aHbl CO BXOMISIINM
1 BRIXOSIIHM JincToM pemrernss KH u npeactaBisiror coboii paciierieHne BeK-
TOPHOTO TOTEHIMaNa GOTOHA, 3aXBaYEHHOT'O TPABUTAIMOHHBIM TIOJIEM Ha KOJIBIIE-
By10 opOuTy. @OTOH (KaKk M IpaBUTALMOHHOE II0JIE) PACIIPOCTPAHSETCS MO CHHTY-
nsipHOMY Konblly Keppa co CKOpOCTBIO CBETa C, U €ro TPAaeKTOPHs OMHCHIBACTCS
KaK OKPY>KHOCTh B KOOpanHaTax MUHKOBCKOTO (X, Y, Z, t), a HabI0gaeTcs B KOop-
JTUHaTax cOOCTBEHHOTo BpeMenH [S] (map. 2, map. 89) [6] ¢ uHTEpBaIOM

1/2

dr =% = qt (1 - (3)2) . )
Cc [

IIpu v = ¢ cTpyHa cTsIruBaercs B KOJbLO HYJIEBOIO paAnyca — B KBAHTOBYIO TOUKY

corjacHo (2).

Taxkum o6pa30M, KBAaHTOBasg NyaJIbHOCTb BOJIHBI-HAaCTHIIbI OKa3bIBACTCA YUCTO
KOOPJAMHATHEIM 3(QeKToM, CBA3aHHBIM C HAOIIOJEHHWEM O0E€3MacCcOBOW peisTh-
BHUCTCKOM CTpyHBI. B uacTHOCTH, paccMoTpeHHas 3pasneM CUHTyJIpHas KOJIbLie-
Bas CTpyHa paguyca KomnroHa a HeceT MacCy-3HEPrHIO JIEKTPOHA 7, a TaKxKe
OIPOMHBIH YIIIOBOW MOMEHT | = A/2 = am, KOTOpbIi MOKHO TMPEICTABUTh Kak
aKCHAIIBHBIN BEeKTOp cocTosiuust h/2 = m[a X 0/0¢] B HanpaBiieHnn crivHa.

Bounnosast ¢hynknus B npeacrasnenun ['eiizendepra iy (t) csa3ana ¢ GyHKIU-
eit Lllpenquarepa yHUTapHBIM TIpeoOpazoBanuem [7]

Ps(t) = e~ Hapy (0), 3)
KOTOpPOE TI0KA3bIBAET, UTO YHUTAPHEIH MHOXHUTENb e ~H! Bpamaer BexTOp cocTOs-
nus [eiizenbepra Py, ¢ yrioBod cCKopocTeio w/2 =h/2 = mac (cormacuo (1)),
peanu3ys o0beMHEHHE MOJIENIN MWIOTHOM BOJIHBI Jie Bpoiiisi ¢ KBaHTOBOW TOUeY-
Holt yactuuei Llpeaunrepa.

VYpaBuenus Ditnmrelina — Maxkcseruia i pemenust KH Obutn npouHTterpu-
posansl B [8], n Merpuka KH 6buta npeicTaBieHa B BUIE Gy = Ny + 2he, e,
rae GyHKIus / uMeeT BUJ

m—e?/2r)r
- £2+a2 (:/052)9' )

Mertpuka perynspusyercst oopesanueM mpu i < 0, kormga macca-sHeprusi EM
nosist m(r.) = U(r.), co3maBaemas 3ara3/bIBarOIIUM TIOTEHIIMAIOM KOJIBIIEBOTO HC-
TOYHHKA Pajuyca I, HAUMHACT MPEBHIIIATh SHEPTUIO TPaBUTAMOHHOTO 1ot Co-
OTBETCTBYIOIIlEE PETYJsipu3oBaHHOE sipo AektpoHa KH Heckonmbko ynansercs
OT CHHTYJIIPHOI'O KOJbIla, ¥ IpuoOpeTaer Tonuuuy o, ~ a/137. Ioreniuan EM
MOJISl PACTEKAETCSI 10 MIOBEPXHOCTH S/Ipa, KOHIIEHTPUPYSICh Ha OCTPOM Kpae B BUJIC
IByX &*(string) pacnpenenieHuii — TmeTenb BuibcoHa, ¢ HampaBjIeHHEM BO3pacTa-
HUS TIOTSHIIMANA BJIOJb KOJbIEBOU cTpyHBI. [leTnn BuiibcoHa nenaroT BakyyMHOE
PO DJEKTPOHA CYNEPCUMMETPUYHBIM U CBEPXITPOBOSIIUM, MOPOXKAAS B sApE
KOJIBIIEBBIE TOKH, Gopmupyromue 31ekTpoH KH kak MarHUTHO-CBSI3aHHYIO Tapy

MOHOIIOJIA U aHTHUMOHOIIOJIA.
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3akmouenue. Kimaccudeckoe pemenne KH ommcbiBaeT B3amMoelcTBrE Tpa-
BUTanuu ¢ DM mojieM, U MpeIcTaBisieT co00l CHHTYISIPHYIO KOJBLEBYIO CTPYHY
KOMITTOHOBCKOTO paanyca (1), TpeOyIonyio peryaspu3amnnm.

Crpyna KH sBrisieTcst pensaTHBHCTCKON 1 6€3MaccoBOil, M B KOOpAWHATaX c00-
CTBEHHOT'O BPEMEHM HaOIIIOAaTeNs, OHa C)KUMAeTCsl B KBAHTOBYIO TOUKY COTJIACHO
(2) 1 (3), 0OBsICHSS TPUPOAY Iyar3Ma BOTHBI-UACTHIIBI.

Cesepnas noxycdepa ¢ KpaeM Ha CEBEpHOI CTOpoHe nucta Mebuyca CKien-
BaeTcs ¢ 10KHOH noycdepoil mo 10kHOMY Kpato Jrcta Mebuyca Ha rpaHHLE AKC-
Ka, KaK JIBe TIOJIOBHUHKH OyThuTKH KitstitHa.

PerynspmsoBannoe pemenne KH omuceiBaeT 1Be Kiaccudeckue oOmMacTu
«TPONLIOTO» U «OyAyIIEero», a TakkKe TPEThI0 O0JACTh — CYNEPCHUMMETPUIHOE
U CBEpXIIPOBOJIAINEE SIIPO 3JCKTPOHA, TNIe CMENIMBAIOTCS MPOLIIoe W Oyayliee,
TeHepupys OOIIYIO TOMOJIOTHIO MHCTAHTOHA.
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Electron as a Radiating Kerr-Newman Black Hole
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Abstract. The Kerr-Newman (KN) solution for a charged and superrotating black hole is
modified into a multisheet solution that not only consumes mass-energy like a black hole
but also emits classical electromagnetic (EM) and gravitational fields, generalizing the
well-known classical Carter-Israel-Lopez model of the electron KN. The modified KN elec-
tron acquires topology of a Klein bottle with a disk-like superconducting vacuum core sur-
rounded by Wilson loops, leading. to a classical ring string system quantized by Bohr-
Sommerfeld method.
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Introduction. In a recent paper [1], the classical Kerr-Newman (KN) solution for a
charged and superrotating black hole was modified into a multi-sheet solution, which
not only consumes mass-energy like a black hole but can also emit an electromagnet-
ic (EM) field from some white sheet of the KN. This modifies the KN electron struc-
ture described by B. Carter [2], V. Israel [3], and C. Lopez [4] and distinguishes three
regions in the electron structure: two purely classical “past” and “future” regions and
one mixed region common to both past and future, which is identified with the super-
symmetric and superconducting vacuum core of the electron.

Methods and materials; results. Analyzing the future region in the model of
the single-sheet electron of W. Israel, we represent it as a projective mapping of the
celestial sphere from the North Pole to the equatorial plane of the KN solution,
where the future region is bounded by a singular ring string forming the boundary
of a relativistically rotating disk in the system of proper time “s” (see [5], par. 2,
89). A similar projection from the South Pole of the celestial sphere gives a projec-
tive interpretation of the future region, and together they form a two-sheeted ring
string of KN -- a Mobius strip connecting the northern and southern projections at
the edge of the relativistically rotating core of the KN solution into a single topolo-
gy of the Klein bottle. In this case, the Mobius strip is interpreted as a classical sin-
gular ring string KN, which has (reduced by 2x) the Compton radius

h

a=_— (1)

~ 2mc

carries an infinite excess of mass-energy, requiring regularization.

Two string loops of the EM potential d+(string) are associated with the incom-
ing and outgoing sheets of the KN solution and represent a splitting of the vector
potential of a photon captured by the gravitational field into a ring orbit. The pho-
ton (as well as the gravitational field) propagates along the Kerr singular ring with
the speed of light ¢, and its trajectory is described as a circle in Minkowski coordi-
nates (x, y, z, t), and is observed in the coordinates of proper time [5] (par. 89) [6]
with an interval

1/2

dr=%=dt (1 - (3)2) . )
Cc c

When v = ¢, the string contracts into a ring of zero radius — into a quantum
dot according to (2).

Thus, the quantum duality of the particle wave turns out to be a purely coordi-
nate effect associated with the observation of a massless relativistic string. In par-
ticular, the singular ring string of Compton radius a considered by Israel carries the
electron mass-energy m, as well as a huge angular momentum | = /2 = am,
which can be represented as an axial state vector A/2 = m[a X d/d¢] in the direc-
tion of the spin.
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The Heisenberg wave function 1 y(t) is related to the Schrodinger function by
the unitary transformation [7]

Ps(6) = e Hapy (0), 3)
which shows that the unitary factor e "¢ rotates the Heisenberg state vector
Y (0), with the angular velocity w/2 =h/2 = mac (according to (1)), realizing
the unification of the de Broglie pilot wave model with the Schrodinger quantum
point particle.

The Einstein-Maxwell equations for the solution of the KH were integrated in
[8], and the KH metric was represented as g,, = 1y, + 2heu3ev3, where the func-

tion h has the form

_ (m-e?/2r)r
T r2+q2cos?6’

h “

The metric is regularized by cutting off singular part at h < 0, when the mass-
energy of the EM field m(r.) = U(r.), created by the retarded potential of a ring
source of radius re, begins to exceed the energy of the gravitational field. The cor-
responding regularized core of the KH electron moves away from the singular ring
somewhat and acquires a thickness 67 = a/137. The EM field potential spreads over
the surface of the core, concentrating on the sharp edge in the form of two & +
(string) distributions — Wilson loops, where the potential increases along the ring
string being and is quantized according the Bohr-Sommerfeld quantization. Wilson
loops make the vacuum core of the electron supersymmetric and superconducting,
generating ring currents in the core, which form the KH electron as a magnetically
coupled pair of a monopole and an antimonopole.

Conclusion. The classical KN solution is based on interaction of gravity with
the EM field, and forms a singular ring string of Compton radius (1) requiring reg-
ularization.

The KN ring string is relativistic and massless, and in the observer's proper
time coordinates, it is compressed into a quantum point according to (2) and (3),
giving rise to wave-particle duality.

The KN string carries the topology of the M&bius strip, which in the multish-
eet KN solution folds with the second coil of the strip, gluing two parts of the Klein
bottle together.

The regularized KN solution describes two classical regions, the past and fu-
ture, and a mixing region of past-future that is supersymmetric and superconduct-
ing, giving rise to an instanton topology.
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Abstract. The usual approach for the search of a stochastic background of gravitational
waves relies on correlating data from different detectors that share common sensitivity
bands. This method leverages the overlapping frequency ranges to enhance the signal-to-
noise ratio and improve detection confidence. However, here an alternative approach will
be explored: detecting and characterizing a stochastic background using a network of detec-
tors with non-overlapping sensitivity bands, such as the Einstein Telescope (ET) and the
Laser Interferometer Space Antenna (LISA). We will delve into the theoretical and practi-
cal conditions under which this method is viable, including the mathematical framework for
cross-correlating data from detectors operating in different frequency ranges. The role of
the non-Gaussianity of the stochastic background will be a focal point, as non-Gaussian
features can provide additional information about the sources and the nature of the back-
ground. We will discuss how non-Gaussian statistics can be used to distinguish between
different types of stochastic backgrounds, such as those arising from astrophysical sources
like binary black hole mergers and those from cosmological sources like primordial gravita-
tional waves.

Keywords: gravitational waves, stochastic background, data analysis, detection, Gaussian
statistic

Introduction. Detecting a stochastic background of gravitational waves involves
several sophisticated techniques and methodologies. The most common method
used is cross-correlation statistic. It involves correlating the data from multiple de-
tectors to enhance the signal-to-noise ratio. By comparing the signals from differ-
ent detectors, it is possible to identify common patterns that indicate the presence
of a stochastic background [1]. Both Bayesian and frequentist statistical methods
are employed to analyze the data. Bayesian methods use prior probability distribu-
tions to update the likelihood of a signal being present, while frequentist methods
rely on the frequency of observed data to make inferences [1].

Conventional methods for detecting a stochastic background of gravitational
waves involve correlating data from multiple detectors that operate within overlap-
ping sensitivity bands. This technique takes advantage of the shared frequency
ranges to boost the signal-to-noise ratio, thereby enhancing the confidence in detec-
tion. In this presentation an innovative approach is introduced: detecting and char-
acterizing a stochastic background using a network of detectors with non-
overlapping sensitivity bands, such as the Einstein Telescope (ET) and the Laser
Interferometer Space Antenna (LISA).
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Methods and materials; results. Starting from [2, 3], where “importance
sampling” is used to determine relevant statistical parameters, the theoretical and
practical conditions necessary for a multiband detection method to be effective will
be investigated. A mathematical framework for cross-correlating data from detec-
tors that operate in different frequency ranges will be presented. A key aspect of
this approach is the consideration of the non-Gaussianity of the stochastic back-
ground. Non-Gaussian features can reveal additional information about the sources
and the nature of the background. We will discuss how non-Gaussian statistics can
be employed to improve detection and parameter estimation, and to differentiate
between various types of stochastic backgrounds, such as those originating from
astrophysical sources like binary black hole mergers and those from cosmological
sources like primordial gravitational waves. The case of an astrophysical stochastic
background generated by a superposition of multi-band gravitational waves will be
considered in detail. Multi-band gravitational waves refer to gravitational wave
signals that can be detected across multiple frequency bands by different observa-
tories. These waves originate from astrophysical sources, such as binary black hole
mergers, neutron star collisions, and extreme mass-ratio inspirals.

The significance of multi-band gravitational wave astronomy [4, 5] in the case
of a resolved source lies in its ability to track the evolution of compact binary sys-
tems over extended periods. For example, a binary black hole system first detected
in the millihertz range by LISA could later be observed in the hertz range by LI-
GO/Virgo. This allows for more precise parameter estimation, better constraints on
general relativity, and insights into black hole formation and population dynamics
[6—8]. Multi-band observations also help test modifications to gravity theories, as
deviations from general relativity might be more pronounced at different frequen-
cies. As future detectors like the Einstein Telescope and Cosmic Explorer become
operational, multi-band gravitational wave astronomy is expected to play a crucial
role in advancing our understanding of the universe. It will be shown that these
advantages can be generalized in the case of unresolved sources (stochastic back-
ground) in a way which depends on the level of non-Gaussianity.

Conclusion. The possibility of improving the detection and the characteriza-
tion of a stochastic background of gravitational waves on a multi-band detector is
connected to the non Gaussianity of the background. For a Gaussian stochastic
background measurement on different bands are essentially statistically independ-
ent. When non-Gaussian contributions are present, it is possible to take advantage
of them to extract relevant information from a multiband analysis. We think that
conceptually the same approach could be used for multimessenger observations of
backgrounds, but details still need to be investigated.
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AHHOTanus. PaccMOTpeH MeTo I COrjIacOBaHMs TEOPETHUECKUX NMpeICKa3aHUH CIIeKTpasib-
HBIX KOCMOJIOTHYECKHX IapaMeTpOB C JAaHHBIMH HAaONIOACHHH B CKAJISPHO-TOPCHOHHOM
TPaBUTAllMM ¢ HEMHHAMAJIBHOH CBSI3bI0O KPYUYEHHS M CKaIAPHOTO MO Ha OCHOBE CTEIICH-
HOW mNapaMeTpHu3aluK CBA3M (PyHKIUM HEMHHUMAaJIBHOTO B3aUMOJECICTBUS M Iapamerpa
Xa06ma. [TomydeHa 3aBHCUMOCTh TEH30PHO-CKAJISIPHOTO OTHOLIECHHUS 7' OT CIIEKTPAIHLHOTO
MHJIEKCA CKAIAPHBIX Bo3MyIneHUH ng — 7(1 — ng). HalineHs!l 3HaueHNUS KOHCTAHT CBA3H
MOJIeNI M TE€H30pPHO-CKAIIPHOIO OTHOIICHUS I' IPU 3aJaHHOM 3HAUYEHHH CHEKTPalbHOrO
MHJICKCA CKAJISIPHBIX BO3MYIIECHUI Mg M CIIEKTPa MOITHOCTH CKAISPHBIX BO3MYILEHHH Pg.

KawueBblie cioBa: cKalspHO-TOPCHOHHAS T'paBUTAIUs, BeeneHHas Dpuama-
Ha, CHEKTpalbHbIE KOCMOJIOTHYECKUE MapaMeTpbl, TEH30PHO-CKAIISIPHOE OTHOIIIE-
HUE, CIICKTPaJIbHBII HHAEKC CKAJISIPHBIX BO3MYIIECHUN

Beenenmne. PaccmarpuBaioTCsi TpaBHTAlMOHHBIE YPaBHEHHMS CKaJISIPHO-
TOPCHOHHOW rpaButammu [1] ¢ 3amanHeiM  HaObopoMm  ¢dynkmmit  F(¢),
P(¢,X),G(¢p,X), napamerpom Xab6sa H, CKaIAPHBIM MOJIEM ¢, K KOTOPBIM PH-
MEHSIFOTCSL YCIIOBHS PEKUMA MEIJICHHOTO CKAaThIBAHUS, II03BOJISIOIINE ONPENCIIUTD
noteHnuan ckanapaoro noinst V (¢). [Ipumenss k BEIOpaHHON MOJENH METO]I TO-
HCKa TEOPETHUYECCKHUX MPEICKa3aHU CIIEKTPAJIbHBIX KOCMOJIOTHUECKIX TapaMeTPOB
[1], maiinena 3aBucumoctb 7(1 — ng). [lanee HalizeHbl 3HAYEHUS TEH30PHO-
CKaJIIPHOTO OTHOILEHHS, COOTBETCTBYIOIINE HAOMIOAATEIIEHBIM OrpaHHYeHUM [3],
KOHCTaHTBI CBSI3W, BXOJSIIME B (YHKIMU JIarpaHKWaHa MpH BBIOOpe BHJA TMapa-
MeTpa Xab01a v CKaIIpHOTO MOJIS.

MeToabl U MaTepHAJIbI; pe3yJbTaThbl. JlarpamKuaH CKaJspHO-TOPCHOHHOM

rpasutanuu [1] L = EF((ﬁ)T + P(¢,X) — G((l),X)d)] BKITIOYAET psifi QyHKIMHA

H n
CKaJISIPHOTO TIOJIs, KOTOPBIE BBIOpaHBI Clieayromum obpazom: F(¢) = (F) , n,
F, — mpousBonbHbIe KOHCTaHTHI CBsizH; P(¢p,X) = —wX +V, roe w, V,X —
0¢)?

S G(¢p,X) = yX, rue y — KoH-
cTaHTa CBs3M, T — ckamsap kpydeHus. B merpuke @punmana — Pobeprcona —
Yokepa Moy4eHbl TpaBUTAIIMOHHBIC YPAaBHEHUS U HaWACHBI X TOYHBIC WHQIISIIH-
OHHBIC PEIICHUsI ITPH HEKOTOPOM BBIOOpPE CKAIISIPHOTO TOJSI U TapaMeTrpa Xab0:a

[2]. Cnenys meTony, u3noxeHHOMY B paboTe [1], U1 CTETICHHON YBOJIONNHN ITapa-

(YHKIIUH CKaJSIPHOTO TOJs, prdeM X 1=
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MeTpa Xab0a U TUHEHHOTO M0 BpEMEHHU CKaJISIPHOTO TIOJIS HalIeHa 3aBICHMOCTh
r(l—ng)=1/(-2 +%(1 —ng)). [pu uucne e-pongoB N = 60 u crekTpaib-
HOM HMHJEKCE CKaJSIpHBIX Bo3MyuleHU ng = 0,9663 TEH30pHO-CKAISIPHOE OTHO-
menue paBHo 7 = 0,017, 4To cOOTBETCTBYET

3akiawuenne. B npuMeHsieMbIii METOJl BHOCWJIMCH HEKOTOPHIE HM3MCHCHUSI.
B wactHOCTH, HCTIONIBR30BANIOCH 3HAYEHNE (PYHKIIMU (W U3 TOYHBIX PENICHUH TpaBU-
TallMOHHBIX ypaBHeHWH mojenu [2]. Kpome Toro, ruraHupyeTcsi IpUMEHHUTh HC-
MOJIB3YyEMBI METOJ JIJISl COTJIACOBAHMSI TCOPETUUSCKUX IPEICKa3aHUN CHEKTPaib-
HBIX KOCMOJIOTUYECKHX TapaMeTPOB MPH Pa3lIMYHbIX BRIOOpax mapamerpa Xao0ia
¥ BUJA CKAISIPHOTO TOJSI, COOTBETCTBYIOIINE TOYHBIM DPEUICHHSIM, W3JI0KEHHBIM
B pabore [2].

Asmop evipasicaem baazooaprocms npogeccopy Cepeero Bukmoposuuy Yepsony
u npogheccopy Heopio Braoumuposuuy @omuny 3a akmusHoe yyacmue
8 00CydHCOeHUU Pe3VTbMAMO8 U NPOSGIEHHbI UHMEPeC K meMe UCCIe008aHUs.
Hx yennvie pexomenoayuu u cogemul cnocoobcmeosanu 6oiee KauecmseeHHoMmy
BbINOJIHEHUIO UCCIEO0BAHUA.
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Abstract. The method for reconciling theoretical predictions of spectral cosmological pa-
rameters with observational data in scalar-torsion gravity with non-minimal coupling of
torsion and scalar fields was examined. This was based on a power parameterization of the
relationship between the function of non-minimal interaction and the Hubble parameter.
A dependence of the tensor-scalar ratio r on the spectral index of scalar perturbations ng —
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r(1 — ng). The values of the coupling constants of the model and the tensor-scalar ratio r
were found for a given value of the spectral index of scalar perturbations ng and the scalar
perturbation power spectrum Ps.

Keywords: scalar-torsion gravity, Friedman universe, spectral cosmological parameters,
tensor-scalar ratio, spectral index of scalar perturbations

Introduction. The gravitational equations of scalar-torsion gravity [1] are consid-
ered with a specified set of functions F(¢), P(¢p, X), G(¢, X), the Hubble parame-
ter H, and the scalar field ¢, to which slow-roll conditions are applied, allowing for
the determination of the scalar field potential V(¢). By applying the method of
searching for theoretical predictions of spectral cosmological parameters [1] to the
chosen model, the dependence r(1 — ng) was found. Furthermore, values of the
tensor-scalar ratio corresponding to observational constraints were obtained [3],
along with coupling constants that enter the Lagrangian functions when selecting
the forms of the Hubble parameter and the scalar field.

Methods and materials; results. The Lagrangian of scalar-torsion gravity [1]

is given by L = EF((,{))T + P(¢,X) — G(¢,X)¢)], which includes a number of
n

functions of the scalar field chosen as follows: F(¢) = (Fﬂ) , where n, and F, are

arbitrary coupling constants; P(¢p, X) = —wX + V, where w, V, X are functions of

the scalar field, with X := — _(63)2;

stant. Here, T represents the scalar of torsion. In the Friedmann-Robertson-Walker
metric, the gravitational equations have been obtained, and their exact inflationary
solutions have been found for a certain choice of scalar field and Hubble parameter
[2]. Following the method outlined in work [1], for the power-law evolution of the
Hubble parameter and a linearly time-dependent scalar field, the dependence

rl—ng)=1/(-2+ % (1 — ng)) has been derived. With the number of e-folds

N = 60 and the spectral index of scalar perturbations ng = 0,9663, the tensor-
scalar ratio is r = 0,017, which corresponds to observational constraints [3]. At the
same time, the values of n and m are also calculated.

Conclusion. The method applied underwent some modifications. Specifically,
the value of the function o from the exact solutions of the gravitational equations
in model [2] was used. Furthermore, it is planned to apply the utilized method to
reconcile theoretical predictions of the spectral cosmological parameters under dif-
ferent choices of the Hubble parameter and types of scalar fields corresponding to
the exact solutions presented in work [2].

The author expresses gratitude to Professor Sergey Viktorovich Chervon and
Professor Igor Vladimirovich Fomin for their active participation in discussing the
results and their interest in the research topic. Their valuable recommendations and
advice contributed to the higher quality of the research.

and G(¢,X) = yX, where y is a coupling con-
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Abstract. This study examines the effects of a non-zero strange quark mass mg and baryon
number density n on the structural properties, stability, and maximum mass of strange stars.
An exact relativistic solution to the Einstein field equations is derived using the Tolman-IV

metric potential and a modified MIT bag model equation of state (EoS), p, = %(p —4B"),

where B’ depends on the bag constant B, mg, and n. Here, B represents the difference be-
tween perturbative and non-perturbative vacuum energy. According to CERN's findings,
transition from hadronic matter to Quark-Gluon Plasma (QGP) can occur at high densities
under favourable conditions. The standard MIT bag model, which assumes constant B,
cannot adequately describe this transition. Incorporating a finite m; and employing Wood-
Saxon parametrization for B, which depends on n, provides a more realistic EoS capable of
addressing this phase transition. As mg increases, the EoS becomes softer, influencing the
solutions of the TOV equations. For mg = 0, the maximum mass is 2.01 M, having radius
of 10.96 Km when n = 0.66 fm~3. For my = 50 and 100 MeV, these values reduce to
1.99 M and 1.96 Mg and radii of 10.88 Km and 10.69 Km, respectively. Phase transition
from hadronic to quark matter occurs at higher n values when mg increases (n >
> 0.482,0.489 and 0.51fm™3 for my = 0,50 and 100 MeV respectively). Beyond these
values, the energy per baryon B drops below 930.4 MeV, indicating a complete transition
to quark matter and the stability of the system increases. The proposed model satisfies cau-
sality, energy, and stability conditions, effectively describing strange star properties.
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AnHoTanus. PaccMOTpeHBI COTMTOHBI PENATUBACTCKA HHBAPUAHTHBIX MTOJIEBBIX MOJICIICH
WU PENATUBUCTCKHE COJUTOHBI. PaccmarpuBaeTrcst Mojaenb NPOCTPAHCTBEHHO-
BPEMEHHOW TJIEHKH B KaueCTBE MOJENU €IWHOTO TOJsi. BBeneHO MOHATHE PESITUBUCT-
CKOTO OCHIJIIHPYIOMIETO JOCBETOBOTO COJHTOHA. [loka3zaHO, YTO Takue COJNMTOHEI pea-
JTU3YIOT KOPITyCKYIIIPHO-BOJTHOBOM yallu3M, XapaKTEePHBIN IJIs MAaCCHBHBIX dJEMCHTap-
HBIX YacTHull. PaccMoTpeHsl cnabble cepruieckiie COMNTOHBI THHEAPHU30BAaHHOHN MTOJIEBON
Mozenu. [IpomeMOHCTpHpPOBaHO BHAEO cIA0OTO OCHWJUTUPYIOMIETO COJUTOHA B TIOKOE
1 B OBIDKEHUH, KOTOPOE TIOATBEPIKAACT KOHIICIIITUIO KOPITYCKYJIISIPHO-BOJTHOBOTO Tyalli3-
Ma COJIUTOHOB.

KuroueBble ci10Ba: KOPIYCKYJIAPHO-BOIHOBO# Jyain3M, CONUTOH, 3JIEMEHTapHbIC YacTH-
IbI, TCOPUA CAUHOTO IO0JIA, HeJIMHEHHas QJICKTpOANHAMMKA, MPOCTPAaHCTBECHHO-BPEMCHHAs
IUIEHKA

BBenenue. CoMMTOH MOXKHO OTIPEAEIUTh Kak 00BEKT (PU3MUECKU U MaTeMaTH4e-
ckuii. dusndeckoe onpeesieHne coauToHa: «COJIMTOHOM Ha3bIBaCTCS yeMHEHHAS
WM TIPOCTPAHCTBEHHO-IOKAJIN30BaHHAsA BOJIHA». 3/1€Ch 4acTo T00aBISIOT: «pac-
MIPOCTPAHSIONIASICS B HETMHEWHOU cpene». OmHaKo 3To 1o0aBIeHHe MOKHO HE Je-
JIaTh, TOCKOJIBKY JTF00ast hu3ndeckasi CyOCTaHIMs HENMWHEHA, a TMHEHHON MOXET
OBITh TOJIBKO €€ MPUOIMKEHHAs MaTeMaTH4YeCKast MOJIEIIb.

Maremaruueckoe onpezeneHne coimTona: «COTUTOHOM HA3BIBAETCS PEIICHUE
HEJIMHEWHOW TIIOJICBOH MOJENW B BHJE YCIWHEHHOH WJIM IPOCTPAHCTBEHHO-
JIOKQJIM30BaHHOW BOJIHBDY. 37€Ch HEIMHEHHOCTh MOJICIIN CYIIECTBEHHA.

I/IHTepec K TEMC COJIMTOHOB CBfA3aH, B 4YaCTHOCTH, C TEM, YTO OHH, ABJIAACH
BOJIHOBBIMH OOBEKTaMHU, MPOSBIISAIOT TAK)KE KOPITYCKYJISIPHBIE CBOHCTBA.

MeTtoabl 1 MaTepHaibl; pe3yJbTaThl. B 10K/Iaje B OCHOBHOM paccMaTpH-
BAarOTCA MaTEMaTUYCCKUEC COJIMTOHBI, TO €CTh PCHICHUA ITOJICBBIX MO)Ie.HeI\/II B BUC
YEeIUHEHHBIX BOJH.

B xauecTBe moeBBIX MOJIENIEH pacCMaTPUBAIOTCS PEISITUBUCTCKA HHBAPUAHT-
HBIC YpaBHCHUA B YaCTHBIX ITPOU3BOJHBIX. x conmurtoHHbBIE pEeIICHUA MOT'YT 6BITI)
Ha3BaHBI PEISITUBUCTCKUMH COJIUTOHAMH.

K TakuM pensTUBUCTCKUM ITOJICBEIM MOJIEIISIM OTHOCSTCSI MOJISIIA HEIMHEHHON
anekTpoauHaMuku Tua bopaa — Mudensaa [1]. CoOCTBEHHO 3IEKTPOIUHAMUKA
Bopra — HHudenpaa [2] no3uIUOHUPOBAIACH KaK MOJAEIL SIUHOrO IOJIS B COOT-
BETCTBUM C KOHIIEMIMEH HEIMHEWHO-3JIeKTpoauHamuueckoro mupa [. Mu [3].
B pamkax HelIUHEMHOW 3JIEKTPOJMHAMHUKH OKa3bIBAETCS BO3MOXKHBIM €CTECTBEH-
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HBIM 00pa3oM OOBEIMHHUTH 3JIEKTPOMAarHUTHOE M TI'PAaBUTALMOHHOE B3aUMOAECH-
CTBUS, pacCMaTPUBasl YACTHUIIBI KaK COMUTOHHI [1].

OJEeKTPOMarHuTHOE U TPaBUTAIIMOHHOE B3aMMOJCHCTBUS BO3HUKAIOT KakK J1Ba
JaJbHUX B3aMMOJICHCTBUS COUTOHOB, KOTOPBIE MOI'YT OBITh Ha3BaHbl CUJIOBBIM U
METPUYECKUM COOTBETCTBEHHO [4]. OTH 1Ba TuNa B3aUMOJCHCTBUS XapaKTEpPHBI
JUIsl TIOOBIX PEISITUBUCTCKA MHBAPUAHTHBIX TOJIEBBIX Mojenedl. B cBs3u ¢ atum
1esiecoo0pa3Ho paccMaTpuBaTh B KadecTBE €IMHOI Oojiee MPOCTYIO CKAJSIPHYIO
MIOJIEBYIO MOJIEIIb.

Mozenb npocTpaHCTBEHHO-BPEMEHHOH IUIEHKH [5] o0namaeT MHOTMMH 3aMeda-
TEJILHBIMU CBOMcTBaMu. B 4acTHOCTH, HaliIeHbI €€ TOYHbIE COJIUTOHHBIEC PEIICHHS,
KOTOpPBIE MOTYT OBITH comocTaBiieHb! (hoToHaM [5]. HaiineHo ee TOYHOE COMMTOHHOE
pelleHre, COOTBETCTBYIONIEE TOUCUHOM 3apsHKEHHOM acTulle 06e3 criuHa [6].

PeanbHble 3neMeHTapHbIE YaCTUIBI MOTYT 00JIaAaTh CIIMHOM WJIM COOCTBEHHBIM
MOMEHTOM HUMITyJibca. Takue CONUTOHHBIE PELICHHsS pacCMaTpPUBAINCh B paMKax
TEOpHH MPOCTPAHCTBEHHO-BpeMeHHOH ieHkHu [7]. Kpome Toro, aneMeHTapHbIe ya-
CTUIBI 007aJafoT SPKO BBIPRKEHHBIMH BOJIHOBBIMH CBOWCTBaMH. B 3Tol CBsi3H
HEOOX0ANMO paccMaTpuBaTh OCLMUIMPYIOLINE PEISITUBUCTCKUE NOCBETOBBIE CONHU-
TOHBI — COJIUTOHBI C MEPHOIUYECKOI 3aBUCMMOCTBIO OT BPEMEHH B COOCTBEHHOM
cucreMe koopauHaT. [loka3aHo, YTO TakHMe COJMTOHBI PEANH3YIOT KOPIIYCKYJISPHO-
BOJIHOBOH Jyasin3M, XapaKTEePHBIN [ MACCUBHBIX 3JIEMEHTaPHBIX YACTHII.

B npeznene cnaboro mosst ypaBHEHHE NPOCTPAHCTBEHHO-BPEMEHHOM TUICHKH T1e-
PEXOIUT B OOBIUHOE JIMHEHHOE BOJIHOBOE YpaBHEHHWE WM ypaBHeHue JI'AmamoOepa.
OTO ypaBHEHHE TakXke 00JIaJlaeT PEHIeHUsIMA B BUJE YEIWHEHHBIX BOJH, KOTOPHIE
OOBIYHBIMH COJIMTOHAMH HE SIBJISIFOTCS BCJIEACTBHUE JIMHEHHOCTH Moienu. Takue mpo-
CTPaHCTBEHHO-IOKAJIM30BAHHBIE PEIICHUS] Ha3blBaeM CIaObIMH CONUTOHaMH [8].
OO00CHOBaHO, YTO C HACTOSIIUM COJUTOHOM-YACTHUIICH CBSI3aH HEKOTOPBINH CIa0bIi
COJIUTOH B CMBICJIE aCUMITTOTHYECKOTO IIOBEJICHHUS Ha OECKOHEUYHOCTH.

B kauectBe npuMepa paccMOTPEH cIa0blil OCHMUIMPYIOUNN chepudecKuii co-
JIUTOH MOKOSIIMNCS KaK LEeNoe U ABKyIuiics. IToka3aHa BUIEO-CUMYIISIIMA COOT-
BeTCTBYyIOIMX penieHnii. Ha puc. 1 u 2 npeacraBieHs! Kaapbl TUX CUMYJIALIAIM.

Puc. 1. Kagp 13 BUAEO-CUMYAALMM NOKOALLErocs Puc. 2. Kagp 13 BUAEO-CUMYAALUM ABUXKYLLErOCA Ca-
cnaboro ocumAMpytoLero chepuyeckoro ConnToHa 60ro ocumanmpytoLLero chepuyeckoro CoNUToHa
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3akiaouenue. BBeeHO MOHATHE PETSITUBHCTCKOTO OCIHIUIMPYIOMIETO COJH-
ToHa. [lokazaHo, 4TO MOMOOHBIE TOCBETOBBIC COMUTOHBI O0JIAIAIOT KOPIYCKYJISp-
HO-BOJIHOBBIM JyaJH3MOM, XapaKTePHBIM JIT MACCHBHBIX AIEMEHTAPHBIX YaCTHII.

IIpoaemMoHCTpHPOBaHO BHIEO CIIA00TO OCIIIUTMPYIOMIETO COJIUTOHA B TIOKOE U
B JIBDKCHUH, KOTOPOE MOATBEPIKIACT KOHIICTIIINIO KOPITYCKYISIPHO-BOIHOBOTO Y-
aJIM3Ma COJINTOHOB.
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Wave-particle Dualism of Solitons
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Abstract. Solitons of relativistically invariant field models or relativistic solitons are con-
sidered. The model of a space-time film is considered as a model of a unified field. The
concept of a relativistic oscillating sublight soliton is introduced. It is shown that such soli-
tons realize the wave-particle dualism characteristic of massive elementary particles. Weak
spherical solitons of the linearized field model are considered. A video of a weak oscillating
soliton at rest and in motion is demonstrated, which confirms the concept of wave-particle
dualism of solitons.

Keywords: wave-particle dualism, solitons, elementary particles, unified field theory,
space-time film

Introduction. A soliton can be defined as a physical and mathematical object. The
physical definition of a soliton is: “A solitary or spatially localized wave is called a
soliton”. It is often added here: “propagating in a nonlinear medium”. However,
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this addition should not be made, since any physical substance is nonlinear, and
only its approximate mathematical model can be linear.

Mathematical definition of a soliton: “A soliton is a solution to a nonlinear
field model in the form of a solitary or spatially localized wave”. Here, the nonlin-
earity of the model is significant.

The interest in the topic of solitons is related, in particular, to the fact that they,
being wave objects, also exhibit corpuscular properties.

Methods and materials; results. The report mainly deals with mathematical
solitons, that is, solutions of field models in the form of solitary waves.

Relativistically invariant partial differential equations are considered as field
models. Their soliton solutions can be called relativistic solitons.

Such relativistic field models include models of nonlinear electrodynamics of
the Born —Infeld type [1]. Born — Infeld electrodynamics proper [2] was posi-
tioned as a model of a unified field in accordance with the concept of the nonlinear
electrodynamic world by G. Mi [3]. Within the framework of nonlinear electrody-
namics, it is possible to combine electromagnetic and gravitational interactions in a
natural way, considering particles as solitons [1].

Electromagnetic and gravitational interactions arise as two long-range interac-
tions of solitons, which can be called force and metric, respectively [4]. These two
types of interaction are characteristic of any relativistically invariant field models.
In this regard, it is advisable to consider a simpler scalar field model as a unified
one.

The space-time film model [5] has many remarkable properties. In particular,
its exact soliton solutions have been found, which can be compared to photons [5].
Its exact soliton solution corresponding to a point charged particle without spin has
been found [6].

Real elementary particles can have spin or intrinsic angular momentum. Such
solitonic solutions were considered in the framework of the theory of space-time
film [7]. In addition, elementary particles have pronounced wave properties. In this
regard, it is necessary to consider oscillating relativistic subluminal solitons —
solitons with periodic dependence on time in their own coordinate system. It is
shown that such solitons realize the wave-particle dualism characteristic of massive
elementary particles.

In the weak field limit, the space-time film equation transforms into the usual
linear wave equation or the D'Alembert equation. This equation also has solutions
in the form of solitary waves, which are not ordinary solitons due to the linearity of
the model. Such spatially localized solutions are called weak solitons [8]. It is
proved that a weak soliton is associated with a real soliton particle in the sense of
asymptotic behavior at infinity.

As an example, a weak oscillating spherical soliton is considered, resting as a
whole and moving. A video simulation of the relevant solutions is shown. Figures
1 and 2 show the frames of these simulations.



XXIV MexcdyHapoOHas Hay4Has KoOH@epeHyusa «Puaudeckue uHmepnpemayuu meopuu 0mHoCUMensbHoOCmu» 91

Conclusion. The concept of a relativistic oscillating soliton is introduced. It is

shown that such sublight solitons have a wave-particle dualism characteristic of
massive elementary particles.

Fig. 1. A frame from a video simulation of a weak Fig. 2. A frame from a video simulation of a moving
oscillating spherical soliton at rest weak oscillating spherical soliton

A video of a weak oscillating soliton at rest and in motion is demonstrated,

which confirms the concept of wave-particle dualism of solitons.
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Abstract. This report reviews the studies performed in the High Order Teleparallel Gravity
(HO TG). In particular, the investigations of models using methods of qualitative analysis
of differential equations show the presence of stable solutions for exponential and power-
law evolution of the scale factor for a certain choice of the Lagrangian density [4]. The via-
bility of the model by studying the energy conditions in terms of the cosmographical pa-
rameters like Hubble, deceleration, jerk, snap and lerk ones are also considered [5].

Keywords: teleparallel gravity, cosmological models, gravitation waves

Introduction. Within the framework of the HO TG, holographic models of dark
energy were considered, with the correspondence scheme to construct models in
the underlying scenario using various scale factor forms; the reconstructed func-
tions were found through the equation of state parameter [6].

Methods and materials; results. The study of gravitational waves in the HO
TG showed a difference from a similar model in the Einstein gravity with higher
(6-th order) derivatives. It was shown that in the weak field approximation there
are three states of polarization are found: the two standard + and x polarizations,
namely 2-helicity massless transverse tensor polarizations, and a 0-helicity mas-
sive, with partly transverse and partly longitudinal scalar polarization [7].

Conclusion. It is important to note that a parameterized post-Newtonian limit
of modified teleparallel gravity with higher torsion derivatives is proposed. In par-
ticular, it is important to consider the second order post-Newtonian approximation
or a parameterized post-Newtonian cosmological structure, where additional per-
turbative modes arising from general modifications of teleparallel gravity can lead
to new observable imprints [8].
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Abstract. The Dirac's principle of superposition for evolution of time (DPSET) was devel-
oped to restore determinacy in the study of dynamic linear evolution of quantum system.
Here we advance the formulation to non-linear dynamics by invoking the quantum noise-
extended nonlinear Schrodinger equation into the four motions in time conjecture of the
DPSET. We observe that in the resultant non-linear temporal evolution of the wavefunc-
tion, the linear DPSET can be recovered from the nonlinear domain in the limit of Rabi
oscillations. We then delineate the potential linear and non-linear regimes for the time-
reversal symmetry of the measurement problem. In conclusion, we postulate that the non-
linear domain provides information for understanding abruptness and strangeness in quan-
tum measurements.

Keywords: quantum measurement indeterminacy, Dirac’s principle of superposition, evo-
lution of time, non-linear dynamics, time reversal symmetry

Introduction. The search for quantum determinism is still an open challenge as we
celebrate the first century of the formulation of quantum mechanics. This has made
it difficult to reach a consensus interpretation of quantum mechanics [1-3]. There
have been deluge of attempts to solve this measurement problem but yet the prob-
lem still lingers on [3—5]. One consensus is that the quantum state evolves deter-
ministically under the Schrédinger Equation leading to superpositions: however,
when it is measured, it is stochastically governed by the Born rule to collapse into a
single outcome [3]. This dual evolutions of quantum states is the cause of the dis-
harmony in the measurement problem.

In Ref [4], we formulated the Dirac’s Principle of Superposition of evolution
of time (DPSET), in an attempt to harmonize the outcomes of the dual evolutions.
We demonstrated that the DPSET four possible time evolutions were likely to be in
one-on-one correspondence with the motions in the linear quantum process. For
brevity, the DPSET was used to successfully account for the various bonding of
beryllium as a linear quantum process.

However, the DPSET evolution in time is unitary and therefore does not cap-
ture all the rich dynamics of indeterminacy. For example, there have been a num-
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ber of studies on non linear quantum processes that need theoretical interpretation
[5, 6]. Therefore, our plan in this paper is to advance the DPSET beyond the linear
limit and then use it to investigate non linear quantum processes.

Theoretical framework. The theoretical motivation is that the DPSET can be
illuminated by the susceptibility of a quantum system to fluctuations and noise
which can be interpreted as abrupt changes in the behavior of the quantum process
with time. We employ the formulation in Ref [5] on the susceptibility of a quantum
system to fluctuations and noise, thus the quantum noise-extended NSE which
models the behavior of quantum systems more accurately:

.0 d
15— V2 + 201 — 207 + o = 0 ()

. . d
t= 0, r € R, y=y(r,t) is a complex variable, p and o are parameters, d—l: represents

the first derivative of the motional noise p. Following the author [6], we have ob-
tained variants wavefunction solutions for the stable non-linear Schrodinger equa-
tion:

. jﬁ
0 p m . i
| (r, th) = e HrErn)+op, —I8EL/h (o)

VZB,| 1- 2
1+Aexp(ii(rirn)J2(62—sz—

2Vn
m

where m is mass of particle, t! is the evolution of time in the DPSET conjecture, V,
is the depth of optical lattice potential, r is particle position in 1-,2- or 3-D, r,, <0
is the shift in the particles position, h is the reduced Planck’s constant, AE is transi-
tion energy between the two consecutive states, |y is the wavefunction correspond-
ing to the temporal evolution t]1

Results and discussion. The extended results in Eq. (2) poses Stochastic time
dependance, but the actual physical dynamics to be observed depends on the Ener-
gy, in agreement with the DPSET [4]. In the model (2), it can be deduced that the
classical dynamics of the measurement dynamics can be recovered by squaring the
wavefunction or by treating the convolution of the forward and reversed wavefunc-

tion in temporal evolution of times t}:|1|1k(r, ti)|2. Another quantum property of
interest in both the linear and non-linear DPSET formalism is the time-reversal
symmetry [6] denoted by the e*![('£Tn)+oK term in the wavefunctions which pre-
dict that the present state of a quantum system defined by both the usual forward-
evolving wavefunction from the past and backward-evolving one from the future.
Conclusion. The non-linear DPSET formalism presented here shows promis-
ing quantum features for probing into problem of indeterminacy in quantum meas-
urements due to abrupt and strange behavior inherent in quantum system dynamics.
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The model presented here has been theoretically investigated and quantitatively
shows intriguing features which include collapse, decoherence, decay, uncertainty,
time-reversal symmetry and quantum transitions. We therefore propose this model
as candidate for theoretical study of the recent negative time experiment and in the
design and engineering of highly sensitive time measurement devices.
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Abstract. This paper considers how the Chaplygin equation of state (EoS) parameters af-
fect the complexity of anisotropic compact stars. By solving the Einstein field equations,
the model uses the Schwarzschild metric for the external region and applies boundary con-
ditions at the stellar surface. The research incorporates observational data for validation
through graphical and tabular analysis. The results indicate that although the complexity
factor is not directly linked to specific EoS parameters, it increases with their values. While
these parameters influence internal properties like anisotropy and density inhomogeneity,
the overall complexity exhibits a consistent growth pattern.

Keywords: compact star, chaplygin EoS, anisotropy, Schwarzschild metric, complexity

Introduction. The theoretical modeling of compact stellar objects [1, 2] within the
framework of General Relativity (GR) is essential for understanding their structure,
stability, and evolution. These models require solving Einstein’s field equations in
conjunction with a suitable equation of state (EoS) to describe the matter distribu-
tion within the star. Anisotropic pressures, where radial and tangential pressures
differ, play a crucial role in compact star models and arise due to factors such as
high densities, exotic matter, or strong magnetic fields [3-9].

The Chaplygin EoS, initially from cosmology, is useful in compact star studies
due to its non-linear nature, enabling smooth thermodynamic transitions. It sup-
ports exploring unconventional matter distributions and produces stellar models
consistent with astrophysical observations.

The concept of complexity in self-gravitating systems, as introduced by Herre-
ra [10], extends traditional uniformity concepts by incorporating anisotropy and
density inhomogeneity into a complexity factor. This framework has been instru-
mental in deriving exact solutions to Einstein’s equations and studying the internal
composition of compact stars.

This study aims to examine the influence of chaplygin EoS parameters on the
internal structure and complexity of compact stars. By analyzing the roles of ani-
sotropy and inhomogeneity in complexity evolution using pulsar data, we establish
a link between theoretical predictions and observational insights, providing deeper
understanding of dense astrophysical objects.

Methods and materials; results. To construct a physically consistent stellar
model, we assume a metric potential of the form:

e)‘(r) _ 1-2acr?
- s
1+acCr?
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which has been successfully used in previous compact star studies under isotropic
conditions and extended for anisotropic matter distributions.
For the matter distribution, we adopt a chaplygin equation of state:

pr=0ap— E,
' p
where o and 3 are constants characterizing the EoS.

The Einstein field equations are solved for an anisotropic star to obtain the
density, radial pressure, and tangential pressure. The interior solution is matched
with the Schwarzschild exterior at the boundary, ensuring a smooth transition be-
tween the star’s interior and exterior spacetime.

The constructed model is physically viable, regular, and free from singulari-
ties. It satisfies energy conditions, ensuring positive and physically meaningful
density and pressure throughout the realistic star [11].

A key focus of this study is the complexity factor Y7+ Our results reveal that
for a fixed value of a, the complexity factor increases throughout the stellar interi-
or as § grows. A similar trend is observed when o increases while B remains con-
stant. These findings suggest that both EoS parameters contribute in a comparable
manner to the complexity evolution in compact stars.

Conclusion. This study shows that while the complexity factor Y7r is not di-
rectly dependent on individual chaplygin EoS parameters, it increases with either
parameter. Variations in o and  affect anisotropy and inhomogeneity but do not
alter the overall complexity trend. The findings establish a clear link between the
chaplygin EoS parameters and stellar complexity, highlighting its potential as an
indicator of the equation of state and offering deeper insights into the internal
structure of compact stars.
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Abstract. An accelerating cosmological model is developed within the framework of
f(R,L,,) gravity, incorporating a functional form (R,L,,) = R/2 + aR? + Lﬁl , inspired
by the Starobinsky model and power-law matter coupling [1, 2]. The field equations for a
flat FLRW Universe are derived, and the Hubble parameter is constrained using Hubble
and Pantheon+ datasets via MCMC simulation. Observational data yield qo ~ —0.63, indi-
cating a late-time accelerating Universe with a transition redshift z = 0.7. The present val-
ues of the jerk and snap parameters are j, = 0.78 and s = 0.1, respectively, suggesting a
quintessence phase. Diagnostic tests, including state-finder and Om(z), affirm the model's
convergence towards ACDM. The age of the Universe is computed as #, = 13.64 Gyr, in
good agreement with Planck results [3]. The analysis supports f (R, L,,) gravity as a viable
alternative to study dark energy dynamics.

Keywords: modified gravity, f(R,L,,) gravity, dark energy, cosmological diagnostics,
accelerating Universe, cosmography

Introduction.This study focuses on the modified gravity theory f(R,L,,) [4],
a generalized form of f{R) gravity, where an explicit coupling between the Ricci
scalar R and matter Lagrangian Lm is introduced. The motivation stems from the
need to explain the accelerating expansion of the Universe as supported by obser-
vational data from Type la supernovae, CMB anisotropies, and large-scale struc-
ture. In contrast to the ACDM model, f (R, L,,) gravity may address dark energy
phenomena without invoking an explicit cosmological constant.

Methods and materials; results. Field equations are derived using the varia-
tional principle in a flat FLRW spacetime in f (R, £,,) gravity. We consider a spe-
cific functional form: f(R,L,,) = R/2 + aR? + Lﬁl. The model parameters are
constrained using observational Hubble and Pantheon + datasets. Markov Chain
Monte Carlo (MCMC) methods are used for parameter estimation. From this, the
deceleration (g), jerk (j), and snap (s) parameters are computed. We find go ~ —0.63
and a transition redshift z ~ 0.7, showing compatibility with an accelerating Uni-
verse. The EoS parameter at present epoch is wy = —0.72. Diagnostic tools includ-
ing state-finder and Om(z) indicate a quintessence-like nature, converging toward
ACDM at late times. The age of the Universe calculated is 75 = 13.64 Gyr.

Conclusion. The f (R, £,,) gravity model considered here offers a viable cos-
mological framework explaining late-time acceleration. The use of observational da-
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tasets in constraining the parameters reveals consistency with known cosmological
behaviour. Cosmographic parameters and diagnostics like Om(z) and state-finder
support its closeness to ACDM at late epochs. Moreover, the age of the Universe as
derived aligns closely with Planck mission estimates. Thus, the model presents a
compelling alternative for understanding dark energy and cosmic dynamics [5].
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AHHoOTanusi. BeIcTpBIi Iporpecc B pa3sBUTHH M yCOBEPIICHCTBOBAHUH AKCIIEPUMEHTAIb-
HOW TEXHHKH TO3BOJIUT B OJrbKaiiiieM OyyIieM MpoBecTH HabmroneHne GopM u3obdpaxe-
HUI YepHBIX ABIP ¢ HAHOCEKYHIHBIM YIJIOBBIM pa3pellIeHHEM IpU pealu3allid MeKIyHa-
ponnoro mpoekta Kocmmdeckoit OOGcepBaropun  MIUIMMETpoH, pa3pabOTaHHOTO
poccuiickumu yaeHsiMu. C momonipio Kocmudeckoit O6cepBaroprn MIIIITUMETPOH OyIeT
IIpOBEpEHa 00IIast TEOPHs OTHOCUTEIBHOCTH DHHIITEHA U €ée MHOTOYHCIICHHbIE MOAN(DH-
Kaluyu ¥ 00OOLICHUS B PEXHUME CHIBHOTO MOJIsl, KOTAa 3(P(eKTUBHBIA IpaBUTAIIMOHHBINA
MIOTEHIMAT TOPSIIKA KBaJpaTa CKOPOCTH CBeTa. B Ommkaime necaTuieTvs HaOMoAeHHS
(opM n300pakeHUH YEPHBIX JBIP CTAHYT €IMHCTBEHHON BO3MOXKHOCTBIO BHIOOpA IPaBUIIb-
HOW TEOPHH TPABHUTAIMM B PEXHME CHIBHOro mosd. Popma M300pakeHUs] 9epHOI ABIPHI
3aBHCUT OT TEOpHHM TpaBHTanuu. HenaBHue nepBble HaOMIOAECHUS M300pakeHUI YepHBIX
apip SgrA m M87 panmounnrepdepomerpom Teneckon 'opuzonta CoObITHII TOATBEPKIA-
10T npaBuibHOCTh OOmmelt Teopun OtHocuTensHOCTH (OTO) DifHInTeliHa TUIIb ¢ HEOOIb-
IO TOYHOCTBIO.

KuiioueBble ¢Jji0Ba: TpaBUTAIMS, YEPHBIE JBIPBI, KOCMOJIOTHS, acTpOPU3NIECKUe HaOIIO-
JICHUSI, KOCMUYECKUE TEXHOJIOTUU

Beenenne. Mbl nipesicTaBiisieM KpaTKHid 0030p MOJIENBHBIX W300paKeHUH Bpala-
FOLIMXCS YEPHBIX JIBIP B aCTPOQU3UYECKUX CUTYAIHSX, KOTJA CYIIECTBYET SPKUA
(OH, TOHKHMI aKKPELMOHHBIH JUCK U SPKHUE IBIKYLIHECS ISITHA B PEIATUBUCTCKUX
CTPYAX BAOJIb OCH BpallleHHUs1 YepHOH AbIphl. [leTanbHbie HAOMIOAEeHUS acTpOPHU3H-
YEeCKUX CBEPXMACCHBHBIX YEPHBIX AbIp SgrA* B nentpe Hameil ['amaktukn Mned-
ueiid [lyte 1 M87* B meHTpe TMIaHTCKOM 3JUIMITHYECKOW rajakTuku MS87 ¢ mo-
MOILBI0 MWITUMETPOHA TO3BOJIAT ONPEAEIIUTD MPABUIBHYIO TEOPHIO TPABUTALUN
[1-10]. ®opma u300paskeHHs YEPHOW JIBIPHI 3aBUCUT OT TEOPUU I'PABUTAILIMH B pe-
YKUME CHIIBHOTO TIOJISL, KOT/1a TPaBUTAIIMOHHBINA MTOTEHIIMAI MTOPSIKa KBapara CKo-
poctu cBera. HemaBHue mepBble HaOMIOACHUS M300paKeHUH YepHBIX AbIp SgrA*
u M87* pagmountepdepomerpom Teneckon 'opuzonta CoOBITHI MOATBEPIKIAIOT
npaBuiabHOCTh O0mIeH Teopun OtHOcuTenprHOCTH (OTO) DiiHIITEIHA TUIITH C HE-
OonbIoi TOYHOCTHIO0. B Ommkaiiime gecsaTUIeTHs] €QUHCTBEHHBIM METOJ BBIOOpa
MpaBWIBHOW Teopuu rpaButaunu (Mexnay OTO DitHmreliHa u ee MogUQHUKaLUs-
MH) 3TO JeTaJbHbIC HAOIIONCHUS N300pa’keHUI YEPHBIX IBIP C HAHOCCKYHIHBIM
YTJIOBBIM pa3pelIcHUEM.
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MeTtoabl U MaTepHualibl; pe3yiabTaTbl. OCHOBHOW METOM, HCIOIB3yEeMBIi

B 3TOH CTaThe IS ONTUCAHUS M300paXKEHUI YePHBIX JBIP 3TO YUCICHHOE PEIICHUE
reoje3ndeckux ypaBHeHuit Kaptepa [11] B MeTpuke Bpamaromneics 9epHoi JbIpbI
Keppa [12].

3aximouenue. OueHb OBICTPBIM MPOTpecc SKCIEPUMEHTALHON TEXHUKU T103-

BOJIUT TPOBECTH HAOIIOACHUE H300paXCHWH acTpo(QU3NYECKUX UYEPHBIX [IBIP
C HAHOCEKYHIHBIM YIJIOBBIM pa3pelieHUEM IIPU pEaNr3alul MEXIyHAapOIHOTO
npoekta Kocmudeckoit O6cepBaropunt MUIUITMMETPOH, pa3pabOTaHHOTO POCCHMA-
CKHMH YUYEHBIMHU.
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Abstract. A fast progress in the observational technologies in astrophysics provides the
unique possibility for detailed observations of black holes in the nearest future. It would be
possible to verify general relativity and its numerous modifications in the strong field limit
by using observational data from the advanced cosmic interferometric observatories. We
review the modeled images of the rotating black hole in different appropriate cases: the
luminous distant background, the thin accreting disk and the luminous moving hot spots in
relativistic jets along the black hole rotation axis. The detailed observations of astrophysical
supermassive black holes SgrA* and M87* would be possible by using the Millimetron
Space Observatory proposed and developed by the domestic scientists.

Keywords: gravitation, black holes, cosmology, astrophysical observations, cosmic tech-
nologies

Introduction. The possible forms of black hole images depend on the gravity theo-
ry in the strong field limit. Recent first observations of the supermassive black hole
SgrA* at the center of our Milky Way Galaxy and M87* at the center of the giant
elliptical galaxy M87 verified the general relativity theory only qualitatively [1-
10]. In recent decades only observations with Millimetron provide the unique pos-
sibility for choosing the valid gravity theory in the strong field limit.

Methods and materials; results. The main method used in this paper for de-
scription of the black hole images is the numerical solutions of geodesic equations
of motion by Brandon Carter [11] for test particles in the Kerr metric [12].

Conclusion. The possible forms of black hole images depend on the gravity
theory in the strong field limit. Recent first observations of the supermassive black
hole SgrA* at the center of our Milky Way Galaxy and M87* at the center of the
giant elliptical galaxy M87 verified the general relativity theory only qualitatively.
In the recent decades only observations with Millimetron provide the unique possi-
bility for choosing the valid gravity theory in the strong field limit.
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Abstract. In this work, we have investigated the phase space analysis in modified Galileon
cosmology, where the Galileon term is considered a coupled scalar field, F(¢). We focus on
the exponential type function of F(¢) and the three well-motivated potential functions V(¢).
We obtain the critical points of the autonomous system, along with their stability conditions
and cosmological properties. The critical points of the autonomous system describe differ-
ent phases of the Universe. The scaling solution for critical points was found in our analysis
to determine the matter-dark energy and radiation-dark energy-dominated eras of the Uni-
verse. In these scaling solutions, dark energy is typically introduced alongside another
component, such as radiation or matter, and helps explain the transition between cosmolog-
ical eras. The dark energy dominated critical points show stable behavior and indicate the
late-time cosmic acceleration phase of the Universe. Further, the results are examined with
the Hubble rate H(z) and the Supernovae Ia cosmological data sets.

Keywords: dynamical system analysis, late-time cosmic acceleration, stability, dynamical
parameters, cosmological observation

Introduction. In recent years, several cosmological models have been proposed in
modified gravity theories to address the issue of late-time cosmic phenomen [1, 2]
and in particular the resolution to Hubble tension issue [3]. Though several cosmo-
logical problems have been resolved in General Relativity (GR), some key issues still
need to be addressed. Therefore, modification/extension in GR is inevitable. Some-
one can either modify the matter part or the underlying geometry. As part of the first
approach, additional fields are introduced into the Universe, including canonical and
phantom fields, vector and chiral fields, k-essence, etc. [4]. In the second approach,
the geometry part is modified to produce modified/extended gravitational theories.
The formalism of the modified gravity theory that produces second-order equations
in four-dimensional space-time can originate from TEGR. A more interesting case
could arise by introducing non-minimal coupling terms and higher derivative quan-
tum gravity modifications in the action. A modification of this might take the form of
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a field self-interaction of the Galileon type [5] in the form G(¢, X)\Box ¢ where X is
an arbitrary function of ¢ and kinetic energy X. Based on the Dvali-Gabadadze-
Porrati (DGP) model [6] decoupling limit and its cosmological implications, the
Galileon theory was developed. In this article, we have studied late-time cosmic ac-
celeration in modified Galileon theory through the dynamical system analysis.

Methods and materials; results. The dynamical system approach [7] is a po-
tent technique that helps to explain the overall development and global dynamics of
the Universe. A specific cosmological model may be expressed as an independent
system of certain differential equations by carefully selecting the dynamical varia-
bles. This also provides a prompt response to whether the model can replicate the
observed expansion of the Universe. First, we need to define the autonomous sys-
tems: X =f(X), where X is the column vector and prime (') denotes the derivative
for N=log(a). For that, we propose the dimensionless variables to generate the rele-
vant autonomous system associated with the set of cosmological equations.
Through the behavior of the critical points of the autonomous system, we have ob-
tained the different phases of the Universe, such as radiation-dominated, matter-
dominated, stiff matter, and dark energy-dominated phases of the Universe.

Conclusion. We performed the phase space analysis for the exponential form
of F(¢) with three well-motivated functions of potential V(¢). The cosmological
parameters, such as EoS parameters, density parameters, and deceleration parame-
ters, are obtained through the dynamical variables to analyze the cosmological fea-
tures of the models. In all three cases, we have obtained the stable critical points
that can describe the late-time cosmic accelerated phase of the Universe. We have
also obtained scaling solutions for critical points. The points show that non-
standard matter and radiation dominated eras of the Universe. We observe that the
results obtained are similar to the standard quintessence model. We can conclude
that the Galileon term has no contribution to the dark energy sector of the Uni-
verse. But there is the contribution of the Galileon term to the inflationary behavior
of the Universe.
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AnHoTanus. VcXons U3 IpeacTaBIeHUS O TOM, YTO B PaMKaX KOCMOJIOTHYECKHAX MOIETCH
C JIOMHHHPOBAaHHEM «TEMHOH 3HEPTHH» MOXHO OBLIO ObI 0KHIATh MPOSIBICHUS XaOO0I0B-
CKOTO PACUIMPEHHs Ha JOCTaTOYHO MaJBIX (MEXIUIAaHETHBIX) MaclITabax, cejaHa MOMBIT-
Ka OIICHUTH BEITMUMHY MapameTpa Xab0ia 1Mo TeIuIoBOoi YBOIIONIH 3eMiu 1 Mapca B Teue-
Hue nocieqHux 4 mupa. ner. OCHOBHOM Maeel Takoro aHaju3a SBISIETCS y4eT U3MEHEHHS
ITOTOKA COJTHEYHOTO W3IYYCHHs, MOCTYIMAIOIIEro Ha ATH IUIAHETHI, 32 CYET KOCMOIIOTHYE-
CKOTO yBEJIMYEHHUS PaiiyCcoB MX OPOHUT U MOCIEAYIOIIee CPAaBHEHNUE PACUETOB C JaHHBIMU
raHeToorny. HalimeHHBIe TakuM crocoOOM 3HAYCHHS JIOKAIBHOTO Mapamerpa XaOOma
OKa3bIBAIOTCS J0CTaTOUHO OonbimuMu — 130—150 km/c/Muc mist opoutst 3emiu u 170—
200 xM/c/Mric g Mapca, T. €. B 2—-3 pa3a 00sbIe oONIEIPUHATOr0 MEXIaJaKTHIECKOTO
3HayeHus. O6CyxIaeTcs BONpoc 00 MHTEPIPETAINN 3THX BETHIHH.

KiaroueBble ciioBa: JokambHOE XaOOJOBCKOE PACHIMPEHUE, TEMHAS SHEPIHS, JBOIIOIHS
3emutn, 3Bomronus Mapca

BBenenne. Borpoc 0 BO3MOXKHOCTH CYIIECTBOBAHHS Xa0OJIOBCKOTO paCIIMPEHIS Ha
JIOCTaTOYHO MaibIX (HAIpUMep, MEXKIUIAHETHBIX) MaciuTabax oOCYXKIaeTcs yiKe
cBbiie 90 net [1], oqHaKO OCTaeTCs HEPELIEHHBIM BILIOThH IO HACTOSILIETO BPEMEHH.
Oco0y10 akTyalpHOCTH 3Ta mpolsiema mpuobpena B Hayaige 2000-X ronoB, Koraga
OCHOBHOMW MapajiuirMON B KOCMOJIOTHH CTAJTd MOJECIH C JOMHUHHUPYIOITAM BKJIAJI0M
«TeMHOV» 2Heprun (A-wieHa) — Tak KaKk TEMHas SHEPrus pacrupezeiicHa B Mpo-
CTPAHCTBE WJICATLHO OJHOPOJHO, TO MOXKHO OKHATh, YTO CO3/IaBaeMOE €0 Xah0-
JIOBCKOE pacivperne OyIeT MposBIISATHCS JaKe Ha OYeHBb MaJIbIX MaciTabax [2].

B paborax M. Kpmzeka u JI. Comepa [3, 4] ObU10 yKa3aHO, UTO OJHHUM U3 TIPO-
sIBJICHUH J10KaabHOrO 3(dekra Xabbma JOMKHO OBITH €ro BIUSHHE Ha TEIJIOBOMH
pekuM 3eMII B TE€YSHHE BCETO MEPHO/a €€ Te0J0TrHUecKoil H OMOIOTHIECKO IBO-
MonuK. B 4acTHOCTH, €Cciu MOCTYJIUPOBATh MOJACpKAHUE MOCTOSHHON TeMIiepa-
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Typbl 3¢MHON TIOBEPXHOCTH Ha MHTEPBAJIE BPEMEHU HOpsaAKa 4 MIPA JIeT, TO Tpe-
OyeMBIif [T STOTO JIOKAFHBINA MapaMeTp Xa00ia Oka3bpIBaeTCsl paBHBIM MPUMEPHO
MOJIOBMHE €r0 CTaHJAPTHOTO MEXTaJaKTUIeCKOTO 3HAYEHHS, YTO BHITISANT He-
CKONIBKO CTpaHHBIM. Llenmp HacTosmiero WMcciaeqoBaHWsi — BBIATH 3a TMPEeIbl
MPEIION0KEHHs 0 TIOCTOSHCTBE TeMIepaTyp IUIaHeT, UCTIONB3YS IS 3TOro Oolee
COBpEMEHHbBIE JIaHHBIE O TeMIepaTypax paHHed 3emun u Mapca, U TeM CaMbIM
TOYHEE OLIEHUTh COOTBETCTBYIOIINE MM ITapaMeTpsl Xa0oa.

MeToabl U MaTepHaibl; pe3yJbTaThl. Vcxo/s U3 ypaBHEHHS TETUIOBOTO Oa-
JlaHca TUIAHETHl, OpOMTa KOTOPOM MCHBITHIBAET KOCMOJIOTHUECKOE pacIIUpeHHe,
00yCJIOBIIGHHOE TEMHOW JHepruew [5], MOKHO HaWTH, MPU KaKOM 3HAUCHHHU JIO-
KaIIbHOTO TlapaMeTrpa Xab0ma TemrepaTypa IUIaHeThl UMelna Obl TO WM WHOE 3Ha-
YEHHE B MIPOIILTOM:

000 _ 496[ (

In(L(t)/Ly)—4In(T,()/T,y) ] 1, (1)

rne L — ceerumocts ComHina, 7y — TeMIeparypa MOBEPXHOCTH IUIAHETHI, /1 =
= 100 km/c/Mric, u ¢ — BpeMsi, U3MEPSEMOe B MIIPII. JIET, KOTOPOE CIeayeT OpaTh
CO 3HaKOM MHHYC, €CIH OHO OTCUHMTHIBaeTCsl B 0OpaTHOM HampasiieHHH. Hamowm-
HUM, YTO COBPEMEHHOE 3HaueHne nmapaMmeTpa Xa00ia Ha MEeXTralaKTHIeCKIX Mac-
mrabax Ho = 0,7 h, a npu NpuOIMKEHHBIX OIIEHKAX JUIS BPEMEHH ¢ ~ —4 MIIp[. JIeT
MOkHO Opatb L(f)/Lo = 0,7.

Kak BeITEKkaeT W3 COBPEMEHHBIX JAaHHBIX MAJCOXUMHUH H Tae00HoNIorun [6],
Temneparypa Ha 3emie 3,5—4 Mipa. JIeT Ha3a] Moriia ObITh TOPa3io BBIIIE COBpE-
meHHoi (Tyo=~ 15°C= 288 K) m moxomuts mo 15~ 70°C= 343 K; mpu sTOoMm
u3 Qpopmynsl (1) momygaercs H9 ~ 1,3—1,5 & (1. e., B 2 pa3a Gonble COBPEMEH-
HOTO MEXTaJaKTHYeCKOro 3HadyeHwus). YTo ke kacaercs Mapca, To B HacTosiIIee
BpeMs TeMIlepaTypa ero MmoBepxHocTH cocTaBigeT Ty~ —63°C = 210 K; onnHako
MMEIOTCS YOCIUTENIbHBIC CBUACTEIBCTBA, U4TO 3,7—4 MJIpJ. JIeT Ha3aja Ha ero Io-
BEPXHOCTH TEKJIH PEKH, T. €., CYLUIECTBOBAJIO 3HAYUTEIILHOE KOJMYECTBO BOJBI
B JKHUJKOM COCTOSIHUH, Tak 4To 75 > 0°C = 273 K. Ilpu sTom u3 dopmyisr (1) mo-
nydaercs emie 6onpiiee 3HaucHue: H°® ~ 1,7-2 h.

3axuouenue. HalineHHble 3HaUeHUs JIOKAIBHOTO mapamerpa Xa00ma, B 1Ba
u Oosee pa3 MPEBOCXOMSIINE €T0 COBPEMEHHYIO MEKIaJaKTHYECKYIO BEJIHYHUHY,
Ha TIEPBBIA B3TJIST BBITISIAT JOBOJIBHO CTpaHHBIMH. OJIHA M3 OYEBHUTHBIX PUYUH
WX TIOSIBJICHUSI MOTJIa OBl OBITH CBSI3aHA CO CIIMIIKOM IpyObIM XapaKTepoM IMPOH3-
BEJCHHBIX BBIIIE OLICHOK, & UMEHHO, C MPEAINOJOXKECHUSIMH O HE 3aBHCALICH OT
BPEMEHH TOTJIONIAIONIEH CITOCOOHOCTH (alb0eI0) TUIAaHET U HEM3MEHHOH 3¢ dek-
TUBHOCTH ITapHUKOBOTO 3)(ekTa B ux armochepax.

C nmpyroii CTOpPOHBI, HE HCKIIOYEHA U KOCMOJIOTHYECKasi MHTEpIpPETALHS TIOITy-
YeHHBIX BennuuH. lIpexkae Bcero, Hy>KHO OTMETUTh, YTO WMEIOLIMECS TeopeTHye-
CKHE pacyieThl B MPEIONIOKECHUH, YTO JIOKAbHBINA dQdekt Xadbbma cBsi3aH TONBKO
C TEMHOH »Heprueil [7], HAlOT JIMIIL HYDKHIOK OLIEHKY Ha oTHomeHue H1°%/H,.
Crporux xe orpaHU4eHHi CBEpXy HE CYIIECTBYET, TaK KaK 0ObIUHas (arperupoBaH-
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Hasl) MaTepHs B MPUHIIAIIC TOXKE MOXKET J1aBaTh CBOM BKJIaJ] HA MAJIbIX Maciradax,
MIPUYEM 3TOT BKJIAJI MOXKET OKa3aThCs Jaxe OOJIbIIe, YeM OT TeMHOH 3Hepruu. Kpo-
M€ TOT0, HE UCKITIOYEHO, YTO aHOMAJIBHO OOJIBIIINE 3HAUCHHUS JIOKATHFHOTO IapamMeTpa
Xab0a MOTYT OBITH CBSI3aHBI C APPEKTOM «YCKOPEHHO PaCKPyUMBAIOIISHCS CTIMpa-
JIN», KOTOPBIA OBUT TIOJIY4YeH B OOIICPEISITUBUCTCKUX pacueTax MOICTHHOH 3a1adn
[8, 9] o nBMxkeHMU TPOOHOW YACTHIIBI B TOJIE IIEHTPAILHOW TOYSYHOW MAcChl, IMO-
IPY’KEHHON B OJHOPOJHBIN KOCMOJOTHYeCKHi (DOH, CPOPMUPOBAHHBIN A-4JIEHOM
1 00JTaaron i acuMITOTHKOM PobepTcona — Yonkepa Ha OECKOHEUHOCTH.
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Abstract. Assuming that Hubble expansion should manifest itself even at the sufficiently
small (interplanetary) scales in the framework of dark-energy-dominated cosmological
models, we try to estimate Hubble parameter from the thermal evolution of Earth and Mars
during the last 4 billion years. The basic idea of our analysis is taking into account the vari-
ations in solar irradiation arriving at these planets due to the cosmological expansion of
their orbits and subsequent confrontation of these calculations with the planetological data.
The corresponding values of the local Hubble parameter were found to be rather large:
130-150 km/s/Mpc for the orbit of Earth and 170-200 km/s/Mpc for Mars, i.e., 2—-3 times
greater than the commonly-accepted intergalactic value. Finally, we discuss a possible in-
terpretation of these results.

Keywords: local Hubble expansion, dark energy, evolution of Earth, evolution of Mars

Introduction. The problem if Hubble expansion can exist at the sufficiently small
(e.g., interplanetary) scales is discussed for over 90 years [1] but remains unsolved
till now. This issue became especially topical in the early 2000’s, when a new par-
adigm in cosmology was based on the models with dominant contribution by the
dark energy (A-term): since the dark energy is distributed perfectly uniform every-
where in space, one can expect that the corresponding Hubble expansion will mani-
fest itself even at very small scales [2].

As was pointed out in works by M. Krizek and L. Somer [3, 4], the local Hub-
ble effect should affect a thermal regime of the Earth throughout the entire period
of its geological and biological evolution. Particularly, if the Earth’s surface tem-
perature is assumed to be constant over the interval of approximately 4 billion
years, then the required local Hubble parameter turns out to be about a half of the
standard intergalactic value, which might look somewhat strange. It is the aim of
the present work to go beyond the assumption of constant planetary temperature by
employing more recent data on the temperatures of the early Earth and Mars and,
thereby, to evaluate the corresponding Hubble parameters more accurately.

Methods and materials; results. Starting from the equation of heat balance of
the planet whose orbit experiences the cosmological expansion caused by the dark
energy [5], one can find a magnitude of the local Hubble parameter at which the
planetary temperature would have a specified value in the past:

%9 =22 [in(L@)/Ly) - 4 (1.0 )] M

where L is the solar luminosity, 75 is the temperature of the planetary surface, 4=
100 km/s/Mpc, and ¢ is the time measured in billion years, which should be taken
with a negative sign if it is directed to the past. Let us remind that the present-day
value of the Hubble parameter at intergalactic scales is Ho = 0.7 &; and it is reason-
able to take L(#)/Lo = 0.7 for the approximate estimates at ¢ = —4 bln. yr.

As follows from the modern data of paleochemisry and paleobiology [6], the
Earth’s temperature 3.5—4 bln. years ago could be substantially greater than today
(T = 15°C = 288 K) and estimated as 7 = 70°C= 343 K. Consequently, formu-
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la (1) gives H%9 ~ 1.3—1.5 h (i.e., two times greater than its contemporary interga-
lactic value). As regards Mars, its present-day surface temperature is Ts =~ —63°C =
= 210K; but there is a clear evidence that rivers flowed across its surface
3.7—4 bln. years ago, i.e., there was a considerable volume of liquid water, so that
T, > 0°C = 273 K. In such a case, formula (1) leads to the even greater value H9 ~
~1.7-2 h.

Conclusion. The above-mentioned values of the local Hubble parameter—
exceeding its contemporary intergalactic value by two or more times—might look
quite strange. One of the most evident reasons could be caused by the oversimplifi-
cations employed in our estimates, namely, the time-independent absorption prop-
erties (albedo) of the planets as well as a permanent efficiency of the greenhouse
effect in their atmospheres.

On the other hand, there might be also a cosmological interpretation of these
results. First of all, let us mention that the available theoretical calculations—based
on the assumption that the local Hubble effect is caused solely by the dark ener-
gy [7]—give us only the lower limit on the ratio H%°®/H,. On the other hand, there
is no a rigorous upper limit, because the ordinary (aggregated) matter, in principle,
can also give contribution at the small scales; and this contribution might be even
greater than the one from the dark energy. Besides, the surprisingly large values of
the local Hubble parameter might be associated with the effect of “accelerated un-
winding spiral”, which was derived in the general relativistic calculations of the
model problem of motion of a test particle in the field of the central point-like mass
embedded into the uniform cosmological background formed by the A-term and
possessing the Walker—Robertson asymptotics at infinity [8, 9].
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AHHoTanus. MccnenoBaHo CIMSHUE NBOMHBIX MEPBUYHBIX YEPHBIX IBIP B JBOJIOLMOHH-
pYIOLIEM TaJI0 TEMHOH Marepuu. Eciu mepBHYHBIC YepHBIC ABIPHI COCTABIISIOT JIMIIL Ma-
JyI0 JIOJIF0 BCel TEMHOM MaTepHu, a OCTaJbHAs e¢ YacTb COCTOMT, HalPUMEP, U3 JJIEMEH-
TapHBIX YacTHIL, TO BOKPYr Mapbl YEPHBIX ABIP HEH30EKHO IOJDKHO OOPa3OBBIBATHCS H
HapacTaTb CO BPEMEHEM rajo U3 TeMHOH Marepuu. IlokaszaHo, 4TO B pe3yibraTe Hecde-
PUYHOCTH CKaTHUsl CIIOEB TEMHOW MaTepUH UMEETCS HENPEPBIBHBII MOTOK TEMHOI MaTepuu
4yepe3 HeHTp rajo. [IponeTbl TeMHOW MaTepuy BIMSIOT HA 3BOJIIOLMIO OPOUTHI Mapbl 4ep-
HBIX JIBIP, OTOMpasi SJHEPTHI0 OPOUTAIBLHOTO JABMXKEHHA. JTOT 3PQEKT MPUBOIUT K YCKO-
PEHHOMY CXKaTHIO OPOMTHI Maphl U YMEHBIICHHUIO BPEMEHH JI0 CIMSHUS YEPHBIX JbIp. DTO, B
CBOIO OYepe/ib, NMPUBOANT K M3MCHEHHIO TEMIIa IPABUTALIMOHHBIX BCIUIECKOB, CONPOBOXK-
JAIOIIUX CIUSHUS YePHBIX ABIP, H MOKET UMETh 3HAYEHHs JUIS TPABUTALIMOHHO-BOJIHOBOI
ACTPOHOMHH.

KaoueBble cioBa: KOCMOJIOTHS, I'PaBUTAIMOHHBIC BOJIHBI, INCPBUYHBIC YCPHBIC bIPHI,
TEMHas1 MaTepus

Beenenmne. ['nmnoreza o BO3MOXKHOCTH 00pa3oBaHus B paHHel BceneHHoit nepsuu-
HbIX 4epHbIX Aplp (ITY/]) Obuta Boickazana B 1966 r. B padorte f.b. 3enpnoBuua u
N.J1. HoBuxosa [1]. C tex nop Obl10 pa3paboTaHO HECKOIBKO MoAesel nux oopaso-
BaHus. [TYJ[ MOryT urpath Ba)KHYIO pOJib B Psijie¢ acTPO(PHU3NUECKHX IPOIECCOB
u B KocMmojoruu. B uacTHOocTH, OHM MOryT 0Opa30BBIBaTh T'PaBUTALMOHHO-
CBSI3aHHbIC JBOWHBIC CUCTEMBI, U UX CIUSHHA B IMapax MOKET OOBICHATH HEKOTO-
PYIO YacTh TPaBUTAIIMOHHO-BOJHOBBIX COOBITHH, PETHCTPUPYEMBIX JETEKTOPAMHU
LIGO/Virgo/KAGRA. Ecnu ITY/I cocTaBisifoT TOIBKO MaIIyI0 4acTh TEMHOW Ma-
TEpUHU, TO OCTABIIASCS TEMHas MaTrepus NOJDKHA 0Opa30BBIBATH BOKPYT Map 3BO-
JIOLMOHMPYIOIIEE Talo TEMHOI MaTtepun. B manHO# paboTe pacCMOTPEHO BIHUSAHUE
MOTOKOB TEMHOM MaTepPHU CKUMAFOIIUXCS CJIOEB TaJI0 Ha 3BOJIOLUIO OPOUTHI Maphl
YEPHBIX JABIP B LIEHTPE rajo.

MeToabl 1 MaTepuaJibl; pe3yabTaThl. B paboTe 3anmchIBalOTCs ypaBHEHUS
JUUISL DBOJIFOLIMM Tajlo TEMHOW MaTepuu BOKpyT mnapel [TY]] u paccmaTpuBaercs mo-
CIIeIOBATEbHBIN MPOJIET HeC(EpHUUECKUX CIIOEB TEMHOW MaTepHH IOCie UX OT-
LIETJIEHUS] OT KOCMOJIOTMYECKOI0 pacHIMpeHust U mepBoro cxkatus. Ilockombky
CYLIECTBYIOT HAIIPABJICHUs C HYJIEBBIM YIJIOBBIM MOMEHTOM [2], ciiou TeMHOH Ma-
TEPUU NPUHUMAIOT YIUIOMIEHHYI0 (GOpMY M HPOXOIST depe3 LEHTP rajo o TeX
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[IOp, NIOKA IPOUCXOAUT OTIIEIUIEHHE HOBBIX CJI0EB (IIOKa rajio He CTa0MIN3UpYeT-
cs). B pabote paccunTan mOTOK TeMHON MaTepuH uepe3 LeHTp rano. C moMombo
HallIEHHOTO IMOTOKA BBIYMCIISIETCS] BIMSHUE TEMHOH Marepuud Ha OpOHUTY Iapsl
ITY/] ¢ momomrsio popmanmmsma Keunnana [3].

B xauecTBe (akTOpOB, ONpPEACTSAIOIINX HECPEPUUHOCTH CHKATHSI TaNo, pac-
CMOTpPEHO MPWJIMBHOE TPaBUTALMOHHOE BIMAHWE WHQISAIMOHHBIX BO3MYIIECHHH
IDIOTHOCTH M COCEAHMX (IO OTHOIIEHHWIO K paccMarpuBaeMoi mape) ITU/]. Iloxy-
YEeHO, YTO MOTOK TEMHOW MaTepuH W3 IBOJIOLHUOHUPYIOLIETO rajlo CYIIECTBEHHO
yckopsiet nponece causaus [TYJ] ¢ maccamu 30 macc Connna. [jis oObscHeHus
nmauabrx LIGO/Virgo/KAGRA tpebyercs npumepro Ha nopsgok menbine [T4]] mo
CPaBHEHHIO CO CIIy4aeM, KOI'Zla rajio He YUUTHIBACTCS.

3axuiouenue. Pacuer sBomonuu opoutsl napsl [TY]] mokazan BaKHOCTH yde-
Ta MOTOKAa TEMHOH MaTepud M3 OKPYXKAIOIIETro rajo uyepe3 obaacte opOuThl. B
cinyuyae ITHYJI ¢ maccamu nopsiaka 30 mMacc ConHLa TEMIT CIUSHUS 3HAYUTEIBHO
YCKOPACTCA, YTO BAXHO JJIA O6’I)HCH€HI/I$I JaHHBIX I'paBUTAIMOHHO-BOJHOBBIX JI€-
tektopoB LIGO/Virgo/KAGRA B moaemsix ¢ ITY/I.
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Abstract. The merge of binary primordial black holes in an evolving dark matter halo has
been investigated. If primordial black holes make up only a small fraction of all dark mat-
ter, and the rest of it consists, for example, of elementary particles, then a halo of dark mat-
ter must inevitably form and grow over time around a pair of black holes. It is shown that as
a result of the non-spherical compression of the dark matter layers, there is a continuous
flow of dark matter through the center of the halo. The passage of dark matter affects the
evolution of the orbit of a pair of black holes, taking away the energy of the orbital motion.
This effect leads to an accelerated contraction of the pair's orbit and a decrease in the time
before the black holes merge. This, in turn, leads to a change in the rate of gravitational
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bursts accompanying black hole mergers, and may have implications for gravitational-wave
astronomy.

Keywords: cosmology, gravitational waves, primordial black holes, dark matter

Introduction. The hypothesis about the possibility of the primordial black holes
(PBHs) formation in the early Universe was proposed in 1966 in the work of Ya.B.
Zeldovich and I.D. Novikov [1]. Since then, several models of their formation have
been developed. PBHs can play an important role in a number of astrophysical pro-
cesses and in cosmology. In particular, they can form gravitationally bounded bina-
ry systems, and their mergers in pairs can explain some of the gravitational wave
events detected by the LIGO/Virgo/KAGRA detectors. If the PBHs make up only a
small part of the dark matter, then the remaining dark matter should form an evolv-
ing halo of dark matter around the pairs. In this paper, we consider the influence of
dark matter fluxes from shrinking halo layers on the evolution of the orbits of a
pair of PBHs in the center of the halo.

Methods and materials; results. In this paper, we write down equations for
the evolution of a dark matter halo around a pair of PBHs and consider the sequen-
tial passage of non-spherical layers of dark matter after their separation from cos-
mological expansion and first contraction. Since there are directions with zero an-
gular momentum [2], the layers of dark matter take on a flattened shape and pass
through the center of the halo until new layers are split off (until the halo stabiliz-
es). The paper calculates the flow of dark matter through the center of the halo.
Using the found flow, the influence of dark matter on the orbit of a PBH pair is
calculated using the Quinlan formalism [3].

The tidal gravitational influence of inflationary density perturbations and
neighboring (relative to the pair under consideration) PBHs is considered as factors
determining the non-spherical compression of the halo. It has been found that the
flow of dark matter from the evolving halo significantly accelerates the process of
the PBHs merge (with masses of 30 solar masses). To explain the LIGO/
Virgo/KAGRA data, it takes about an order of magnitude less PBHs compared to
the case when the halo is not taken into account.

Conclusion. The calculation of the evolution of the orbit of a pair of PBHs
showed the importance of taking into account the flow of dark matter from the sur-
rounding halo through the orbital region. In the case of black holes with masses of
about 30 mass of the Sun, the rate of merge accelerates significantly, which is im-
portant for explaining the data of the LIGO/Virgo/KAGRA gravitational wave de-
tectors in models with PBHs.
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AHHOTanus. VccnenoBaHo COCTOSIHUE 3JIEKTPOMArHUTHOT'O 1oJisi B ()OTOHHOM KpHCTallie
— MeTamaTepuajie C MEePUOJUYECKON ONTUYECKOW CBEPXCTPYKTYpOil. YCTaHOBIIEHO, YTO
B KPUTHUYECKUX TOUYKax 30HBI bpmtosna nmonsgputonHoe nose C-, P- u T-cumMerpudHo
(To ecTp, cummerpus kanubposouyHoro nois U(1l) He HapylleHa), MIOTHOCTh KBaHTOBBIX
COCTOSIHUM CHHTYJSIpPHA, OTKPBITHl HEJIMHEHHbIE KaHAIbl KBAHTOBOW JIIEKTPOAMHAMHKH,
a TaKXKe paspelleHa napamerpuieckass down-KOHBEPCHs BHICOKOIHEPTETHIECKOTO MOJISAPH-
TOHHOTO 003€-KOHJICHCAaTa B HU3KOYHEPreTHIeCKHi. Pe3ynbraTel BOCIpOM3BOAAT 3P (eKThI
JIO)KHOT'O KBAaHTOBOT'O BaKyyMa B Ja0OPaTOPHOM ONTHYECKOM 3KCIEpHMEHTE.

KuitoueBble cioBa: bosbloil B3pbIB, JOKHBIA KBAHTOBBIM BaKkyyM, CIOHTAaHHOE Hapylle-
HUE CHMMETPHH, (POTOHHBIA KPHCTAILI, KOHIEeHCAaT bo3e — DifHmITeliHa

BBenenne. JloxxHOBaKyyMHOE (MHauye: METACTAOMIBHOE) COCTOSHHE KBAaHTOBOTO
MOJIST — TaKOE COCTOSIHME KBAaHTOBOI'O BaKkyyMa (00JIacTH NMPOCTpaHCTBA-BPEMEHH,
coJiep)Kaliiell TOJIbKO BHPTYalbHBIE YaCTHIIBI), KOTOPOE JIOKAJIbHO CTaOMIILHO, HO
HE JHEpreTHYeCKu-MUHUMAaNbHO. [Ipennonaraercs, 4to pacnan J0KHOTO KBAHTO-
BOT0 BaKyyMa ¢ BMOPO)KEHHBIM XWUITCOBCKHM IIOJIEM Ha IUTAHKOBCKOM MaciuTade
MOCITY’KWJ TONMYKOM K Bonbimomy B3phIBY, OPOJIUB YETHIPEXMEPHOE NMPOCTPAH-
CTBO-BpeMsI co CBOOOIHOI 3HEprreH, u3 KOTOpOoi B AabHEHIIEM KOHAECHCHPOBA-
JIUCh 3JIEMEHTApHbIE YacTULBl. B CBA3M ¢ 3TUM M3y4yeHHE CBOWCTB JIO)KHOTO KBaH-
TOBOT'O BaKyyMa SBJISIETCS 3a7a4el Ype3BbIYaiiHON BaXKHOCTH, CIIOCOOHOM MPOJIUTH
CBET Ha BOIPOC O BOSHUKHOBEHUU BceeneHHOM.

B Hacrosmeit pabote coolmaercst 0 1a00paTOPHOM BOCHPOU3BEIECHUN JIOXK-
HOBaKYyMHBIX 3(()eKTOB B ONTUYECKOM IKCIIEPUMEHTE C (POTOHHBIM KPUCTAIIIOM.

MeToabl M MaTepuaabl; pe3yabTaTbl. COBpeMEHHAs! KBAHTOBAs TEOPHS OIS
MPEIOCTABISAET MOIIHBIE TEOPETHYECKHE METOJIbI, MO3BOJISIONINE €ANHOOOpa3HO
onucaTth ABJICHUS KaK (DU3MKU BBICOKMX DHEPTUi, TaK U KOHJCHCHUPOBAHHOI'O CO-
CTOAHUA. B yacTHOCTH, dKCTpeMaTbHOMY 3JIEKTPOMarHMUTHOMY Moiito bomibmroro
B3pbIBa MaTEMATUYECKH COOTBETCTBYET CHHTYJISIPHAS IUNIOTHOCTh COCTOSHUM IMOJISI-
putoHHOro kKongencata boze-Oitnmrelina (BOK), uTo mo3BojsieT MCHOIB30BATH
MOCTCTHUHA B KayecTBE MOJENN Uil M3Y4YEHHUS OCOOCHHOCTEH, XapaKTepPHBIX IUIA
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panneit Bceenennoit. [lomsapuronnsiiit bBOK Moxer ObITh monydeH abopaTopHO
KOHJICHCALIMeH CBETOBOTO TMOJII B PE30HAHCHON ONTHYECKOW MHKPOIIOJIOCTH,
HarmpuMep, (POTOHHOTO KpHUCTalla — MeTaMaTephalia ¢ ONTHYECKONW CBEpXpeIIeT-
KOH M YAOOHBIMH €CTECTBEHHBIMH (PEIIETOYHBIMH) ITyCTOTAMH.

Hamu yctanoBneHo, 4To Bo30yxkaeHHE (POTOHHOTO KPUCTAUIa BHEIITHUM OTI-
TUYECKUM H3TYYCHHEM NPUBOAHMT K (DOPMHUPOBAHUIO B KPUTHUECKUX TOUKAX €rO
30HHBI bpmmosna nosiputoaHoro bOK, ommceBaemoro C-, P- n T-cuMMeTprudaHOi
(mo otnenbHOCTH) BOJHOBOHM (yHkumer [1] (ocobeHHO oTMeTHM T-CUMMETpHIO,
03HAYAOIIYI0 JIOKAIbHOE MCUYE3HOBEHHE CTpelbl BpeMeHw). CHHTYJsIpHAs IUIOT-
HOCTh coctosiHuil bOK nenmaer AOCTYNHBIM UCKIIOYUTENBHO Y3KHM HETUHEHHBIN
JIBYXIOJIIPUTOHHBIN KaHAJ Yy — a, MOPOXKIAIOIINN «TEMHBIEY» aKCHOHOTOA00HbBIE
YaCTHUILI MO0 MCXaHU3MY, HPECAIIOJOKUTCIEHO JOMUHHUPOBABUICMY B paHHCﬁ Bce-
neHHo# [2]. [Ipu 5TOM B cCHieKTpax BTOPUYHOTO W3ITydeHHs HabmomaroTes [3] cie-
OBl HE TOJBKO JAHHOTO TpoIlecca, HO W paclaia IMOJSIPUTOHHOTO KOHJAEHCaTa
B MECHEEIHEPreTHYECKH, YTO MHTEPIPETUPYETCS KaK Mepexof «iIokHoro» BOK
B «UCTUHHBIIN.

3akawuenue. Mtak, moBeneHrne MOMSIPUTOHHOTO 003e-KOHIEHCATa B OCOOBIX
TOYKax 30HBI bprumrosHa POTOHHOTO KPUCTAIUIA COOTBETCTBYET OXKHIAEMOMY ISt
JIO)KHOTO BaKyyMa W MOKET UCIIOJIb30BAaThCS IS JIAOOPAaTOPHOTO MOJCITUPOBAHUS
TTOCIIEHETO.
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Abstract. The paper investigates the electromagnetic field in a photonic crystal that is a
metamaterial with periodic optical superstructure. It is found that at the critical points of
Brillouin zone, the polariton field is C-, P-, and T-symmetric (i.e., the symmetry of the
gauge field U(1) is restored), the density of quantum states is singular, nonlinear process of
quantum electrodynamics are observable, and parametric down-conversion of a high-
energy polariton Bose condensate into a low-energy one is permitted. The results allow to
optically reproduce the false vacuum effects at a laboratory.

Keywords: Big Bang, false vacuum, spontaneous symmetry breaking, photonic crystal,
Bose-Einstein condensate

Introduction. In quantum field theory, a false vacuum is a vacuum state that is
locally stable but does not occupy the most stable possible ground state. Nowadays
the most common view is that the decay of the Planck-scale trapped Higgs field
false vacuum into the true vacuum was a key step to the Big Bang. For this reason,
understanding the false vacuum, its properties and behavior is important for unrav-
eling the origin of the Universe.

This paper reports the laboratory reproduction of quantum electrodynamics'
(QED) false vacuum in an optical experiment with a photonic crystal.

Methods and materials; results. A modern quantum field theory offers pow-
erful theoretical methods to uniformly describe both high-energy physics phenom-
ena and condensed matter ones. This way, the extreme electromagnetic field of the
Big Bang can be dealt through a singular density of states of the polariton Bose-
Einstein condensate (BEC). The latter can be obtained through condensation of a
light in a resonant optical microcavity. This way, the light field inside a photonic
crystal, a metamaterial with an optical superlattice and natural (lattice) voids, is
capable to reproduce early Universe at a lab.

We found a light directed onto a photonic crystal condense in the nearest-to-
the-surface optical microcavity and form polariton BEC at the critical point of the
Brillouin zone with C-, P- and T-symmetric wavefunction [1] (note the T-
symmetry meaning the arrow of time has disappeared). The BEC's singular density
of states opens an extremely narrow nonlinear two-polariton channel yy — a gener-
ating “dark” axion-like particles via a mechanism that presumably dominated in the
early Universe [2]. In the spectra of the secondary radiation we observe not only



120 Mocksa, MITY um. H.3. baymaHa, 7-10 utons 2025 2.

this process, but also the transform of the polariton condensate into a lower-energy
one, that can be interpreted as a decay of a “false” BEC into a “true” one [3].

Conclusion. The polariton BEC in the special points of the Brillouin zone of a
photonic crystal is able to reproduce the QED false vacuum and makes it possible
to investigate the latter at a laboratory.
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Abstract. The levels of quantization in gravity theory have been classified. The objects and
processes in gravitationally bound systems and their general properties are analyzed to cre-
ate a consistent theory of gravity quantization by constructing quantum models of compact
astrophysical objects and the early Universe.

Keywords: gravity quantization, compact astrophysical objects, early Universe, quantum
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Introduction. The gravitationally bound systems in quantizing particle motion,
extraneous fields and geometry as a whole are considered. To these quantization
levels correspond such quantum objects and processes as graviatoms, Lemaitre’s
atom, the Universe’s birth and particle creation [1-4]. The general properties of the
gravitationally bound systems are due to several levels of quantization being simul-
taneously present at the same quantum object or process. This research is aimed to
create a consistent theory of gravity quantization by constructing quantum models
of compact astrophysical objects and the early Universe.

Methods and materials; results. Gravity quantization is considered in the
framework of general relativity and quantum theory. The latter — in terms of quan-
tum mechanics and quantum field theory in curved space-time. The quantum ob-
jects involved are graviatoms, comprising miniholes, which capture microparticles,
and Lemaitre’s atom simulating the early Universe. The quantum processes are —
Universe’s birth, interpreted as a tunnel effect, and particle creation in Hawking’s
effect [5] and in the early Universe due to a decay of leptoquarks [6]. The result
obtained is that the product of the masses of miniholes and particles captured by
them in the graviatom and that of the masses of miniholes and leptoquarks being
born in the early Universe are of the order of the Planckian mass squared.

Conclusion. The graviatom and Lemaitre’s atom are described by Schréding-
er’s type equation. The similarity between the relationships for graviatoms and the
formation of miniholes and leptoquarks in the early Universe is due to the presence
of miniholes and quantum field effects in both cases. The product of the masses of
miniholes and particles captured by them and that for the masses of miniholes and
leptoquarks being born in the early Universe are of the order of the Planckian mass
squared. The consideration of gravitationally bound quantum systems may play a
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part in the creation of a consistent theory of gravity quantization allowing loop and
string cosmology to be combined.
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Annortanus. [TokazaHo, uTo i crieruUUIECcKOi CBA3KM MEXKIY MapaMeTpaMu KOCMOJIOTH-
YECKUX MOJICICH Ha OCHOBE CKAIIPHO-TOPCHOHHOW IpaBUTAIMH HEPUINISCKUE MOJIBI KOC-
MOJIOTHYECKUX BO3MYINECHUH MOXKHO HCKJIIOYHMTH KaK WM IS CIIydas TeJenapauieIbHOTro
9KBUBAJICHTA OOIICH TCOPUHM OTHOCHUTEIHHOCTH. Ha OCHOBE MPEICTaBICHHOI'O IMOAXOJa
TIOJIyYEHBI BBIPAKEHUS JJISl MapaMeTPOB KOCMOJOTHUYECKUX BO3MYILEHUH, KOTOPBIE TTO3BO-
JIIIOT COTIOCTaBUTH JaHHBIE MapaMeTphbl JIJS clydas CKalsipHO-TEH30pHOHM TpaBUTAIMH U
Tenenapauie]bHOr0 SKBUBAJIEHTA O0IIel TEOPUH OTHOCUTEIHHOCTH.

KiroueBble cj10Ba: KOCMOJIOTUs, CKASIPHOE T0JIC, MOAU(DUIIUPOBAHHBIC TCOPUU TPABHUTA-
M1, KOCMOJIOTUYECKUEC BOSMYUICHUSA, PEJIMKTOBBIC TPABUTAITUOHHBIC BOJIHBI

BBenenue. CkansipHO-TOPCUOHHBIE TEOPUHM T'PAaBUTALMHU, MOAPA3ZYMEBAIOIINE HE-
MHUHHUMAJIBHYIO CBSI3h CKASIPHOTO TIOJISL M KPYUCHHUS, UCIIONIB3YIOTCS JIJIsI TIOCTPOE-
HUS MOJIeNel Kak MHQIIAIMOHHOTO, TaK ¥ COBPEMEHHOTO 3TamnoB 3Bomonuu Bee-
JieHHoi [ 1-3].

Tem He MeHee, HEOOXO0AUMO OTMETHUTh, YTO MOJIU(PUKAIIUN TeJeapalIeIbHO-
ro SKBHBaJICHTa OOIEH TEOPHH OTHOCHUTEIILHOCTU MPHUBOIAT K HAPYIICHHUIO JIO-
KaIlbHOW JIOpeHI-uBapuaHTHOCTH [3, 4]. Ha wmHGISIMOHHON cTaguu SBOIOLNU
BCEJICHHOI HapyIlleHUe JIOKATHHOU JIOPEHI-MBAPUAHTHOCTH COOTBETCTBYET IOSIB-
JICHUIO JIONOJHHUTEIbHBIX HEQU3NIECKUX MOJT KOCMOJIOIMYECKUX BO3MYILIEHHUH, YTO
MIPUBOJIUT K HEOOXOAMMOCTH JIOTIOTHHUTEIHHOTO aHAIN3a SBOJIIOIIMYA KOCMOJIOTHYE-
CKHAX BO3MYIIECHUN B WHQUISIIMOHHBIX MOJEISIX Ha OCHOBE TEOpPUH T'paBHTAIIUU
JTAHHOTO THIIA.

MeTtoabl 1 MaTepuabl; pe3yabTaTbl. OCHOBOH MPEAIOKEHHOIO OAX01a K
YCTPaHEHHUIO HE(U3UYECKUX MOJ| KOCMOJIOTHYECKHX BO3MYIIIEHUH B paccMaTpuBa-
€MBIX MOJIEIISIX SIBJSICTCS aHAIM3 XapaKTEPUCTUK KOCMOJOTHYECKUX BO3MYIICHUI
Ha OCHOBe MeToaa ApHOBUTTa-/le3epa-MucHepa I TeTpaaHbIX Tosei [4].

Ha ocHoBe aHanmm3a XapaKTEpUCTUK KOCMOJOTHYECKHUX BO3MYIICHUH OBLIO
MMOKa3aHO, YTO CTEINCHHAs 3aBUCUMOCTh MEXIy (YHKIHMCH, OMPEACISIONICH THI
HEMHUHHUMAJIBHOM CBSA3M MEXAY CKAIIIPHBIM OJIEM U KpydeHUueM G(¢) U mapamer-

pom Xabbma H(¢), onpeAemnsiomuM THII KOCMOJIOTUYECKOH NWHAMUKHA YCKOPEH-

HOTO pacCIIUpeHus paHHe# BcenenHoi Buga G ~ H", T1ae n — HEKOTOopas IOCTO-
SHHasl, TPUBOJAWT K OTCYTCTBHIO He(QU3MYECKUX MOJ KOCMOJOTHUYECKHX
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Bo3MyIeHuit. Takxke ObUIO TOKa3aHO, YTO B YACTHOM ciiyyae 7 =1/2 3HayeHus

MapaMeTpoB KOCMOJIOTHYECKUX BO3MYIIEHUH B TOYHOCTH COOTBETCTBYIOT CIIy4aro
TeNenapaieabHOro SKBUBAIEHTa 00IIel TEOPUH OTHOCUTEIBHOCTH.

B kadecTBe Ba)XKHOTO pe3ysbTaTa OTMEYEHO, YTO CTEIEHHAs MapaMeTpu3alus
BIIMSIHUSI HEMUHUMAJILHOHM CBSI3M CKAJISIPHOTO TIOJISL M KPYYEHUS TIO3BOJISIET BEpH-
¢bunmpoBaTh MOJEIN KOCMOJIOTHYECKON MHMISIINUY 110 HAaOIH0AaTeIbHBIM OTPaHH-
YEHUSAM Ha IapaMeTpbl KOCMOJIOIMYECKUX BO3MYILEHHUN Ul IPOU3BOJIBHBIX (hU3H-
YEeCKUX MOTEHIIHAJIOB CKAJIIPHOTO MOJIS.

3akumouenue. [IpenctaBnen aHain3 3BONIONUM KOCMOJIOTHYECKUX BO3MYIIIE-
HUH B MOJIEJISIX HA OCHOBE CKAJIIPHO-TOPCHOHHOM I'paBUTALIMH, B PAMKaX KOTOPOI'O
IMOKa3aHoO, 4YTO HpHU CTENeHHON 3aBUCUMOCTH (1)YHK]_[I/II/I HEMUHUMAJIBLHOU CBSI3U U
napamerpa Xa00y1a BO3SMOKHO YCTPAaHUTh HEPU3UICSCKUE MOIBI KOCMOJIOTHYCCKUX
Bo3MmylieHuil. [lomyueHHble BBIpaKEHUs AJsl apaMeTPOB KOCMOJIOTHYECKUX BO3-
MYILIEHUH SBIAIOTCS OCHOBOM JJISl aHAJIA3a PACXOXKICHUN B MapaMeTpax KOCMOJIO-
THYCCKUX BO3MYHIGHI/II>'I AJid cliy4das CKaJISIpHO-TOpCI/IOHHOI\/'I rpaBuUTallMi U TCJCIIA-
PaJUIETBHOTO SKBUBAJIEHTA OOILEH TEOPHH OTHOCUTEIBHOCTH.
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Abstract. It is shown that for a specific connection between the parameters of cosmological
models based on scalar-torsion gravity, non-physical modes of cosmological perturbations
can be excluded as for the case of the teleparallel equivalent of the general theory of relativ-
ity. Based on the presented approach, expressions for the parameters of cosmological per-
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turbations are obtained, which allow one to compare these parameters for the case of scalar-
tensor gravity and the teleparallel equivalent of the general theory of relativity.

Keywords: cosmology, scalar field, modified theories of gravity, cosmological perturba-
tions, relic gravitational waves

Introduction. Scalar-torsion theories of gravity, implying a non-minimal connec-
tion between the scalar field and torsion, are used to construct models of both the
inflationary and modern stages of the evolution of the Universe [1-3].

However, it should be noted that modifications of the teleparallel equivalent of
the general theory of relativity lead to a violation of local Lorentz-invariance [3, 4].
At the inflationary stage of the evolution of the Universe, a violation of local Lo-
rentz-invariance corresponds to the appearance of additional non-physical modes
of cosmological perturbations, which leads to the need for additional analysis of
the evolution of cosmological perturbations in the inflationary models based on
theories of gravity of this type.

Methods and materials; results. The basis of the proposed approach to elim-
inating non-physical modes of cosmological perturbations in the models under con-
sideration is the analysis of the characteristics of cosmological perturbations based
on the Arnowitt-Deser-Misner method for tetrad fields [4].

Based on the analysis of the characteristics of cosmological perturbations, it
was shown that the power-law dependence between the function determining the
type of non-minimal coupling between the scalar field and torsion G(¢) and the

Hubble parameter H(¢) determining the type of cosmological dynamics of the ac-

celerated expansion of the early universe of the form G ~ H", where n is a some
constant, leads to the absence of non-physical modes of cosmological perturba-
tions. It was also shown that in a particular case n=1/2, the values of the parame-

ters of cosmological perturbations exactly correspond to the case of the teleparallel
equivalent of the general theory of relativity.

As an important result, it is noted that the power-law parameterization of the
influence of the non-minimal coupling of the scalar field and torsion allows one to
verify models of cosmological inflation based on observational constraints on the
parameters of cosmological perturbations for arbitrary physical potentials of the
scalar field.

Conclusion. The analysis of the evolution of cosmological perturbations in
models based on scalar-torsion gravity is presented, within the framework of which
it is shown that with a power dependence of the non-minimal coupling function
and the Hubble parameter, it is possible to eliminate non-physical modes of cosmo-
logical perturbations. The obtained expressions for the parameters of cosmological
perturbations are the basis for the analysis of discrepancies in the parameters of
cosmological perturbations for the case of scalar-torsion gravity and the teleparallel
equivalent of the general theory of relativity.
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AnHOTanus. PaccMOTPEHBI KOCMOJIOTUMECKHE MOJIENH, OCHOBAHHBIE HA 00OOIEHHOM Ipa-
BUTAIMA C HEMMHUMAIBHON CBS3BI0 CKAISAPHOTO TOJA M KpydeHus. VX mocTpoenne ocHO-
BAHO Ha TOYHBIX DEIIEHHUSX, CIPABENIUBBIX Ui OGO KOCMOJIOTHYECKON JMHAMHUKH,
B TOM 4YHCJIE MacmTaGHOTrO (aKTopa W IBOIIOIMH CKAIAPHOTO Mois. B pamkax mpemio-
JKEHHOTO TIO/IX0/[a MOCTPOEHBI KOCMOJIOTHIECKHE MOJIENH, COAEPXKAIIME CTAHUIO YCKOPEH-
HOTO pacCIIUPEHUs Kak B HHGIAIMOHHOW CTaJMH, TaK M Ha MO3JHUX BpeMEHaX. B kauecTBe
npuMepa paccMOTpeHa XaoTudeckast HHQIsus ¢ moTeHuuaiom V(¢) = VO(I)Z. IMocuuTansl

3HAYCHUS HpOI/I3BOHBHBIX KOHCTAHT IJIs1 BepH(bHHpreMOﬁ 110 Ha6J'IIOJIaTeHI)HI)IM JAHHBIM
KOCMOJIOTHUYECKOH MOJIEIIH.

KaioueBble ciioBa: TOUYHbIE peUICHHs, MOIUPUIIMPOBAHHAS TPAaBUTALINS, CKAIISIPHOE TMOJIS,
Kpy4€HUE, IapaMeTPbl KOCMOJIOTMUECKUX BO3MYILEHUIT

Beenenne. MoaudumpoBaHHble TEOPUH IPABUTALUH YCIICIIHO IPUMEHSIOTCS IS
MOCTPOEHUA KOCMOJIOTUYECKUX MOJIENIEH C KOPPEKTHON IMHAMUKOW, BKJIIOUAOIIEH
CTaJUI0 YCKOPEHHOr'O PACIIMPEHUs] B Havdajge MHQISILMU U Ha MO3AHMX BPEMEHaX
[1-4]. Kpome Toro, moo0HbIe ClIeHApUH YJOBJIETBOPSIOT HAOMIOaTEIbHBIM OTpa-
HUYEHHSIM Ha MapaMeTpbl KOCMOJIOTHYECKIX BO3MYIICHUH.

B nanHoii pabote moctpoeHrne HHQISIMOHHBIX CIIEHAPHEB OCHOBAHO HA TOY-
HBIX PEIEHHSX, COPABEAIUBBIX AJISl MPOU3BOJIILHONW (POHOBOHM TUHAMHUKH. 3agaBast

napamerp Xa0Oma, Uit paccmarpuBaemoil ¢ynkimuu ceasu  G(¢)=G,H",
G, = const, MOXXHO NOJIY4YUTbh KIacC MOJEJEH MPOM3BOJILHOIO HMOTEHIMANa CKa-

JISIPHOTO TIOJISI, YTO IMO3BOJISIET PACCMOTPETh (U3UYECKU 3HAYMMBIC MOTEHIIHABI
B KOHTEKCTE TPaBUTAIIUH C KPYyUEHHEM.

MeToabl U MaTepUaJIbl; pe3yabTaThl. O000IIEHHAS TPaBUTALIUS C HEMUHH-
MaJbHOM CBSI3bI0 CKAJISIPHOTO MOJIA M KPYYEHMS] B CHUCTEME €AMHHUL ¢ =8nG =

2 -
=M ,” =1 onuceiBaetcs cnenyromum feicTeueM [3]:

S = [d*xe[ £(T.9)+ o(§)X], (1)

rne f(T,) — nmpousBonbHAs QPYHKIHMS CKATSIPHOTO MO ¢ W CKajsipa KpydeHHsI
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0,0
T, X=- H¢2 ¢ , ®(¢) — KuHeTHdyeckas QyHKIUS, e = det(eﬁ) =./—g . Beibop

MOAXOIAIICH TeTpaibl ez =diag(l,a,a,a), a=a(t) — w™acmtaOHbI (akTop,
MPUBOIUT K MPOCTPAHCTBEHHO IIOCKOW MeTpuke dpummana — Pobeprcona —
Vokepa (OPY) ds* =—dt* +a*8 ;dx'dx’ .

VYpaBHeHus GHOHOBOW TUHAMUKH Monenu st aercteus (1) m metpuku OPY
MpeACTaBICHEI B BUE [3, 4]

FT.0) =S 0@ - 21, =0, @
fa:@+1lm®ﬂf—2n;—f1WLfJ=0, 3
Tdo(d) ;>
@(9)d+ 303(4))\/74) 2 do — 0~ Sy = “)
TouHble peeHus ypaBHeHHH (2)—(4) 3anumem B BUje
S(T,9) =, GOWNT + 0,V () = £(T,0) g + 0V (9), )
2 G2
=—— 6
o(9) = V@) (6)
b= &@, (7)
a G,

’T
rone H = s Tak kak cootHommenus (5)—(7) cupaBemIuBHl s JT000# POHOBOI

IMHAMUKH, BeIOepeM ¢(yHKmmio cBs3u B Bune G =G H". B kxadectBe mpumepa
paccMoTpuM napamerp Xab6ma

H(t) =L —Pt, (®)
A <0. Torma us (6)
V(t):= —”BC;(’T*/&“Q —pe)". )
2

Takum o0pazom, moabupas BUA 3aBUCUMOCTH V =V (d), MOKHO IOCTPOUTH

KJIacc Bepu(UIUPYEMBIX 10 HAOIIOMaTeIbHBIM JaHHBIM Moaenei [5]. st xaotu-
4yeckoi nHGpnuu [6]

V=V, (10)
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V, = const. Mcxons u3 (9) u (10) momydum 3aBUCUMOCTb #({) , 4TO TO3BOJISET BOC-
CTaHOBUTH (DOHOBYIO TMHAMHKY B TEPMHHAX CKaJIspHOTo mousisi. Takum oOpaszom,
UCXONs W3 BBIPOKCHHH JAJS TapaMeTpOB KOCMOJOTHYECKHX BO3MYILICHUH H

H
€= ey MOXXHO IOCTPOUTH BCpI/I(pI/IHI/IpyeMyIO MOACJ/Ib, HC BOCCTaHAaBJIMBas 3a-
H

BUCUMOCTE #(ng) .

3HaueHus mapaMeTpoB KOCMOJOTHY€CKUX BO3MyHIeHI/II7[
OT MPOU3BOJBbHBIX KOHCTAHT

AN n A r ns o1

55 0,51 33,160 0,028 0,9599 | -0,370
58 0,4 34,050 0,020 0,9610 | —0,370
60 0,41 2,301 0,020 0,9622 | -0,370

3akiouenue. B mpencraBieHHONH paboTe MOMy4YeHBbl 3HAUEHHS HA TPOU3-
BOJIbHBIE IIAPAMETPbl CHCTEMbI, MO3BOJIIOIIME ITOCTPOUTH BEPUPHULUPYEMBIE 110
HaOII0aTeNbHBIM OIPaHUYEHUSAM [5], B paMKax NMPHOJIMKEHUS] MEIUIEHHOTO CKa-
ThIBAHHA. PaCCMOTpeHHBIﬁ IoaAXO0d ITO3BOJISACT HAa OCHOBC (1)H31/I‘-I€CKI/IX IIOTCHIIMA-
JIOB CTPOUTH KOPPEKTHYIO (POHOBYIO TUHAMUKY.
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Abstract. We consider cosmological model based on generalised scalar-torsion gravity. Its
construction is based on exact solutions, which are valid for arbitrary dynamics, a scale factor
and a scalar field evolution. The anzats G(¢) = G,H" for arbitrary coupling function is cho-

sen. It allows to restore the dependence between parameters of cosmological perturbations by
choosing the Hubble parameter. In the context of the proposed approach, cosmological mod-
els are constructed, providing both accelerated expansion at the inflationary stage end as well
as an accelerated expansion at late times. It is shown that such generalized scalar-torsion grav-
ity scenarios are verified with modern constraint on parameters of cosmological perturbations.
Also, the values of arbitrary constants are calculated for verified by observational data cosmo-

logical model. As the example, chaotic inflation is V' (¢) = V0¢2 chosen.

Keywords: exact solutions, modified gravity, scalar field, torsion, parameters of cosmolog-
ical perturbations

Introduction. Modified gravity theories are successfully applied to construct cos-
mological models with correct dynamics, implying the accelerated expansion stage
at the beginning of inflation and at late times [1-4]. Moreover, such scenarios satis-
fy observational constraints on the parameters of cosmological perturbations.

In this paper, the construction of inflationary scenarios is based on exact solu-
tions that are valid for arbitrary background dynamics. By setting the Hubble pa-
rameter, for the considered coupling function, one can obtain a class of models of
arbitrary scalar field potentials, which allows one to consider physically relevant
potentials in the context of gravity with torsion.

Methods and materials; results. Generalized gravity with non-minimal cou-

pling of scalar field and torsion in units system c¢=8nG =M ;2 =1 is described by
the action [3]

S = [d*xe[ f(T.9)+ () X], (1)

where f(T,0) — arbitrary function of scalar field ¢ and torsion scalar 7,
0, oo

X= —M, o(¢p) — kinetic function, e= det(eﬁ) =./—g. The choice of prop-

2
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er tetrad ez =diag(l,a,a,a), a=a(t) — scale factor, leads to spatially flat Freed-
man — Robertson — Walker (FRW) metric ds” = —dt* +a’8 [jdx[dxj .

Cosmological background equations for action (1) and FRW metric are de-
fined as follows [3,m4]

ST =S 0O -1, =0, @
1 ‘9 d
ST0)+1Z 000 =217 =—(H. /1) =0, (3)
1dw(9) ;>
®(9)¢+ 30 (¢)\f¢ 2 do 2 = £, =0. “4)
Exact solutions of (2)—(4) are considered as follows
S(T20) =, GONT +aV () = £ (T.9) s + 0.V (9), )
_ o Gi
o(9)= 30, V(0) (6)
p= Yoo V) ™)
a G,

T
where H = \/; Since relations (5)—(7) are valid for any background dynamics, let

us consider the coupling function inf the form G =G H". As the example, the
Hubble parameter is

A <0. From (6) we get
V(t)= —’QBC;O—*/a“I(x —pe)".
o ©)

Hence, by choosing the type of dependence V =V (), one can construct a
class of models verifiable by observational data [5]. For chaotic inflation [6]
V=rg¢’, (10
V, = const. From (9) and (10) we can find #(¢) , which allows to restore back-
ground dynamics in terms of a scalar field. Thus, based on the expressions for the
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2 b

. , H
parameters of cosmological perturbations [5] and ¢ = T we can construct a

verifiable model without restoring the dependence r(ny).

Values of cosmological perturbations parameters from arbitrary constants

AN n A r ns o1

55 0.51 33.160 0.028 0.9599 | -0.370
58 0.4 34.050 0.020 0.9610 | -0.370
60 0.41 2.301 0.020 0.9622 | -0.370

Conclusion. In the presented work, we obtain values on arbitrary parameters

of the system, which allow us to construct verifiable by observational constraints,
based on the slow rolling approximation. The considered approach allows one to
construct correct background dynamics on the basis of physical potentials.
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Abstract. Gravitational Wave detectors are ultimately vibration detectors. They transform
the vibrations of space-time into electrical vibrations that can be measured. Seismic noise is
one of these unavoidable sources of noise as the terrestrial detectors are connected to the
ground, this is a constant source of noise. One way to deal with this noise is to make a sus-
pension that isolates the experiment to the ground, at least reduces the coupling between
ground and the experiment. This works shows the way to design such suspensions that does
compromise the overall performance of such detectors.

Keywords: Gravitational Wave, Vibration reduction, seismic noise, suspension, Gravita-
tional Wave detectors

Introduction. Gravitational waves (GW) are space—time ripples generated by
accelerated massive objects, to have a reasonable intensity, these massive objects
must be of a cosmic origin like compact stars such as Neutron Stars or Black
Holes. Considering the Einstein General Theory of Relativity, these GW move at
the speed of light and can accelerate masses or excite quadrupolar normal-modes of
elastic bodies as the equivalent principle predicts. The potential sources of GWs
include binary compact star systems composed of white dwarfs, neutron stars and
black holes.

The existence of GW is also a consequence of the Lorentz Covariance of
Einstein General Theory of Relativity. GW does not exist in the Newtonian theory
of gravitation, which postulates that physical interactions propagate at infinite
speed.

The first detection of GWs came from the inward spiral and merger of the
Black Hole (BH) binary. The event is called GW 150914, and the name is given by
the Letters GW followed by the year, month and day of the detection, then the
detection happened on September 14, 2015. In 2017 a simultaneous detection of
GW radiation and electromagnetic radiation was made from what is called a
hipernova, a binary Neutron Star (NS) system that merged. It is called GW170817,
which could have started the era of multi-messenger astronomy, which involves
GW, optical radiation, radio, gamma-rays and X-rays radiation. Studying the
universe with these different types of radiation opens a new era for understanding
the universe.
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In 2017, the Nobel Prize in Physics was awarded to Barry Barish, Kipe Thorne
and Rainer Weiss for their role in detecting gravitational waves. Before the first
GW detection, there was indirect evidence of these GW. Measurements of the
Hulse and Taylor binary pulsar system suggested that GW was more than a
hypothetical concept, at least for the emission of such waves; the authors of this
measurement won the Nobel prize. This system is one of the potential sources of
detectable gravitational waves, but because of the frequency with which this
system operates, a new kind of detector can detect much smaller frequencies than
the one that detected GW150914. The kind of detector responsible for this
detection are interferometric ones, whose sensitivity is limited at frequencies close
to 10 Hz and lower because of seismic noise on the mirrors.

These detector are vibration detectors and as such must deal with seismic noise
that comes from the ground vitrations, this work deal in the ways of reducing this
noise.

Methods and materials; results. The analysis is done by simulatiting the de-
tector in solids models and then analyzing their performance using Finite Elements
Modeling (SolidWorks software is used). The test bed is the Schenberg detector,
the results can be extrapolated for other terrestrial detectors [1-3].

Conclusion. The results show that the seismic noise can be reduced to a level
that allows the detection of Gravitational Waves.
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Abstract. We discuss the possible coupling between a superfluid and the local gravitational
field. After introducing a quantum-gravity theoretical framework to characterize the possi-
ble supercondensate-graviton coupling, we exploit an effective theory for generalized
Maxwell-type fields to analyze some predicted effects originating from the proposed inter-
play.
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Introduction. It is known that linearization of the Einstein equations for a nearly-
flat spacetime metric (weak gravitational field) leads to a set of equations that re-
sembles Maxwell's formalism [1, 2].

From an experimental point of view, it has been shown that generalized electric-
type fields can be induced in (super)conductors by the presence of the Earth’s weak
gravitational field. These observations led to the formal introduction of a modified
electric-type field, characterized by an electrical component and a gravitational one,
determining detectable corrections to the free fall of charged particles [3].

Methods, materials, results. The above remarkable experimental results can
be now combined to the theoretical weak-field gravity formulation, leading to a
more general definition of new generalized electromagnetic fields. The latter fea-
ture a component defined in terms of the weak gravitational perturbations and satis-
fy a specific set of equations that can be put in a form closely analogous to Max-
well's equations [4]. The described framework can be exploited to analyze an
interplay between gravity and supercondensates [5], the new generalized fields be-
ing involved in quantum effects originating from the interaction with the weak
gravitational background, in analogy to what happens for gravity-induced fields in
superconductors [6].

A straightforward application of the weak-field expansion is to consider de-
tectable effects in simple systems like Josephson junctions and SQUID devices.
The generalized fields and potentials, featuring a Maxwell component and
a gravitational contribution, can give rise to local effects in the superconducting
materials due to the presence of the surrounding gravitational field, under suitable
experimental conditions [7].
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The emerging formal symmetry between the Maxwell and weak gravity equa-
tions also allows the use of the Ginzburg — Landau model for the description of
the physics, resulting in a mean-field theory for the system's thermodynamics, in-
cluding the effects of thermal fluctuations [6]. The resulting differential equations
can be used to obtain solutions explicitly describing the backreaction effects of the
supercondensate on the local gravitational field [8-10].

Conclusions. These studies provide a theoretical framework to explore a pos-
sible, unconventional gravity-superconductors interplay. For short time intervals,
the model predicts a slight local gravitational alteration, highlighting the backreac-
tion of the supercondensate on the surrounding gravitational field. It is possible to
show that sample dimensions and chemical composition are crucial to give larger
effects, while it is fundamental to be very close to the critical temperature in order
to increase the time range in which the effect takes place.
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AHHOTanusi. M3ydeHpl KOCMOJIOIMYECKHE MOJENN B CIEHUATBHOM IMOJKIACCE CKAJSPHO-
TEH30pHOU TeopuM rpaBuTanuu XopHaeckd. IlosmyueHbl ypaBHEHUS IOJSA U3 IEUCTBUS C
HEMUHUMaJILHON KUHETUYECKOW CBsA3bl0. [IpoBeneH aHanu3 peuieHHs HalMX MOJIENEH,
HCCIIEIOBAHO TOBeACHUE BCeeHHOM Ha pasHBIX CTAIUAX €€ DBOJIIOLUH.

KiroueBble cjioBa: KOCMOJIOTHS, CKaJIIPHO-TEH30pHBIE TEOPUH TPaBUTAIUU

Beenenue. CeronHst B KOCMOJIOTHH CYILECTBYET PsAJ HEPEILCHHBIX MPoOJieM, KOTO-
pBIE MOXKHO PEUInTh, MOAUMHUIIMPOBAB OOIIYIO TEOPHIO OTHOCHTEIILHOCTH, JTMOO ITy-
TE€M BBEACHUS JOMOJHUTEIBHBIX M3MEPEHUH, JH00 MmyTeM N00aBiIeHHS IOTOTHH-
TENBHBIX cTenene cBoOo bl [locime oTkpeiTHst B 1998 T. yCKOpPEHHOTO pacHInpeHust
BcenenHoli MosiBUIICS HOBBI UMITYJIbC B U3YYEHHH MOJU(UIIMPOBAHHBIX TEOPHIA
rpaButaiuu. Jljis 3Toro TpedyeTcs HeKHid 3ara/IouHbIi HCTOUHUK, TPOHU3BIBAIOIINI
BCE€ MPOCTPAHCTBO-BPEMSI MIIH, IPYTUMH CIOBAMH, HEKOE IOJIE C OTPHULIATEIBHBIM
nasneHneM w ~ —1. Haubonee BEpOsSTHBIM KaHIUIATOM Ha 3TO SABJSIETCS BAKyyM-
Has 3HEeprus KBaHTOBBIX mosied. Ho m3aMepeHHble ckopocTH pacuupenus: Beenen-
HOHM TOKa3bIBalOT, 4yTO Macca Ha 15—30 mopsAKOB MeHbIE, YeM JIOJDKHA OBITh
B TEOPHU. DTO HECOOTBETCTBHE, M3BECTHOE KakK HMpolieMa KOCMOJOIMYECKOH II0-
CTOSTHHOM, MOOYJUIIO0 MCCIieloBaTeNneld K U3yYeHHIO CIICHAPHUEB, KOTOPBIE MOTJIH
OBl 00BSICHUTH CaMOYCKOpsItoIieecs] IoBeicHne BceeeHHo 3a cuer erpaBuTaniu
BaKyyMHOH 3Hepruu. B kauecTBe 0OIHOTO M3 YHHUBEPCAIbHBIX BAPUAHTOB PEILICHUS
3TOTO HECOOTBETCTBHUS MBI PACCMATPHUBAEM CKaJSIPHO-TEH30PHYIO TEOPHIO TPaBU-
Tanuu XopHAecku [1] ¢ ypaBHEHHSMH TOJIS HE BBINIE BTOPOTO Topsiaka. Teopust
rpaBUTalUN XOPHJECKU COJEPKUT BCE paHEE M3YUEHHBIE MOJENIH CO CKAJISIPHBIM
I0JIEM, CBSI3aHHBIM C IpaBUTalMeld. BBUIy 10ocTaTOUHON MPOMO3IKOCTH M CIIOXKHO-
CTH IJI WCCIeNoBaHus oOmieil Teopun XOPHIECKH, MBI PACCMOTPHUM IOJKIIACC
9TOW TEOPHWH TPABUTAIMH, & UMEHHO OJHOPOIHBIE M M30TPOITHBIE KOCMOJIOTHYE-
CKME MOJENIM B MOJKJIACCE 3TOH TEOPUH C Pa3IMYHbIM 3HAKOM KPHUBU3HBI k = —
1,0,1, 9TO COOTBETCTBYET OTKPHITOM, MIIOCKOW M 3aKPHITON MOJEISIM BeeneHHOH.
MeToabl M MaTepuaJibl; pe3yabTaThl. B Hameil pabote Mbl paccMaTpuBaiu
YacTHBIN cy4all TEOpUH rpaBUTALMH XOPHIIECKH, ONUPasch Ha padoTy [2]:

S= f[x +(GME + F(OWE) R +[ (7.7 0)" - (l7#l7v¢))2” dx*,
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rae f(¢) — mnpousBojbHas ckamsipHas (QyHKIHs, R — CKaJspHas KpUBH3HA,
Mp; — macca Ilnanka, X — KUHETHYECKWil 4ieH, npuuem X = %qbz B METpHKE
®puamana — Jlemerpa — Pobeprcona — Yonkepa ds? = —dt? + a(t)? (% +
+ 12(d6? + sin 62 dp?)). Hamm ocHOBHbIE ypaBHeHHMs TONs ¢ (yHKIMel cka-
JSIPHOTO TOJISI, MOJB3YSCh CTaThel [3], KOTOpbIE HEOOXOAUMO U3YYHTh B JTAHHON
OHOPOJHOM U M30TPOIHOM KOCMOJOTMYEeCKOW Mozenu. B mosyduBIIMXCS ypaB-
HEHHSX MbI PACCMOTpENH ciiydan ¢ QyHKImed ckaiaspHoro mois f (¢), npuHiMa-
foree octosiHuyo (f () = By), muneiinyio (f (¢p) = By + B1¢) u KBaapaTHIHYIO
sasucumocts (f(P) = Bo + 1@ + B, P?). PaccMoTpenu noseieHre MacTabGHOro
¢dakrtopa a(t), mapamerpa Xabo6na H(t) u ckanspaoro moist ¢(t) Ans Kaxaoro
3aJ]aHusl CKAJISIPHOTO TOJIsI IPY OMPEeTICHHBIX mapaMeTpax fq, f1, B2-

3akiawoyenne. VccienoBaHa M30TPOIHAS M OJHOPOAHAS KOCMOJIOTHYECKAs
MOJIeNIb B CHEHUATBFHOM TOJKJIACCe TEOPHUH TIPaBUTALUKM XOPHIECKH. [loyueHb
OCHOBHBIC TMOJICBbIC YpaBHEHHUS. [lOCTPOSHBI pEHICHHs M TPOBEICH aHaIU3.
B cnyuae f(¢p) = By + B1¢ nmocTpoeHa mozenb, onucsiBaromas kBasu-ae Curre-
POBCKYIO cTauio (MHQIAMOHHYI0) CTaMI0 HAa paHHEM JTare dBooK Beenen-
HOH 11 OTKpBITON U mockoil Beenennsix. [loBenenue xe 3akpoiToil Beenennoi
OKa3ajoch nepuoandeckum yist ciaydas f (@) = [y U yxopsiiei B CHHIYJIIPHOCTb
s f (@) = Bo + Brd. Taxxke, mns f(P) = o + 1P + Pop? mokazanu cnoxuOe
noBefeHie BceneHHON mpu pasnuuHbiX Tapamerpax o, By, B2 AdS OTKPBITO,
IJIOCKOM U 3aKpbITOil BeeneHHbIX.
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Abstract. Cosmological models are studied in a special subclass of the scalar-tensor theory
of gravity of Horndeski. Equations of the field of action with non-minimal kinetic coupling
are obtained. An analysis of the solutions of our models is carried out, and the behavior of
the Universe at different stages of its evolution is studied.

Keywords: cosmology, scalar-tensor theories of gravity

Introduction. There are currently a number of unsolved problems in cosmology
that can be solved by modifying general relativity, either by introducing extra di-
mensions or by adding extra degrees of freedom. The discovery of the accelerating
expansion of the Universe in 1998 has given new impetus to the study of modified
theories of gravity. This requires some mysterious source permeating all of
spacetime, or in other words, some field with a negative pressure w ~ —1. The most
likely candidate for this is the vacuum energy of quantum fields. But measured ex-
pansion rates of the Universe show that the mass is 15 to 30 orders of magnitude
smaller than expected in theory. This discrepancy, known as the cosmological con-
stant problem, has prompted researchers to explore scenarios that could explain the
self-accelerating behavior of the Universe through the degravitation of the vacuum
energy. As one of the universal variants of solving this discrepancy, we consider
the scalar-tensor theory of Horndeski gravity [1] with field equations of no higher
than the second order. The Horndeski theory of gravity contains all previously
studied models with a scalar field associated with gravity. Due to the sufficient
bulkiness and complexity for studying the general Horndeski theory, we will con-
sider a subclass of this theory of gravity, namely, homogeneous and isotropic cos-
mological models in the subclass of this theory with different signs of curvature & =
—1,0,1, which corresponds to the open, flat and closed models of the Universe.

Methods and materials; results. In our work we considered a special case of
Horndeski's theory of gravity, based on the work [2]:

1
5= [+ (3M3+ FOVE) R+ 1O79)? = RN,

where f(¢) is an arbitrary scalar function, R is the scalar curvature, Mp; is the
Planck mass, X is the kinetic term, and X = E(,bz in the Friedmann-Lemaitre-
dr?

Robertson-Walker metric ds? = —dt? + a(t)2(1—kr2 + 1r2(d6? + sin 62 dg?)).

We found the basic field equations with the scalar field function using the article
[3], which need to be studied in this homogeneous and isotropic cosmological
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model. In the resulting equations, we considered cases with the scalar field function
f(¢) taking a constant (f(¢p) = By), linear (f(¢p) = By + B1¢) and quadratic de-
pendences (f(¢) = Bo + B1d + Bo¢?). We considered the behavior of the scale
factor a(t), the Hubble parameter H(t) and the scalar field ¢(t) for each assign-
ment of the scalar field for certain parameters Sy, 51, B2.

Conclusion. An isotropic and homogeneous cosmological model in a special
subclass of the Horndeski gravity theory is investigated. The main field equations
are obtained. Solutions are constructed and an analysis is performed. In the case of
f(p) = By + B1¢, a model is constructed that describes the quasi-de Sitter stage
(inflationary) at the early stage of the Universe evolution for the open and flat Uni-
verses. The behavior of the closed Universe turned out to be periodic for the case
of {¢) = Po and going into a singularity for f(¢p) = By + B1¢. Also, for f(Pp) =
= Bo + f1¢ + B,P?, a complex behavior of the Universe was shown for different
parameters [, 51, B2 for the open, flat and closed Universes.
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Annoranusi. Cnenyst HenepTypOatuBHoi (opmynupoBke KO/ cunbpHOTO 10JIS, pa3BUTON
B Hamux Oonee paHHUX pabOTax, Mbl paccMaTpuUBaeM U3ydeHHE (POTOHOB, CONPOBOXKIA-
Iollee HEeCTaOMIBHOCTh BAaKyyMa, BBI3BAHHYIO JAEHCTBHEM KBa3MIIOCTOSIHHOTO CHIJIBHOTO
ANEKTPUUYECKOTO TOJI KOHEYHOH anuTenbHOoCcTH 7. IlomydeHsl 3aMKHYyThIe (GOPMYIBI A
MOJIHBIX BEPOSTHOCTEH, M3Y4YE€HO HM3Jy4eHHe (OTOHOB AJIEKTPOHOM M HM3JIy4€HHE, COIpO-
BOXKJAOILEE POKIECHHE DIIEKTPOH-TIO3UTPOHHBIX Nap U3 BaKyyma. MccienoBaHo yriaoBoe U
MOJISIPU3ALIMOHHOE PACIIPEJEIIEHUE U3IIyYEHHs], B TOM YHCIIE€ XapaKTePUCTUKU U3Iy4YECHUS B
BBICOKOYACTOTHOM IPUOJIDKEHNH OTHOCHTENbHO 1/7. AHamusupyercs NpHMEHHMOCTb
MIPEJCTAaBIEHHBIX PACYETOB K TPEXMEPHBIM IUPAKOBCKHM IOJIyMETalllIlaM, B KOTOPBIX IO-
BEICHHE HU3KOIHEPTeTHYECKNX Oe3MaCCOBBIX BO30Y)KICHMI MOXKET OBITh OIMCAHO ypaB-
HeHueM J[upaka, a pojib CKOPOCTH CBETA B BAKyyME UIPaeT CKOpOCcTb DepMi.

KaroueBble cjioBa: KBaHTOBas JJIEKTPOJMHAMHKA, CHIBHOE DIEKTPUYECKOE TOJIe, HecTa-
OmnbHbBIN BakyyM, s ekt LLIBuHrepa, usiyyeHue, AMpakoOBCKUE MOIYMETAIIbI

Beenenne. Poxxnenne map yacTvil M aHTHYAcTHUI] U3 BakyyMa Onarozaps Hemep-
TypOaTUBHOMY B3aMMOJEHCTBHIO C BHEIIHUM moyieM (3¢ dekt LLIBuHrepa) B HacTO-
slee BpeMsl pacCMaTpUBAETCS BO MHOTHX TIOJIEBBIX MOJIENSX SIBICHUH B (DH3MKE
BBICOKMX DHEpruii, actpodusuke M Qu3nke HAHOCTPYKTYp (CM. HeJlaBHUE 0030PHI
[1-4]). Habmonenue s¢dexra poskaeHus 3IEeKTPOH-TIO3UTPOHHBIX Map B 3JIEKTPH-
YeCcKOM MoJie TIOKa He JIOCTYITHO HM3-3a OOJIBIION MHTEHCHBHOCTH HEOOXOIUMOTO
B 3TOM ciry4ae moiist. OJJHaKo ecTh aHATOTH — 3P QEKTUBHBIE TEOPUH JTUPAKOBCKUX
MOJyMETaJUIOB C 0€3MacCOBBIMU KBa3HMYacTULAMH, Tl TpeOyemas HHTEHCUBHOCTD
ANEKTPUIECKOTO MOJIsI JOCTHKKUMA B JIAOOpAaTOPHBIX ycloBUsX. Poxkaenue map 4a-
CTHUI] ¥ aHTHYACTHI] yJA00HO HAOIIOAATh IO COMPOBOXmaroIeMy 3(hdeKT xapak-
TEpPHOMY H3IIy4eHHIO (OTOHOB. MBI COIOCTABISIEM XapaKTEPUCTUKH 3TOTO H3Iy-
yenusa B KO/ 1 aHaIoroBBIX MOACIIAX.

MeToabl 1 MaTepuabl; pe3yJbTaThbl. /i1 pacyeToB HCIIOIL3YETCsl Hemep-
TypbaruBHas popmynuposka KOJI cuimsHOTO 1MOIISI, pa3BUTas B HAITUX Oojiee paH-
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HUX paboTax, cM. HampuMmep, [1] 1 uccnenoBaHue W3MYUYEHHS B ABYMEPHOM JTHpa-
KOBCKOM TonymeTasuie [2].

3akiiouenune. Pe3ynbTarhl JUI XapaKTEPUCTHK H3IMYYCHUS MPH POXKICHUN
nap u3 Bakyyma B KOJ[ MOXHO COMOCTaBNIATh C aHATOTUYHBIMU PE3YJIbTaTaAMH JIJIsI
TPEXMEPHBIX TUPAKOBCKHUX MOJYMETAUIOB, YUYUTHIBAS, YTO B ITOCIEAHUX POJIb CKO-
POCTH CBETa JUIsl 3apsDKCHHBIX YaCTHUI UTPAET CKOPOCTh depMu, KOTOpass HAMHOTO
MEHBIIIE CKOPOCTH CBETA.
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Abstract. Following a nonperturbative formulation of strong-field QED developed in our
earlier works, we consider photon emission accompanying vacuum instability under the
action of a quasi-constant strong electric field of finite duration T. We construct closed
formulas for the total probabilities and study the photon emission by an electron and for the
photon emission accompanying an electron-positron pair creation from a vacuum. We study
angular and polarization distribution of the emission as well as emission characteristics in a
high-frequency approximations with respect of 1/7. We analyze the applicability of the
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presented calculations to three-dimensional Dirac semimetals in which the behavior of low-
energy massless excitations can be described by the Dirac equation and the role of the
speed of light in vacuum is played by the Fermi velocity.

Keywords: quantum electrodynamics, strong electric field, unstable vacuum, Schwinger
effect, emission, Dirac semimetals

Introduction. The creation of pairs of particles and antiparticles from a vacuum
due to non-perturbative interaction with an external field (the Schwinger effect) is
currently considered in many field models of phenomena in high-energy physics,
astrophysics, and physics of nanostructures (see recent reviews [1-4]). Observation
of the effect of electron-positron pair production in an electric field is not yet pos-
sible due to the high intensity of the field required in this case. However, there are
analogs — effective theories of Dirac semimetals with massless quasiparticles,
where the required intensity of the electric field is achievable in laboratory condi-
tions. The production of pairs of particles and antiparticles is conveniently ob-
served by the characteristic radiation of photons accompanying the effect. We
compare the characteristics of this radiation in QED and analog models.

Methods and materials; results. For the calculations, we use the non-
perturbative formulation of strong-field QED developed in our earlier works, see, for
example, [5] and the study of radiation in a two-dimensional Dirac semimetal [6].

Conclusion. The results for the characteristics of radiation during pair produc-
tion from vacuum in QED can be compared with similar results for three-
dimensional Dirac semimetals, taking into account that in the latter the role of the
speed of light for charged particles is played by the Fermi velocity, which is much
less than the speed of light.
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AHHoOTanus. PaccmarpuBaeTcst BO3MOKHOCTh YCKOPEHHOTO X0/a LIMKIMYECKU ABHKYIIHX-
cs1 (PM3MYECKUX MPOIIECCOB B MPOCTPAHCTBE C JMIOIBHON aHM30Tpomnuel. B kauecTBe mpo-
CTPAaHCTBA C JUIIOJbHOM aHU30TPOIMEH PACCMAaTPUBACTCS 3KBUBAJICHTHOE IIPOCTPAHCTBO
HaOmoaTens, IBIKYIIErocs ¢ TOCTOSIHHON CKOPOCTBIO B M30TPOIHOM (DH3HYECKOM MPO-
ctpancTBe. CrenaHbl YHCICHHBIE OLICHKH YCKOPEHUS XO0a IUKIMYECKU JIBIDKYIIUXCSA (QH-
3UYECKHUX MPOLECCOB B MPOCTPAHCTBE C AUIOIBHON aHU30TPONHUEH Ha MPUMEPE ABHKEHHUS
HCKYCCTBEHHBIX CITyTHHUKOB M IIaHeT COJIHEYHOH CHCTEMBI MO TeHOIEHTPHYECKO opOu-
Te.

KiamoueBble cjioBa: crenyajibHass Teopus OTHOCHUTCIIbBHOCTH, 3aMEJICHUE BPEMCHH, IAU-
TOJIbHAsA aHU30TPONUA

BBenenue. CorinacHO cnelUalbHOM TEOPUH OTHOCUTEIBHOCTH CYLIECTBYET BO3-
MOXXHOCTh B YIPAaBISIEMOM 3aMENIJICHHH TPOTEKAHUS JBIKYIUXCS (PUIUIESCKUX
MPOIIECCOB OTHOCHUTENILHO HEMOJABMKHOT0 Habmogartens. CoBpeMeHHBIE Ipe/l-
CTaBJICHUS O paCIIUPSIONIeHCs BceleHHOM MO3BOSIOT BBECTH CBSI3AHHYIO C (PH3H-
yeckuM 1poctpancTBoM (PII) comyTcTByrOIIyI0 HHEPIHATBHYIO CUCTEMY OTCUEeTa
(MCO) [1], xoTopas Taxxe SBISETCS COMYTCTBYIOIIEH U OTHOCUTEIBHO PENHUKTO-
BOro m3nydeHus. HaGmogaemoe cBOHCTBO JUIONEHON aHU30TPOIHH PEIIMKTOBOTO
M3ydeHus [2] onpenerser HEHYJICBYIO MEKYIAPHYI0 CKOPOCTh JH00T0 HaOr0a-
Tens Bo Bcenennoii. M3orpornHoe ®II, B koTopoM HaOIoaTeNh ABUKETCS C TIO-
CTOSIHHOW CKOPOCTBIO, SKBUBAJIEHTHO IPOCTPAHCTBY C JMIIOJIBHOW aHU30TPOIMEH,
B KOTOPOM, KaK OyJIeT IoKa3aHO B 3TOH paboTe, BO3MOXKEH YCKOPEHHBIN XOJ ITUK-
JIUYECKH JIBWKYIIUXCS PU3NUECKUX MPOIIECCOB.

MeToabl U MaTepuaJbl; pe3ybTaThbl. CBHKeM HAOMIOMATENsI U COOTBET-
creytonryio UCO; ¢ Comueunonr cuctemoit, a UCO, ¢ KOCMHYECKHUM OOBEKTOM
(KO), mBmxymmmcs no smuuntadeckoi opoute Bokpyr Connua. Eciin UCO; nme-
€T HEHYJIEBYIO CKOPOCTh JBIXKEHUS (MEKYISIPHYIO CKOPOCTh CONTHEYHON CUCTEMBI)
oTHOcuTeIsHO DII, TO 3TO PKBUBAJICHTHO ABIKECHHIO Ipom3BoibHOr0o KO B DI
¢ AUMNONBHOM aHu3oTponueil. B mHoMm cimydae umeetr Mecto asmkenus KO B u3o-
tportHoM DII. Ha pucyHke mpeacTaBieHbl pe3yibTaThl PACU€TOB PA3HOCTH IOKa-
3aHua 4yacoB Ha KO orHocurenpHO CONHEYHONW CHUCTEMBI IJISi «H30TPOITHOTO»
Y «aHU30TPOMHOTO» CIy4asl Ha MPUMEPE caMoro ObICTPOrO MCKYCCTBEHHOTO O0b-
eKkTa — cosnHeuHoro 30u4a «Ilapkep» [3].
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Pa3HOCTb NOKa3aHUA YacoB Ha COTHEYHOM 30HAe «[Tapkep»
OTHOCUTENBbHO CONHEYHOM CUCTEMDI NPU €70 ABUNKEHUM MO OpbUTe

VYyeT IUIMONBHONM AHU30TPONMHU MPOCTPAHCTBA HA KAXKIOM IIOJHOM BUTKE
«Tapkepa» Bokpyr ConHI]a BHOCUT H3MEHEHUE B Pa3HOCTb MOKA3aHUS 4YacoB
5,4 Mc. Bce 3TO MpUBOAMT K TIOSIBJICHUIO HAKAITUBAIOIIEHCS TOMOTHUTEILHON
ook onpenenenus koopauHat KO Ha kaxaoM MOTHOM BUTKe 23,6 KM.

3akaouenue. Yacel, nukinuyecku apmwxkyumecs B OII ¢ numnonsHOU aHU30-
TPOTIHEH, MOTYT OCYIIECTBISATh YCKOPSHHBIA XOJ B CPAaBHCHHH C aHAJTOTUYHBIMH
yacamu, ABMKYIIUMHUCS B oObruHOM DII. [Iiis 00bexkToB COJHEYHOM CHUCTEMBI
HaKaruiMBarolieecs: OTKIOHeHUE nokazanuil yacoB Ha KO omnpezaensercs nepuoaom
BpaiieHus Bokpyr CollHIa, SJUTUITHYHOCTEI0 OPOUTHI U OPOUTAIIEHON CKOPOCTHIO
YU COCTABIISIET €AWHUIIBI MUUIMCEKYHII Ha OHOM ITOJIHOM OOOpOTE MO OopowuTe.
C OTKJIOHEHHEM TTOKa3aHUI YacoOB CBs3aHa JOMOIHUTENbHAS OMIHOKA ONpe/IeIICHUs
koopaunat KO, nocturaroias JecsiTKOB KUJIOMETPOB.
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Abstract. The possibility of accelerated passage of cyclically moving physical processes in
the space with dipole anisotropy is considered. The observer’s equivalent space moving
with constant velocity in isotropic physical space is considered as a space with dipole ani-
sotropy. Numerical estimates of the acceleration of cyclically moving physical processes in
space with dipole anisotropy are made on the example of the motion of artificial satellites
and planets of the Solar System along the heliocentric orbit.

Keywords: special theory of relativity, time dilation, dipole anisotropy

Introduction. According to the special theory of relativity, there is a possibility of
controlled slowing down of moving physical processes relative to a stationary ob-
server. Modern concepts of the expanding Universe allow us to introduce a con-
comitant inertial reference frame (IRF) associated with physical space (PS) [1],
which is also concomitant with respect to the relic radiation. The observed property
of dipole anisotropy of the relic radiation [2] determines the non-zero peculiar ve-
locity of any observer in the Universe. The isotropic FP, in which the observer
moves with constant velocity, is equivalent to the space with dipole anisotropy, in
which, as it will be shown in this paper, the accelerated course of cyclically moving
physical processes is possible

Methods and materials; results. Let us associate the observer and the corre-
sponding IRF; with the solar system, and IRF, with a space object moving along an
elliptical orbit around the Sun. If IRF; has a non-zero velocity of motion (pecular
velocity of the Solar System) relative to the PS, it is equivalent to the motion of an
arbitrary space object in the FP with dipole anisotropy. Otherwise, the motion of
space object in an isotropic PS takes place. Fig. shows the results of calculations of
the difference of the clock reading on the space object relative to the Solar System
for the «isotropic» and «anisotropic» cases on the example of the fastest artificial
object — the Parker Solar Probe [3].

Taking into account the dipole anisotropy of space at each full revolution of
Parker Solar Probe around the Sun introduces a change in the difference in the
clock reading of 5.4 ms. All this leads to an accumulating additional error in de-
termining the coordinates at each full revolution of 23.6 km.
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Difference in clock readings on the Parker Solar Probe relative to the Solar System

Conclusion. A clock cycling in a PS with dipole anisotropy can have an accel-
erated rate compared to a similar clock moving in a conventional PS. For Solar
System objects, the accumulating deviation of clock readings on the space object is
determined by the period of rotation around the Sun, orbital ellipticity, and orbital
velocity, and amounts to units of milliseconds per one full orbital revolution. The
deviation of clock readings is associated with an additional error in determining the
coordinates of the space object, reaching tens of kilometers.
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(0] BbIHYXXAEHHbIX KonebaHuax NNEeKTpUYecKoro nona 3emnu Ha yacToTax rpasu-
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AnHoTanusi. Pabora mocBslieHa HM3yYeHHIO BBIHYXKICHHBIX KoJieOaHMII BepTHKalIbHOU
COCTABIIAIONIEH MEKTPUYECKOTO MO B IIPU3EMHOM C€lI0€ aTMOoc(ephl Ha yIBOCHHBIX Ya-
CTOTax OOpalIeHUs] U3BECTHBIX PEIATUBUCTCKHUX IBOWHBIX cucteM (PIA3C) ¢ ManbiM 3Kc-
neHTpucuteToM. C HCHOIB30BaHUEM TEOPUH BO3MYIIEHUI M MMHUTAI[MIOHHOIO MOJEIUPO-
BaHUS TOKAa3aHO, YTO aHAJIM3aTOP COOCTBEHHBIX BEKTOPOB M KOMIIOHEHT (AHTE€HOCKOI)
oOmasaer cBOMCTBAMH CBEPXUYBCTBHUTEIBHOCTH M CBEPXH30MpPATEIbHOCTH. Pe3ynbTarh
HCCIIEJOBAaHHUH MO3BOJISIIOT TOBOPUTH 00 OTKPHITHH HOBOTO (PM3MUYECKOTO CBOMCTBA — BOC-
MIPUUMYHUBOCTH MH(PPAHU3KOYACTOTHOTO 3JIEKTPHYECKOro MO 3eMJIM K BHEIIHUM I'paBH-
TalMOHHO-BOJHOBBIM BO3ACHCTBHSIM.

KiroueBble ca0Ba: PEeNsITHBHCTCKUE IBOWHBIC 3BE3IHBIC CHCTEMBI, SJCKTPHIECKOE MOJIC
3emity, alireHOCKONHs, TepBasi KOHEUHass Pa3HOCTbh, CIIEKTpalibHas JOKAIH3aLUs, HHICKC
KOT'€pEeHTHOCTH

Beenenmne. PaGora HaumeneHa Ha OOHapy)XeHHE BO3ACHCTBHSA I'PaBUTALIOHHO-
BOJIHOBOTO W3JIy4YeHHs acTpo(u3nuecKux NBOHHBIX 3Be3nmHBIX cuctem (PJ3C) Ha
anekTpudeckoe moiue 3emin. [lepBoHavaIbHBIC MOMBITKA BBISIBUTH TAHHBIA 3P QEKT
C HCITOJIb30BaHUEM KIIACCHUYECKOTO CHEKTPAIHHOTO aHaJIN3a OKa3aJUCh HEYyJauyHbI,
BCJIE/ICTBHE TOTO, YTO MCKOMBIE KOMIIOHEHTHI 3JIEKTPUUECKOrO MOJIs 3€MIIM HE SIB-
JISTFOTCSL KOT€PEHTHBIMHU.

bruta mocraBneHa u perieHa 3agaqa pa3padoTKH aHaIN3aToPa, MO3BOJISIONIETO
BBISIBJISITh CIEKTPAJIbHO JIOKAIN30BAaHHBIE HEKOTEPEHTHBIE SHEPTETHUYECKH HEO-
MUHUPYIOIIIE KOMIIOHEHTHI (aiireHocKors) [1].

MeToasl U MaTepuaibl; pe3yJbTaThl. 1. C HCMOIB30BAHUEM TEOPHH BO3MY-
LIEHUH 1 MIMUTAMOHHOTO MOJEITMPOBAHMUS MMOKa3aHO, YTO aHATIM3aTOP COOCTBEHHBIX
BEKTOPOB U KOMIIOHEHT (aiireHockomn) [1] oOnamaer cBOHCTBaMU CBEPXIyBCTBUTEIb-
HOCTH U CBEPXU30MPATE]bHOCTU. DOTH CBOMCTBA MO3BOJIIOT JIOCTOBEPHO BBISBIIATH
CIIEKTPAJIIbHO JIOKAJM30BaHHBIE HHEPIeTUUECKH HEIOMUHUPYIOIINE KOMIIOHEHTEI
B psax JpoOHO MHTETPUPOBAHHOTO (OKPAILIEHHOTO) IIyMa [2], SIBIsIOIerocs aaek-
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BaTHON MOJEINBIO PsIIOB HH()PAHW3KOYACTOTHOTO JIEKTPUIECKOTO TIOJISI B TPH3EM-
HOM cJIo€ aTMOC(EPHI.

2. C ucronp30BaHAEM aNTEHOCKONNHU BBISBICHBI SHEPTETUIECKH HEIOMUHHUPY-
OIIIe KOMITOHEHTHI B MHOTOJIETHUX PsAax HHOPAHN3KOTACTOTHOTO IEKTPHIECKOTO
MOJIsl B MPHU3EMHOM CJIO€ aTMOC(EpHI, CIIEKTPAIBHO JIOKATM30BaHHBIE HA YacTOTax
IPaBUTAIMOHHO-BOJIHOBOTO ~ W3JIYYCHHUS KaTaJlOTM3UPOBAHHBIX  PEISTUBUCTCKHX
nBOMHBIX 3Be3mHBIX cucteM (P/I3C) ¢ HM3KNM 3KcleHTprCcHTeTOM (YIBOCHHON dYa-
CTOTOM oOpareHus, n = 2) ¥ BEICOKMM dKCIIEHTpUCUTETOM (1 > 3) [3, 4].

3. C ucmoyb30BaHNEM OOMIEIPHHSITHIX CTATUCTHYCCKUX KPUTEPUEB C BHICOKOM
JIOCTOBEPHOCTHIO J0Ka3aHa aHOMAJIBHO BBICOKAs CTENEHb CIEKTPAJbHOW JIOKAIH-
3alMM Ha YacTOTaX TIPaBUTAIMOHHO-BOJHOBOro wu3nmydeHus PJI3C koMmoHEHT
ANEKTPUIECKOTO TOJS MPHU3EMHOTO CIIOS aTMOC(EPHI, BBISIBICHHBIX C ITOMOIIBIO
alTeHOCKONUHU. DTO TO3BOJISET TOBOPUTH OO0 OTKPBITHM HOBOTO (DU3MUYECKOTO
CBOMCTBAa — BOCHPUMMYHMBOCTH HH(PPAHU3KOYACTOTHOTO 3JICKTPUUECKOTO OIS
3eMIr K BHEITHAM TPaBUTAIIMOHHO-BOJIHOBEIM BO3JIEHCTBHAM [3,5,0].

4. OGHapyKEHHOE CBOWCTBO C YYETOM HM3BECTHOTO NMPOCTPAHCTBEHHOTO pac-
npeaeneHus katanoru3upoBanHbix PII3C mo3BossieT MOCTaBUTH 3a7ady MHOTOYa-
CTOTHOTO TPAaBUTAIMOHHO-BOJTHOBOTO MOHUTOPHHTA BCEIEHHOH ¢ HCIIOIb30BaHU-
€M TIOTIOHSIFOIINUXCS JAHHBIX HAOIIOJCHUHN AIEKTPUYECKOrO0 U MarHUTHOTO ITOJIS
3emiid B MH(PPAHU3KOYACTOTHOM JTHATIa30He.

3akuawuenune. J[okazaHo, 4TO COOCTBEHHBIC BEKTOPHI, MOJYUCHHBIE MO JIaH-
HBIM BEPTHKAIBHON COCTABIIAIONIEH JIEKTPHUUYECKOTO OIS 3eMIIi B MHPPaHU3KO-
YaCTOTHOM JIMAIla30He, CIIEKTPAIBLHO JIOKATHN30BAHHBIC HA YACTOTAaX TPaBUTAIIMOH-
Horo wuznydenus PJI3C, uMeOT 3HAaYMMO BBICOKYIO CTENEHb CHEKTpaIbHOM
nokanu3anuy. [loBbIIeHHas! CTENeHb CIIEKTPAIbHOW JIOKATU3aIlUN BBIHYKIAETCS
BHewHUM Bo3zaeiicTBueM PJI3C, uTo B KOHEUHOM CYETE MO3BOJISIET CAENATHh BHIBOJ
0 JIOCTOBEpPHOM OOHApyXeHHU (haKTa TPaBUTALMOHHO-BOJIHOBOTO BO3JICHCTBUS
acTpopU3NIECKON TIPUPOIBI HA 36MHOM IIEKTPOMAarHETH3M.
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Abstract. The work considers forced oscillations of the electric field vertical component in
the surface layer of the Earth atmosphere at the frequencies of gravity-wave radiation of
catalogued relativistic binary stellar systems. Using the perturbation theory and simulation,
it was demonstrated that eigenoscope (eigenvectors and components analyzer) has the
properties of supersensitivity and superselectivity. The results of the research give us the
right to claim the discovery of a new physical property — the susceptibility of the Earth
infra-low frequency electric field to external gravity-wave impact.

Keywords: relativistic binary stellar systems, the Earth electric field, eigenoscopy, spectral
localization, coherence index, first finite difference

Introduction. The work aims to reveal the gravity-wave impact of the radiation
from binary stellar systems on the Earth electric field. The former attempts to de-
tect the named effect using conventional spectral analysis failed due to the incoher-
ence of the searched components of the Earth electric field. The task was set and
carried out to develop the analyzer (eigenoscope) [1], capable to detect spectrally
localized incoherent energetically non-dominant components.

Methods and materials; results. 1. Using the perturbation theory and simula-
tion, it was demonstrated that eigenoscope (eigenvectors and components analyzer)
[1] has the properties of supersensitivity and superselectivity. These properties
make it possible to detect reliably spectrally localized energetically non-dominant
components in the fractionally integrated (colored) noise series [2], which are the
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adequate model of the series of infra-low frequency electric field in surface layer of
the Earth atmosphere.

2. Analyzing long-term time series of infra-low frequency electric field in the
surface layer of the Earth atmosphere with the help of eigenoscopy made it possi-
ble to detect energetically non-dominant components spectrally localized at the
frequencies of gravity-wave radiation of catalogued relativistic binary stellar sys-
tems (RBSS) both with low eccentricity (double rotation frequency, #» = 2) and with
high eccentricity (n > 3) [3.4].

3. It was proved with high reliability using standard statistic criteria that the
components of the electric field of the Earth atmosphere surface layer, which were
detected with the help of eigenoscopy, have abnormally high degree of spectral
localization at the frequencies of RBSS gravity-wave radiation. It gives us the right
to claim the discovery of a new physical property — the susceptibility of the Earth
infra-low frequency electric field to external gravity-wave impact [3, 5, 6].

4. The revealed property, taking into account the known spatial distribution of
the catalogued RBSS, makes it possible to set the task of multi-frequency gravity-
wave monitoring of the Universe based on growing observation data concerning
the Earth electric and magnetic field in the infra-low frequency range.

Conclusion. It was proved that eigenvectors, got from the data on the Earth
electric field in the infra-low frequency range, are spectrally localized at the frequen-
cies of RBSS gravity-wave radiation and have abnormally high degree of spectral
localization. The high degree of spectral localization is a result of the external RBSS
impact. The obtained results lead us to the conclusion about the reliable discovery of
the astrophysical gravity-wave impact on the Earth electromagnetism.
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Abstract. The confinement of vortex topologically-nontrivial graphene charge
carriers in a hexagonal graphene p-n-junction region under an action of an external
electrostatic superlattice potential has been investigated. The existence of steady
atom-like localized bound Majorana states and confinement of collapse states
through Majorana resonances of Klein scattering are demonstrated
Keywords: Majorana interaction, collapse state, graphene, quantum dot, confinement

Introduction. Electrostatically confined graphene quantum dots (GQD) being p-n
graphene junctions, are considered nowadays as a promising system for robust
quantum computing primarily due topological non-triviality of the k-space. It has
been shown [1], that electronic properties such as local density of states, atom-like
behaviour and the existence of the so called quasi-zero energy band can be accu-
rately described with the use of the quasi-relativistic theory of graphene [2]. Re-
cently, we have proposed quasi-relativistic quantum field model of graphene [3]
and demonstrated that quasi-particle excitations in the model are Majorana-like
fermions rather than Dirac ones. The last means that non-Abelian statistics of these
charge carriers can give additional gain for system stability and this will be the goal
of the paper.

Methods and materials; results. A Hamiltonian, Hgop, of the GQD model
reads Heop = Hy + V, where Hy is a quasi-relativistic Hamiltonian of pseudo-
Majorana graphene model [3], V is a pseudopotential [1]. Wave functions of GQD
being hexagonally symmetrical belong to the states of the graphene superlattice
that is formed under an action of electrically polarized substrate. Eigenstates of the
quantum dot should satisfy the periodical boundary conditions imposed by the ex-

istence of the superlattice on the wave vectors k. For the case of GQD of torus
topological class [2], they are as follows:

Qn, +1)(4, - k) =2mm,, 2n, +1)(A4, -k) = 2nm,,

where m,,m, are integer, 4, and A4, are two basis vectors of the rhombic unit

supercell.
Eigenenergies ¢, o, for graphene state corresponding to these found

wavevectors /%’GQD , have been found by mapping their to the reduced graphene
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Brillouin zone. The eigenfunctions of GQD were searched by using a series expan-
sion in bispinor Bloch plain wave functions ¥ oo (7) exp(z(lgj Gop '7)) of gra-
J» ’

phene pseudo-Majorana vortex particles possessing the wave vector k .Gop and the

energy €; gop - Here TE-GQD (7) is the solution in momentum representation for
’ Js

the pseudo-Majorana single-particle excitation in the quasi-relativistic graphene

model without the pseudopotential V. Eigenproblem has been solved for linear

combinations of forty constructed basis Bloch functions with found £; o, and

€ Gop- These forty base functions have been chosen in few ways: 1) with the

smallest €, ;p, 2) with the highest ¢, 555, 3) with the smallest norm of lg,-,GQD.

Box normalization conditions have been used for the eigenstates.

Results. Figure 1 shows the norm of the wave function of graphene p-n junc-
tion for a representative localized atomic-like state of the quantum dot. In this case,
the localization is stipulated by a constructive interference of wave functions.

(a) (b)

Fig. 1. Norm of the hole (electron) wave function of the hexagonal p-n junction (a) consisting of three unit cells of
superlattice and the norm of the hole(electron) wave function in the supercell (b). This atom-like state corre-
sponds to the energy level 0.933 eV

A localized atom-like GQD state can appear as a Klein scattering resonance in
a process of scattering of the Dirac pair consisting of bound Majorana particles.
This state is presented in Figure 2a. The fact that this state is the Klein resonance is
proven by its free passing through the potential barrier at normal incidence on the
supercell boundary for phases which are multiples of @ + 2an; n =0, 1, ... [4] as
Inset to the figure 2a shows. The bound states of two Majorana-like particles repre-
sent themselves hole (electron) states possessing a total zero topological charge and
with the hexagonal symmetry as shown in Figure 2a.

The pseudo-Majorana free state of the electrostatically confined graphene
quantum dot is a superposition of vortex states possessing non-zero topological
charges. Since the total topological charge of the states is non-zero, the wave func-
tion of such a superposition has the electron-hole symmetry, as can be seen in the
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inset to Figure 2b. The electron-hole symmetry is an evidence that the Majorana
configuration is electrically neutral. These Majorana-like states are wave packet of
high-frequency (low-frequency) states with amplitude low-frequency (high-
frequency) modulation.

The translational symmetry of the high-frequency states with a high value of

the GQD wave vector g, = IE,GQD, G,>>1 is distorted by the superlattice potential

due to the addition of a small basis wave vector O, Q << g, of the superlattice
unit cell to g, .

Fig. 2. Contour plots for the norm of hole (electron) (a) and pseudo-Majorana (b) states of the hexagonal p-n
junction; energies of the states are of 0.313 and 0.059 eV, respectively. The norm of the wave functions in the
unit cell of superlattice are shown in Insets to the figures 2(a) and 2(b)

However, since the vector O is small, the wave vectors of the graphene dot
become periodically multiples of ¢, , and this periodicity manifests itself as a Moi-

ré pattern of the electron density of the graphene quantum dot as Figure 2b shows.

Conclusion. A mechanism for confinement of vortex topologically nontrivial
graphene charge carriers in these regions is proposed. It is shown that the stability
of atomic-like localized bound Majorana-like states is ensured by their confinement
through Majorana resonances emerging in a Klein scattering process.
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Abstract. The enigmatic phenomenon of dark energy (DE) is the elusive entity driving the
accelerated expansion of our Universe. A plausible candidate for DE is the non-zero Ein-
stein Cosmological Constant AE manifested as a constant energy density of the vacuum,
yet it seemingly defies gravitational effects. In this work, we interpret the non-zero AE
through the lens of scale-invariant cosmology. We revisit the conformal scale factor A and
its defining equations within the Scale-Invariant Vacuum (SIV) paradigm. Furthermore, we
address the profound problem of the missing mass across galactic and extragalactic scales
by deriving an MOND-like relation, g ~ (aogy)"/?, within the SIV context. Remarkably,
the values obtained for AE and the MOND fundamental acceleration, a,, align with ob-
served magnitudes, specifically, a, ~ 107°m/s* and Ag ~ 1.8-10752m~2 propose a
novel early dark energy term, T, ~ xH, within the SIV paradigm, which holds potential
relevance for addressing the Hubble tension.

Keywords: cosmology, theory, dark energy, dark matter, MOND, Weyl integrable geometry

Introduction. In modern cosmology, the Lambda Cold Dark Matter (ACDM)
model is the prevailing framework for explaining cosmic acceleration and galaxy
rotation curves. However, this model relies on two hypothetical components —
dark matter and dark energy — which remain undetected despite extensive obser-
vational efforts. The Scale-Invariant Vacuum (SIV) paradigm presents an alterna-
tive, modifying general relativity by allowing the properties of vacuum to define a
conformal scaling factor. This approach introduces scale invariance of the vacuum
as a fundamental symmetry, providing an innovative perspective on cosmic expan-
sion and large-scale structure formation.

This work examines how the SIV paradigm naturally accounts for the ob-
served value of the cosmological constant and the MOND like fundamental accel-
eration related to phenomena that traditionally require dark matter and dark energy,
offering a theoretically consistent and observationally testable framework.

Methods and materials; results. Our analysis builds upon the extended Ein-
stein field equations incorporating scale-invariant vacuum paradigm. The key mod-
ifications include:
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+ A time-dependent conformal factor that changes over the cosmic evolution.

» Adjusted geodesic equations leading to alternative interpretations of galactic
rotation curves.

* A reformulated evolution equation that eliminates the need for a cosmologi-
cal constant.

These theoretical developments are validated against observational data, in-
cluding Type la supernovae luminosity distances, galaxy rotation curves, and large-
scale structure distributions. The mathematical framework adheres to a well de-
fined Lagrangian formulation, ensuring consistency with fundamental physical
principles.

We apply the SIV framework to key cosmological datasets and find:

* Cosmic Acceleration: The SIV approach reproduces the late-time accelerat-
ed expansion observed in supernovae data without requiring a separate dark energy
component.

» Galaxy Rotation Curves: The modified geodesic equations under SIV natu-
rally yield flat rotation curves, eliminating the need for dark matter halos.

* The framework naturally introduces an early dark energy term in the FLRW
equations.

These results suggest that the SIV paradigm can successfully account for key
cosmological observations, providing a compelling alternative to the ACDM model.

Conclusion. The Scale-Invariant Vacuum paradigm offers a novel approach to
understanding dark energy and dark matter phenomena by extending Einstein’s
equations to incorporate vacuum scale invariance. This framework provides a con-
sistent explanation for cosmic acceleration, galaxy rotation curves, and structure
formation without invoking undetected particles based on a new understanding of
the Einstein Cosmological Constant and the origin of the MOND like behavior.
Future work will focus on refining observational tests and exploring potential ex-
tensions to quantum gravity theories. The SIV paradigm represents a promising
avenue for rethinking fundamental physics in cosmology.
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Abstract. Both non-CHIME and CHIME fast radio bursts (FRBs) were subjected to statis-
tical analysis and the ensuing outcome point to a strong statistical evidence for the exist-
ence of two categories of FRB events — high luminosity and low luminosity ones, with a
large fraction of the repeaters falling into the latter category. The median values of radio-
luminosity of the FRBs corresponding to these categories are ~ 10*3erg/s and ~ 10%°
erg/s, respectively. We put forward a simple theoretical model to explain the observed bi-
modality in the FRB luminosity wherein the majority of FRBs are linked to magnetar
glitches that entail abrupt increase in the Goldreich-Julian charge density as well as sudden
decrease in the light-cylinder radius. These lead to release of bunched charge particles to
flow along the open field lines just outside the light-cylinder, giving rise to the FRB phe-
nomena. In the present study, we have considered relativistic effects resulting from glitches
like emission of gravitational waves and the plausibility of observing the Gertsenshtein-
Zel’dovich effect due to the ambient magnetic field.

Keywords: Fast Radio Bursts, Magnetars, Glitches, Gravitational Waves, Gertsenshtein-
Zel’dovich effect

Introduction. Fast Radio Bursts (FRBs) are bright and transient radio sources ap-
pearing sporadically from random directions and lasting for about a few to hun-
dreds of milliseconds [1-12]. FRBs have so far been detected in the radio wave-
band 110 MHz to 8 GHz. Their extra-galactic origin is inferred from the observed
large dispersion measures (DMs) associated with the FRBs. A fraction of the FRBs
happen to be repeaters e.g. FRB 20121102A and FRB 20180916B. The all-sky
FRB event rate is very high and is estimated to be about 10* [6].

Methods and materials; results. We have assumed the universe to be de-
scribed by a Friedmann-LeMaitre-Robertson-Walker (FLRW) model and that the
time dependent luminosity density is represented by a power law spectrum so that,

Ly = Lo(®v™e,

where Ly (t), a, v and t are the time-dependent source luminosity parameter, spec-
tral index in the radio range, frequency, and time in the rest frame of the source,
respectively.

Then, the observed flux density and the fluence are related to the intrinsic FRB
parameters as follows,

(1 +2)7 %5 %Lo (1))
41 D?

Svo (to) =
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and, integrating the above over the time,

to+At,
F, = f S, (t)dt,
t

0

respectively, where z, vg, ty and D(z) are the source cosmological redshift, ob-
served frequency, cosmic time in the observer's rest frame and the FLRW lumi-
nosity distance of the source, respectively, with the rest frame time t of the transi-
ent source being related to the observer's rest frame time t, by the equation,
a(ty)/a(t) =1+ z, a(t) being the FLRW scale factor. In our studies, we have
used the following values for the FLRW model parameters: Hy = 73.04 km/s/Mpc,
Qo= 0.28 and Q, o= 0.72.

The FRB luminosity density at a particular frequency, say 300 MHz, is given by,

a

- Vo
L300 = 47‘[D2(1 + Z)a 151/0 (m)

while the FRB energy and energy density are given by,

viT® — vzl'“]

E = 4nD?(1 + z)*2E, v%o
nD*(1+ z) Vo V [ a—1

and,
E E

UFBR™ T3 > ?

respectively, | being the size of the FRB region.

Transient Name Server (TNS) website https://www.wis-tns.org was used to
obtain data related to non-CHIME FRBs. These transient events were largely de-
tected using telescopes like the Australian Square Kilometre Array Pathfinder
(ASKAP), Parkes, Arecibo, etc. The FRB data pertaining to the Canadian Hydro-
gen Intensity Mapping Experiment (CHIME) was taken from the CHIME/FRB first
catalog paper from the CHIME data website https://www.chime-frb.ca/catalog.

The CHIME catalog only lists lower bounds to the fluence and flux density of
individual radio transients. Hence, we have employed in our statistical analysis a
new technique that involves dimensionless as well as dimensional quantities that
make use of the ratio of measured fluence to flux density as well as various other
measured and estimated physical quantities related to the FRBs so that we may
compare the results for both non-CHIME as well as CHIME FRBs [13].

Based on our analysis, we conclude that the non-CHIME FRBs come in two
distinct categories: low and high luminosity density events, based on the peak L3qq
distribution. The low luminosity density category is mostly dominated by repeating
FRB events, while most of the non-repeaters belong to the high luminosity density
category. The distribution of the ratio of peak L3 to E also displays a similar bi-
modality with regards to repeaters and non-repeaters. This feature is shared by the
CHIME FRBs as well, strengthening our conclusion favoring the existence of two
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distinct categories of FRB events wherein repeaters tend to be associated with low-
er values of radio luminosity density events [14]. The brightness temperature and u
tend to be larger for the high luminosity category.

Conclusion. Very early on in this field of research, magnetars have been
linked with the FRB phenomena [15-17].

In recent times, magnetar glitches have been associated with FRBs [18, 19].
Previously, we had put forward a simple model based on magnetar glitches to ex-
plain the bi-modality in FRB luminosity [13, 14].

The model describes FRB emission by using the effect of magnetar glitches,
wherein the angular speed changes from ® to ®+dow, on the Goldreich-Julian
charge density and also on the sudden decrease in the light-cylinder radius, the
combination of which entails an abrupt release of bunched charge particles to flow
along the open field lines just outside the new light-cylinder.

The bi-modality emerges if one considers for the higher FRB luminosity cate-
gory a polar magnetic field of Bp~1015 Gauss and w/w~3 x 1075 as against the
values B,~10'* Gauss and 6w/w~2 x 1075, respectively, for the weaker catego-
ry. Of course, with a larger value of glitch, Sw/w~10"* dw/® ~ 10°(—4), the
higher luminosity category FRBs can follow from magnetars with Bp~1014 Gauss.
In this model, curvature radiation along open field lines being responsible for the
FRB emission, it is expected that the ensuing radiation is linearly polarized and
therefore would undergo Faraday rotation as it propagates through intervening
plasma that is threaded with magnetic field. Therefore, in the SKA era, measure-
ments of both rotation measure and dispersion measure corresponding to over
~103 FRBs would lead to a significant progress in our understanding of IGM
magnetic fields.

In this study, we report that the magnetar glitches can lead to emission of grav-
itational waves (GWs) with typical wave amplitude h~10~* 8w/ in the vicinity of
the light cylinder. We also consider the plausibility of observing the electromagnet-
ic waves ensuing from such GWs propagating in the magnetosphere due to the
Gertsenshtein-Zel’dovich effect.
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AnHoTanust. [IpeanokeHo ONMCHIBATh «CBEPXCBETOBBIC» IIOJIETHI BapI-Kopadnei Aib-
KyObeppe ¢ HOMOILBI0 TeOpHH NMOTOKOB Puuun. [lokazaHo, YTO Takue MOJEThI, COMPOBOXK-
JaeMble 00pa3oBaHNEM 4-MEpHBIX KPOTOBBIX HOP, MOXHO JIETATBHO 0XapaKTepPH30BaTh KakK
noTOK Puyum ¢ xupypruei.

KnaioueBble ci10Ba: KpOTOBBIE HOPHI, Bapr-KOpaOIJH, TOTEPsI CBS3HOCTH, MOTOKK Pudum,
CUHTYJIIPHOCTH, XUPYPTHUs

Beenenue. JlokanbHble (U3MYECKUE IMPOIIECCHI, MPOUCXOMASIIUEC B (PUINUCCKOM
KOCMHYECKOM IPOCTPAHCTBE, B TOM YHCIIE ¥ CTAPTHI BapI-Kopabdieit Anbkyobeppe,
MOTYT MOPOJIUTH 4-MepHBIE KPOTOBBIE HOPHI B MPOCTPAHCTBE-BPEMEHH, KOTOPHIE
MPUBOJST K TOMY, YTO (PU3UYECKOE MPOCTPAHCTBO TEPSET TOIMOJIOTHUSCKYIO CBSI3-
HOCTh — KOMIIAKTHasi 00J1aCTh IPOCTPAHCTRA, COJCpKAIllas HCTOUHUK OIMUCAaHHON
MeTaMop(03bl, KOTPHIBAETCS» OT BCETO OCTAaIBHOTO IpocTpaHcTaa [1].

MeToabl 1 MaTepUAJIbI; Pe3yJbTaThbl. B paboTe HCIIOIB3YIOTCS METOBI TEO-
puH MOTOKOB Puuum, 00IIel TeOpUH OTHOCUTEIBHOCTH U AU PEpEHITUATBHON TO-
mosioruu. JleradpbHOE OMMCAaHWE IPOLECCOB 00pa3oBaHUS 4-MEPHBIX KPOTOBBIX
HOp, COIPOBOXK/IAIONINX CBEPXCBETOBBIE, 2 TOYHEE, CBEPXOBICTPHIC TOJETHI BapIi-
KopaOJieit AnbKyObeppe, B HallleM UCCIIEAOBAHUHU MTPOU3BOAMTCS C MMOMOIIBIO TEO-
pHuH MOTOKOB Pryum ¢ xupypruei

09ik _
at Z R,

KOTOpast OblIa mpeJyioskeHa ['aMUIIBTOHOM U JTOBEJIEHA JIO JIOTHUYECKOTO 3aBepiiie-
Hus ['puropuem llepensmanom [2]. OOpa3oBanne 4-MepHOW KPOTOBOH HOPHI TO-
CPEACTBOM MpPEAENBHOTO MOTOKa Puyum, Hampumep, B ciydae 3aMKHYTOTO MpO-
cTpaHcTBa S3, MPOMCXOAMT MO OJHOMY M3 JBYX BO3MOXKHBIX ITyTell pa3BUTHs
coObITHit: 1) 06pasyeTcs cxuMaromascs Kpyrias cepudeckas Gopma S° wim ee
daxtop S3/T' (KOTOpEIil C)KMMaeTCsl B TOUKY 32 KOHEUHOE BpeMsl), 60 2) B TOU-
KaX MaKCHMAalbHON KPUBH3HBI |Rjy;m (X, t)| Mmer oOpa3oBaHHE CHHTYISPHOCTH
THMa GeCKOHEYHOro IIHHApPa S2 X R, T. e. (JopMUpYyETCs TOHKas «Ies» ¢ Hocie-
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OYIOIUM €€ «IEePEeKyCHIBAaHHEM» C IOMOINBI0 XHPYPTUU U DPa3/Ie]ICHHEM IIpo-
CTpaHCTBAa Ha JABa «KyCKa». DTOT BTOPOH IMyTh OTBEYAET MpOLEcCY 0Opa3oBaHUS
4-MepHOH KpOTOBOW HOPHI B MPOCTpAaHCTBe-BpeMeHH. [loapoOHBIE meTamu Toro,
KaK Ha CaMOM JIeJie TIPOUCXOTUT «IIePEKyChIBAHNE» M Pa3phIB U KaK CIEAyeT IMpo-
BOAMTDH JAHHYIO «XUPYPIHI0» O4YEeHb CIOXKHBI. HO HIMEHHO 3TO COOTBETCTBYET IO-
JIETy BapI-KopaOis, U 3TH JeTald SBISIOTCS MPEIMETOM HAIIero HUCCIeIOBaHUS.
[lepBrIit OTMEUEHHBIN BBIIIE MYTh PA3BUTHS HE MOXKET PEaTn30BaThCs, IOCKOIBKY
JUIsL 3TOTO Ha Kopabje mpocTo HET HeoOXoauMoi sHepruu. dakTU4ecku 3TO MyTh
€CTb MyTh (PaHTACTUUECKOTO YHUUTOKEHHS IPOCTPAHCTBA.

B noxianme npuBoASTCS KOHKPETHBIE MMPUMEPHI TIOTOKOB g;), U B pPaMKax 00-
el TEOPUM OTHOCUTEIHHOCTH TONYYEeHBI (DOPMYIIBI IS TUIOTHOCTH SHEPTHH, OT-
BEYAaIOIIeH OMUCAaHHBIM IPOIIECCaM.

3axumouenue. [IpenynoxxeHHbI B paboTe MOAX0/, ONUPAIOIIUICS HA TEOPUIO
MMOTOKOB Pu4dm, maeT BO3MOXKHOCTH ONHCHIBATh W PACCUUTHIBATH BCE JETANH, CO-
MPOBOXK/AIONINE TIOJIETHl BapI-KOpalis MpH BBIXOAE HAa CBEPXCBETOBON PEKUM
ToJieTa.
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Abstract. t is proposed to describe the “superluminal” flights of Alcubierre warp ships us-

ing the Ricci flow theory. It is shown that such flights, accompanied by the formation of 4-
dimensional wormbholes, can be described in detail as a Ricci flow with surgery.
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Introduction. Local physical processes occurring in physical outer space, includ-
ing the launches of Alcubierre warp ships, can generate 4-dimensional wormholes
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in space-time, which lead to the fact that physical space loses topological connec-
tivity — a compact area of space containing the source of the described metamor-
phosis “breaks off” from the rest of space. [1].

Methods and materials; results. The methods of Ricci flow theory, general
relativity and differential topology are used in the work. In our study, a detailed
description of the formation processes of 4-dimensional wormholes accompanying
superluminal, or rather, ultrafast flights of Alcubierre warp ships is carried out us-
ing the Ricci flow theory with surgery

99k _
o~ 2R

which was proposed by Hamilton and brought to its logical conclusion by Grigory
Perelman [2]. The formation of a 4-dimensional wormhole by means of a limiting
Ricci flow, for example, in the case of an enclosed space S3, occurs along one of
two possible paths of development: 1) a compressible round spherical shape S3 or
its factor §3 /T is formed (which is compressed into a point in a finite time), or 2) at
points of maximum curvature |R;;m, (X, t)| a singularity of the type of infinite cyl-
inder S? X R, is formed, i. e. a thin “neck” is formed, followed by its “snacking”
with the help of surgery and the division of space into two “pieces”. This second
path corresponds to the formation of a 4-dimensional wormhole in space-time. The
detailed details of how “snacking” and tearing actually occur and how this “sur-
gery” should be performed are very complex. But this is exactly what corresponds
to the flight of a warp ship, and these details are the subject of our research. The
first development path mentioned above cannot be realized, because the ship simp-
ly does not have the necessary energy for this. In fact, this path is a path of fantas-
tic destruction of space. The report provides specific examples of g;;, flows, and
within the framework of general relativity, formulas for the energy density corre-
sponding to the described processes are obtained.

Conclusion. The approach proposed in this paper, based on the theory of Ricci
flows, makes it possible to describe and calculate all the details accompanying
warp ship flights when entering fast than light flight mode.
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Abstract. The coupled oscillator approach is very useful for modelling exoplanet interiors,
galaxy cluster mergers and compact binary spirals. In this study, a simplified two-coupled
oscillator model to quantify energy dissipation due to linear tidal forces is developed and its
implications for cosmic evolution explored. The model incorporated gravitational and tidal
interactions and the equations of motion of the system is derived using Lagrangian mechan-
ics with dissipative terms which made it easier to treat tidal dynamics as solvable mechani-
cal systems. The model also predicts dissipation rates for orbits, spins and deformations and
links microphysics to macroscale evolution.

Keywords: coupled oscillator, energy dissipation, tidal dissipation, gravitational interac-
tions, cosmic evolution, galaxy cluster mergers

Introduction. In cosmology tidal forces are caused by the differential gravitational
pull on an object in a non-uniform gravitational field and these forces are important
in the dynamics of galaxies clusters, and other cosmic structures such as binary star
systems, exoplanetary systems and black hole mergers. These forces can lead to
energy dissipation through mechanisms like tidal friction and heating, influencing
the evolution of cosmic systems [1, 2]. Observations of clusters of galaxies of dif-
ferent sizes showed that they are bright x-ray sources whose emission mechanisms
is thermal bremsstrahlung from hot low density gas [3, 4]. There are already a del-
uge of theoretical and experimental studies investigating tidal forces and energy
dissipation in cosmology [5, 8]. In this current study, we have developed a simpli-
fied two-coupled oscillator model to quantify energy dissipation due to linear tidal
forces and explore its implications for cosmic evolution. Further, we have incorpo-
rated gravitational and tidal interactions and derive the equations of motion using
Lagrangian mechanics with dissipation terms.

Methods and materials; results. For the simple model of two body system
(body 1 and body 2) proposed here we treat the interacting cosmic bodies such as a
star and a planet or two galaxies, as mass-spring-damped systems at distance d, we
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shall adopt the Lagrangian mechanics-based approach for coupled damped har-
monic oscillators [4] in which we incorporate into the Lagrangian of the system the
gravitational couplingk between two oscillators representing the cosmic bodies of
masses M 1 and M_2, and the tidal dissipation is represented by the dampers 7.
The tidal forces will be treated as perturbations such that the deformation of body
2 is due to the gravitational gradient of body 1.

Now, the modelling approach is that the tidal forces lead to energy dissipation
through mechanisms such as the internal friction generated by the relative motion
of different parts of an object, the conversion of mechanical energy into heat due to
tidal deformation and the energy loss in fluid components, for example the gas in
the galaxies or clusters, due to viscosity. After some slightly rigorous mathematics,
we obtained expressions for the energy dissipation, instantaneous power loss and
the time-averaged dissipation for circular orbits with frequency.

Results: The model was also applied to study binary star synchronization by
modelling tidal locking timescales and also explain the observed rotational fre-
quency and orbital frequency ratio distributions in previous studies [8, 9]. Work is
still in progress on how the model would be applied to study galactic flyby interac-
tions such as estimate tidal stripping rates in dwarf galaxies and to predict star for-
mation triggers from tidal heating.

Conclusion. The coupled oscillator model developed here is a simplified
framework for studying tidal dissipation in cosmology, linking microphysical pro-
cesses to macroscopic. The results obtained from the application of the model
compares with astrophysical observations such as orbital circularization in binary
stars and tidal heating in exoplanets. It is recommended that this work be improved
by introducing general relativistic corrections. Here, we considered for simplifica-
tion only two coupled oscillators, for hierarchical structure formation, multi-
oscillators may be considered.
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Abstract. This study investigates anisotropic spherical structures in the framework of mod-
ified f(R)f(R) gravity, where RR is the Ricci scalar, extending general relativity to incorpo-
rate additional gravitational effects. We employ the Finch—Skea metric to analyze compact
stars using different f(R) models. These models allow us to explore the impact of modified
gravity on the internal composition and equilibrium of neutron and strange stars. Key phys-
ical parameters, including energy density, radial and tangential pressures, anisotropy, and
fundamental forces (gravitational, hydrostatic, and anisotropic), are analyzed through
graphical representation. The viability of the models is assessed via energy conditions
(NEC, WEC, SEC, and DEC) and the equation of state (EoS) parameter. Additionally, we
evaluate the role of anisotropy in the stability of compact objects and compare our results
with general relativity to highlight the influence of f(R) gravity on stellar structures. This
research contributes to the broader understanding of the modifications to general relativity
and their implications for compact astrophysical objects.

Keywords: modified gravity, anisotropy, compact stars, energy conditions, Finch—Skea
metric

Introduction. The study of compact stellar structures, such as neutron stars and
strange stars, has been a critical area of research in theoretical astrophysics and
gravitational physics. General relativity (GR) provides a robust framework for un-
derstanding such objects; however, various cosmological and astrophysical obser-
vations suggest the need for modifications to GR. One such extension is f(R)f(R)
gravity, where the Ricci scalar R is replaced with a function f(R) to introduce addi-
tional gravitational effects [1, 2].

Among various f(R) models, quadratic and exponential modifications have
gained significant attention due to their ability to explain early and late-time cos-
mic acceleration while remaining consistent with local astrophysical constraints
[3]. In this work, we analyze compact stars using three modified gravity models,
employing the Finch—Skea metric, a well-suited ansatz for studying relativistic stel-
lar configurations.

A key aspect of compact stars is anisotropy, where the radial and tangential
pressures differ due to interactions such as nuclear forces, phase transitions, or strong
magnetic fields [4, 5]. Anisotropic pressures influence the stability and internal struc-
ture of compact stars, making their study crucial in alternative gravity models. In this
paper, we investigate how f(R) gravity affects the energy density, pressure compo-
nents, anisotropy factor, and fundamental forces governing equilibrium.
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We further assess the physical viability of the stellar models by evaluating en-
ergy conditions (NEC, WEC, SEC, and DEC) and the equation of state parameter.
The comparison of our results with GR provides insights into the deviations intro-
duced by modified gravity theories. The implications of our findings extend to as-
trophysical scenarios where alternative gravity theories play a role in stellar evolu-
tion and compact object dynamics.

Methods and materials; results. To study anisotropic compact stars in
f(R)f(R) gravity, we employ the following methodology:

1. Choice of Metric: We adopt the Finch—Skea metric, which has proven ef-
fective for modeling spherically symmetric stellar structures.

2. Modified Gravity Models: We consider three functional forms of f(R), in-
corporating quadratic and exponential corrections to general relativity.

3. Field Equations: The Finstein field equations in f(R) gravity are derived for
an anisotropic fluid distribution, obtaining expressions for density, radial and tan-
gential pressures.

4. Stability and Energy Conditions: The viability of the models is assessed by
verifying energy conditions and analyzing the equation of state.

5. Graphical and Numerical Analysis: We present graphical results to illus-
trate variations in energy density, pressure, anisotropy, and stability parameters.

The analysis reveals that modifications in f(R) gravity significantly alter the
structural properties of compact stars. The quadratic and exponential corrections
introduce changes in the pressure anisotropy, affecting the equilibrium conditions.
Our key findings include:

* The inclusion of an R"2 term leads to a stiffer equation of state, enhancing
stability.

» Exponential gravity corrections modify the density profile, affecting gravi-
tational collapse.

* The anisotropic factor plays a crucial role in maintaining hydrostatic equi-
librium in modified gravity models.

A comparative analysis with GR highlights the deviations induced by f(R)
gravity, suggesting its relevance in extreme astrophysical environments.

Conclusion. This study explores anisotropic compact stars within f(R) gravity
using the Finch—Skea metric. Our findings indicate that modifications to GR intro-
duce significant changes in stellar equilibrium and stability. The results contribute
to the broader understanding of alternative gravity models in astrophysical settings
and their potential implications for neutron stars, strange stars, and exotic compact
objects. Future work could extend this analysis to more generalized forms of modi-
fied gravity and consider observational constraints from pulsar and gravitational
wave data.
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Abstract. In paper the conception of absolute space of Newton, Descartes, Leibnitz has
been considered from emptiness of aincient Greeks to Einstein and recently research saying
us that Space, Matter, and Light are of the same nature. The building block for them is a
mass-unit composed of size and motion. The energy of motion of a mass-unit for matter is
the body, but for light it is the photon. The energy of size of a mass-unit for usual space is
the vacuum, but for absolute space it is that ephir about which said Einstein.

Keywords: emptiness, absolute space, mass-unit, ephir, light, dark energy, dark matter

Introduction. From Parmenides’ definition of the void: "You say “'emptiness” but
it doesn’t mean void, it means something". Follows that non-being does not exist,
that whatever is thinkable is also being, including emptiness [1]. “Remove the body
— there will be emptiness in its place,” says Aristotle [2], a notion that Newton
found appealing when defining his absolute space — an infinite, external-
independent, unchanging, and immobile entity. It is the container of all bodies and
is primary [3]. René Descartes opposed Newton’s view, arguing that matter, i.e. the
body is primary because we directly interact with it, and its extension already con-
stitutes absolute space [4]. Ernst Mach was opposite absolute space, saying that the
mass of body is being observed phenomena for us [5]. Indeed, in a recent article
[6], it is suggested that the fundamental building block of space, matter, and light is
a unit of mass. This unit has both motion energy at 2c2 and size energy at 2c2. The
sum of these energies remains constant at 4c2. Authors speak nothing about abso-
lute space and ephir. We will try to do it.

Methods and materials; results. For usual space, these energies of size and
motion are equal. A mass-unit of usual space is a vacuum. For matter, size energy
decreases while motion energy increases, leading to the emergence of a body—a
unit of mass of matter. In the limiting case of matter, size energy disappears entire-
ly, leaving only motion energy in one point. Of cause, it is a photon of light. Pho-
ton is a mass-unit of light. From it the big bang was been beginning in past which
demanded space for scenario of bang. The space and matter, their a mass-unit were
born in one point of light. Therefore a mass-unit is primary building brike for of all
space, matter, light in the Universe. In fact, the mass is primary as said Rene Des-
cartes.
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In present time as we know the Universe is being expanded. Therefore the size
energy increases while motion energy decreases, leading to the emergence of a
empty. In the limiting case of space, motion energy disappears entirely, leaving
only size energy in the unfinity. The usual space becomes the absolute space.
A unit of mass of absolute space is an ephir.

Let's note the motion energy implies interaction, attraction. Leibniz’s perspec-
tive is interesting here. The author of “Monadology” [7] believed that relationships
between bodies, rather than absolute space, are fundamental. Within the interac-
tion, within attracting and repulsion of celestial bodies, one can discern a field
structure of Universe created by massive stars and planets, as described by Ein-
stein's General Theory of Relativity [8].

Thus, light lacks size energy and only possesses motion energy of a mass-unit
of matter. One might say that light is dark matter. However, the authors of the arti-
cle do not consider the limiting case of space, where matter disappears and only
size energy remains. Clearly, this refers to absolute space. Ether appears — a mass-
unit of absolute space. In this case, absolute space lacks motion energy and pos-
sesses only the size energy of a unit of mass of space. One might say that absolute
space is dark energy. Aristotle was correct in wanting to separate motion from
space. The usual space contains both motion and size energy. The emergence of a
body within it reduces its size energy. However, if you remove the body, the size
energy of a unit mass of space increases; remove all bodies, and you have empti-
ness — absolute space with maximum size energy.

Thus, we have two limiting cases. For matter, it is the light with maximum
motion energy. For space, it is the absolute space with maximum size energy. Two
giants, each with an immense force, energy of a mass-unit of each equals to 4c2,
secretly “struggle” against each other. Perhaps this is precisely what they are: light
as dark matter and absolute space as dark energy. “Everything exists in every-
thing,” said Nicholas of Cusa [9]. Perhaps through Leibniz’s monads, everything,
by interacting with everything, exists within it — and this, as we understand it, is
light. “All exists in all,” he continued. Perhaps “in all” refers to absolute space as
the container of everything. Nicholas of Cusa also spoke of the absolute, about its
maximum and minimum. As an infinite entity, absolute space is the absolute max-
imum. But there is also an absolute minimum, something indivisible. If there exists
an indivisible atom, and we extract it and its motion from the void, what remains is
the indivisible atom of emptiness of Leucippus and Democritus [10] that is the ab-
solute minimum. It is within this that the atoms move.

Nicholas of Cusa states that the absolute maximum and minimum are one and
the same. Thus, that absolute space is simultaneously both the absolute maximum
and the absolute minimum. “Infinite things cannot be studied like finite things by
comparing them to things known to us,” says Cusa. Therefore, infinite things can
only be studied indirectly, in a stepwise manner: from a particular finite thing to its
species, from species to genus, and so on. In this sense, boundless physical space is
a step toward understanding the infinite universe. Here, the infinite universe serves
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as the species or genus for its material counterpart — boundless physical space.
Similarly, infinite absolute space serves as the species for its material counterpat —
boundless material ephir. As a symbol, like a finite segment on an infinite line, ma-
terial physical space is observable. However, ephir — the “wind” from it — turned
out to be unobservable. Here too, Nicholas of Cusa warned that the indirect ap-
proach has its limitations. A chain of finite things does not reveal the truth but only
symbolizes it. Physical space is a symbol of the infinite universe. Do we conduct
experiments to detect it? No. Let's here too the ephir be considered not only as a
material counterpart but as a symbol of absolute space? Perhaps such could become
the key for our understanding many things in Universe. In the abstract, in the abso-
lute space, where its maximum and minimum coexist, in its material counterpart,
that is in the ephir we wanted to detect by the Michelson-Morley experiment phys-
ically feel “wind” from ephir. But we failed. The speed of light in a vacuum was
found to be the same in all directions, leading us to conclude that ether does not
exist. However, even Einstein [8] was not opposed to the ether: “According to the
general theory of relativity, ether exists. But this ether cannot be regarded as a
weighty medium endowed with qualitative characteristics, consisting of parts that
can be tracked over time. The idea of motion does not apply to it.” In fact, the ephir
being a mass-unit of absolute space has only the energy of size In fact, the ephir
being a mass-unit of absolute space has only the energy of size.

Conclusion. Thus ephir is material analog of absolute space. But as symbol is
a symbol of the structured field of the Universe.
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AHHoTanusi. PaccMoTpeHo JBmkeHne (OTOHOB B NMPOCTPAHCTBE-BPEMEHH 3aKPBITOM M30-
TPOIHOM BceneHHoN DpuaMaHa, coaepkalleil JMHAMUYECKY0 KPOTOBYIO HOPY, 3aII0OJTHEH-
HYIO TIBUIBIO. T10oMTydeHsl U pelIeHsl ypaBHEHHS Te0e3uIeCKuX It (JOTOHOB B MPOCTPaH-
CTBE-BPEMEHU JMHAMUYECKOM KPOTOBOW HOPBI U B IIPOCTPAHCTBE-BPEMEHHU BCEICHHOHN
®punmana. [loxyuena u npoananusuposana GopMyia I pafuyca TeHH KPOTOBOH HOPHI.
CrenaH BBIBOJI, UTO pa3Mep TE€HH 3aBHCUT HE TOJIBKO OT ITapaMeTpOB KPOTOBOM HOPHI, HO U
0T BpeMeHHU HabmroeHns. Ha paHHUX BpeMeHax TeHb KPOTOBOW HOPBI YMEHBIIAETCS, TOT/IA
Kak Ha OoJiee MO3AHUX — YBEIMYUBACTCS BCJICACTBUE pacIIUpEeHHs BceJIeHHOoH DpunmMaHa.

KiaroueBbie ciioBa: KpOTOBas HOpA, AMHAMHUYCCKAsA KPpOTOBAast HOPA, BCCIICHHAs q)pI/I,Z[MaHa

BBenenue. KporoBast HOpa — 3TO CTpPyKTypa MpPOCTPaHCTBA-BPEMEHU C HETPHUBH-
QILHOW TOIOJIOTHEH, KOTOpast MPEJICTABISET COOOW TYHHEIb, COCTUHSIONMNA pa3-
JIMYHBIE [TPOCTPAHCTBEHHBIE 00JIACTU OJHOW M TOH K€ BCEJICHHOW MJIM Pa3IHYHbIE
BcesieHHble. OOBIYHO AJIS CYIIECTBOBAHMS MPOXOJUMON KPOTOBOIM HOPHI B OOIIEH
teopun otHocuTenbHOCTH (OTO) TpebyeTcst 3K30THUECKAs MaTepHsl, HApyIIAFOIIAs
cBeToBoe 3Heprerudeckoe ycnosue (COY) [1]. Onnako HeKOTOpbIe KOHQUTYpaLK
KpPOTOBBIX HOp MOTYT CyllecTBOBaTh Oe3 Hee. Haie BHUMaHNe IPUBIEKIIN CTaThH
[2—4], moCBsAIIEeHHBIE N3YUYEHUIO BO3MOXKHBIX MPOXOIUMBIX KpoTOBBIX HOp B OTO,
3aIlOJTHEHHBIX TBUTBI0, B KOTOPBIX aBTOPaMU OBLIH MOJyYeHbl KOHKPETHBIE MOJIEIH
MIPOXOJUMBIX JUHAMHUYECKUX KPOTOBBIX HOP, HE Hapymaromux COVY.

B nmanHO# paboTe MBI paccMaTpuBaeM JIBH)KEHHE (POTOHOB B MPOCTPAHCTBE-
BpeMeHHU BcesieHHOW ®DpujiMaHa, cojepxalieid JTUHAMUYECKYI0O KPOTOBYIO HOPY
[4], monmyyaeM (GopMyily paguyca TeHH KPOTOBOW HOPBI M UCCIIEIYEM €T0 3aBUCH-
MOCTB OT BPEMEHHU HAOIIOACHUSL.

MeToabl 1 MaTepuabl; pe3yJbTaThl. B KauecTBe MOAETN MBI pAaCCMOTPETH
JTUHAMHYECKYIO KPOTOBYIO HOPY, MIPEACTABIEHHYIO B cTaThe [4]. MeTpuKy naHHO#
KpPOTOBOI HOPBI MOKHO 3aIMCaTh CIEAYIOIUM 00pa3oM:

ds? = dr? — %dRZ — r2(R, 7)(d6? + sin?8 dp?), (1)
rne ' = dr/0R; h(R) = 1+1R2. 3aBucuMocTh 7 (R, T) 3a1aeTcs mapaMeTpUIECKH:
F(R F(R
r= L(1 —cosn), T = #(n —sinn),

' 2h3/2(R)
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rae F(R) = 2b(1 + R?)¥, nocrosmusie b, k > 0, mapamerp 7 € [0, 2r]. Ypasne-
HUS T€OJIE3NIECKUX TS (POTOHOB B MPOCTPAHCTBE-BPEMEHU KPOTOBOM HOPHI (1) MBI
3aIucali ¢ MOMOINLI0 cuMBOJIOB Kprctoddens u pemmmm ux B npubImKeHnA Ma-
JIOTO TIapameTpa 1) (Ha4aJIbHBIA ITEePHOJ] dBOJIOINN KPOTOBOK HOpHI). Ilpn aHamm3e
YpaBHEHHH Te0Je3MUECKIX MBI ITOTyYHIIN TOYKY TOBOPOTA TPACKTOPHUHU (POTOHA:

re=t)2)"

rae L — yrnoBoit MmomeHT hoToHa, C; — MOCTOSIHHAS, CBSA3aHHAs C dHEpPrueit ¢o-
tona E, C; = t%/3E.

Hamee MbI paccMoTpenn nBHXeHHE (OTOHOB B 3aMKHYTON HM30TPOITHON BCe-
neHHor @puaMaHa, METPUKY KOTOPOW MOYKHO 3aICaTh CIEAYIOMIIM 00pa3oM:

ds? = a?(n)[dn? — dy? — sin*y (d6? + sin?6 d¢?)],

rae a(n) = ag(1 — cos n) — maciuraGHblit hakTop, a, = const, Yy — paauaibHbIIA
yroj, n§ — mapamerp, CBS3aHHbIA CO BpeMeHeM: T = ay(n — sinn), YpaBHeHHs
re0JIe3MYCCKUX st (POTOHOB BO BecesieHHOW PpuaMaHa MbI HONYYHIH METOIOM
lamunpTOoHa — SKOOM.

[Tociie MBI paccMoTpesH JBHKeHHEe (HOTOHOB BO BeeleHHONW DpuamaHna, co-
Jepskaiieil KpotoByro Hopy (1), pasmep KOTOpoit paBeH R,, mpesronaras, 4To u3-
JIy4arolllee BEeIIECTBO HAaXOJUTCS TOJIbKO BO BcesieHHoW Ppuamana. B Takom ciy-
Yae TPaHUIly TEHH KPOTOBOM HOPBI 00pa3yloT (OTOHBI, «POXKIACHHBIC» BO
BceneHHol PpuMana, MpoIIe/IIne Yepe3 KPOTOBYIO HOPY M JOCTHUTIIHE HaOJI0-
JaTens, HaXxOMIIErocss B TOYKE Yops, B MOMEHT HAOMIOICHUS Tops(Mops). I10-
CKOJIBKY paccMaTpuBaeMoe MPOCTPAHCTBO-BPEMsI CheprUUeCKU-CHMMETPHUYHO, Ipa-
HHIIA TeHH OyIeT MPEICTABIATh COO0M OKPYKHOCTD C PAIMYCOM Qg :

3/k

L
C1

b

Asp = aolLshl(1 — COS 7']obs)z X
-1

, Lgp? . .
X'| cos )(obs(1 — Cos nobs) K- ﬁ + sin Xobs SIN r]obs\ﬁ? >

rae Lgp, — yrinoBoit MOMEHT (OTOHOB, (YOPMHUPYIOIIMX I'PAaHUILy TEHH KPOTOBOI
HOpBI, K — TIOCTOSIHHAsI HHTETPUPOBAHMS, MTOTYUYCHHAs NIPU BBIBOJIE YpaBHEHUIA
re0JIe3U4YEeCKUX BO BeeleHHON Ppuamana U cBs3aHHas ¢ dHepruei ¢otona E, K =
[a(m)E]?. Bumno, 4to pa3sMep TEHH 3aBHCHT KaK OT KOOpPAMHAT HaGIIOmaTels
Xobs» Nobs> TAK U OT Lgp, KOTOPBIM 3aBUCUT OT IapaMeTpoB KpoTOBOW HOphl. Ilpn
(DUKCUPOBAHHOM TOJIOKESHUHM HAOIIONATENS Y, ps TEHb 33JaHHONW KPOTOBOI HODHI
R.,k,b 3aBUCUT TOJBKO OT BpPEeMEHH HAOMIOACHUA T,ps(Mops). IIpH MalbIx
Tobs Mobs) Pa3Mep TEHH yMEHBIIAETCA, TIOCKOJIBKY Bce Ooiblie (OTOHOB, MOMAB-
mux u3 BeeneHHol dpuamana B KpOTOBYIO HOPY, AOCTUTAIOT HaOIoares, T. €.
|Lgp,| co Bpemenem ymenbinaercs. [puuem ymensinenue |Lgy,| mpoucxomur crpe-
MUTENBHO U HE yCIIeBaeT KOMIIEHCHPOBATHCA paclIMpeHneM BcelleHHoW. Ha mo3n-
HHUX BpeMeHax, Korja |Lgy| MOCTHraeT MUHMMAJIBbHOTO 3HAYCHHS, COOTBETCTBYIO-
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mero Ry = 0, pa3Mep TEHU YBEJIUUMBAECTCS BCIEICTBHE PACIIUPEHUS] BCEICHHOU
Opunmana.

3akiaiouenue. B qanHoi paboTe MBI pacCMOTPENH ABMKEHHE (DOTOHOB B TIPO-
CTPAHCTBE-BPEMEHH BceleHHOW DpuamaHa, coaepkalmedl THHaAMHYECKYI KpOTO-
BYIO HOPY, W TIOJMYYHJIM QOPMYIIY JJIs pajnyca TeHU KpoTOoBoW HOpbI. [1o pe3yiib-
TataM pabOThl MOXKHO CZEJaTh BBIBOJ, YTO PaJUyC TCHHU 3aBUCHUT HE TOJHKO OT
MapaMeTpoB KPOTOBOW HOPHI, HO M OT BpeMeHHU HaOmroaeHus. [IpudeM Ha paHHUX
BpEMEHAX TEHb KPOTOBOW HOPHI YMEHBIIACTCS M3-32 YMEHBIIEHUS YTJIIOBOI'O MO-
MmeHTa |Lg,| hoTOHOB, (OPMHUPYIOMIMX TPAHUILY TEHH KPOTOBOM HODBI, a Ha MO3/I-
HUX — yBEIIMYNBACTCS U3-32 paciirpeHus BceneHHor Opunamana.

Paboma 6vi1a noddeporcana epanmom @onda pazsumus meopemuieckol Guzuxu
u mamemamuru « BA3UCy» Ne 24-1-1-39-2, a maxoice eparnmom
Poccuitickoeo nayunozo ¢ponoa (npoexm Ne 25-22-00163).
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The shadow of a dynamic wormhole in Friedmann universe
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Abstract. The motion of photons in the space-time of a closed isotropic Friedmann uni-
verse containing a dynamic wormhole filled with dust is considered. Geodesic equations for
photons in the space-time of a dynamic wormhole and in the space-time of the Friedmann
universe are obtained and solved. A formula for the radius of the wormhole shadow is ob-
tained and analyzed. It is concluded that the size of the shadow depends not only on the
parameters of the wormhole, but also on the observation time. At early times, the wormhole
shadow decreases, while at later times it increases due to the expansion of the Friedmann
universe.

Keywords: wormhole, dynamic wormhole, Friedmann universe
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Introduction. A wormbhole is a structure of space-time with a non-trivial topology,
which is a tunnel connecting different spatial regions of the same universe or dif-
ferent universes. Usually, the existence of a traversable wormhole in the general
relativity (GR) requires exotic matter that violates the null energy condition (NEC)
[1]. However, some wormhole configurations may exist without it. Our attention
was attracted by the articles [2—4] devoted to the study of possible traversable
wormholes in GR filled with dust, in which the authors obtained the models of tra-
versable dynamic wormholes that do not violate the NEC.

In this paper, we consider the motion of photons in the space-time of the
Friedmann universe containing a dynamic wormhole [4], obtain the formula for the
radius of the wormhole shadow and investigate its dependence on the observation
time.

Methods and materials; results. As a model, we considered the dynamic
wormhole presented in the article [4]. The metric of this wormhole can be written
as follows:

ds? = dr? — %dRz — r2(R,7)(d6? + sin?6 d¢p?), (1)
where r' = Z—;, h(R) = 1+1R2. The dependence r(R, T) is specified parametrically:
F(R) F(R) .

r = m(l - COST]), = ZhTZ(R)(T] — Sin T]),

where F(R) = 2b(1 + R?)¥, the constants b, k > 0, the parameter n € [0, 21]. We
wrote the geodesic equations for photons in the wormhole space-time (1) using
Christoffel symbols and solved them in the approximation of a small parameter n
(the initial period of wormhole evolution). By analyzing the geodesic equations, we
obtained the turning point of the photon trajectory:

re=](3)"

where L is the angular momentum of the photon, C; is a constant associated with
the energy of the photon E: C; = 7%/3E.

Next, we considered the motion of photons in a closed isotropic Friedmann
universe, the metric of which can be written as follows:

ds? = a?(m)[dn? — dy? —sin®y (d8? + sin?6 d¢?)],

where a(n) = ay(1 — cos n) is the cosmological scale factor, a, = const, y is the
radial angle, 1 is a parameter related to time: T = ay(n — sin n). We obtained the
geodesic equations for photons in the Friedmann universe using the Hamilton-
Jacobi method.

We then considered the motion of photons in a Friedmann universe containing
a wormhole (1) of size R,, assuming that the radiating matter is located only in the
Friedmann universe. In this case, the boundary of the wormhole shadow is formed

3/k

L
C1

2
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by photons “born” in the Friedmann universe, passing through the wormhole and
reaching the observer located at the point y,,s, at the moment of observation
Tobs Mops)- Since the space-time under consideration is spherically symmetric, the
boundary of the shadow will be a circle with a radius of agy,:

agp = ao|Lsp|(1 — cos nobs)z X

-1
, Lgp? . .
X (COS Xobs(1 — oS Nyps) [K — m + SIN Xops SIN 7']obs\/f) >

where Lg, — the angular momentum of the photons forming the boundary of the
wormhole shadow, K is the constant of integration obtained when deriving the
equations of geodesics in the Friedmann universe and is related to the energy of the
photon E, K = [a(n)E]>.

It is clear that the size of the shadow depends on both the observer's coordinates
Xobs»Nops and on Lgy,, which depends on the parameters of the wormhole. For a
fixed position of the observer y, s, the shadow of a given wormhole R,, k, b depends
only on the observation time 7,p5(1ops)- For small 7,p55(1,ps), the shadow size de-
creases as more and more photons from the Friedmann universe that enter the worm-
hole reach the observer, i. e. |Lgy,| decreases with time. Moreover, the decrease in
|Lgp, | occurs rapidly and is not compensated by the expansion of the universe. At late
times, when |Lgy,| reaches its minimum value corresponding to R; = 0, the size of
the shadow increases due to the expansion of the Friedmann universe.

Conclusion. In this paper, we considered the motion of photons in the space-
time of the Friedmann universe containing a dynamic wormhole, and obtained a
formula for the radius of the wormhole shadow. Based on the results of the work,
we can conclude that the radius of the shadow depends not only on the parameters
of the wormhole, but also on the observation time. Moreover, at early times, the
wormhole shadow decreases due to a decrease in the angular momentum |Lg,| of
the photons forming the boundary of the wormhole shadow, and at later times, it
increases due to the expansion of the Friedmann universe.

This work was supported by a grant from the Foundation for the Development
of Theoretical Physics and Mathematics «BASIS» No 24-1-1-39-2 and by RSF
(project No. 25-22-00163).
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Annoranusi. CoBpeMeHHas (PU3MKa CUMTACT, YTO «MAPAJOKChl 3CHOHA» pa3peIIaloTCs,
€CITH OHU CPOPMYJIUPOBAHBI CTPOTO B CMBICIIC COBPEMCHHOM MaTeMaTuku. [Ipu 3TOM, MHO-
THE YYCHBIC, HICTOPUKU U (PHIOCO(BI MOJIAraroT, YTO MapagoKChl 3CHOHA SIBIISIOTCS JIMIIIb
KXKYIIUMUCS TapaJoKCaMy, BO3HUKAIONIMMHU B PE3YJIbTATe IJIOX0 MOCTABICHHBIX MPOOJIeM
U TIPEIB3SATOCTU YEIOBEYECKOTro paccyxaenus. OHako, UMEHHO GopMyIrpoBka [amuneem
3aKOHA MHEPIINH, BKIFOYCHHOTO TT03KE B 3aKOHBI MTUHAMUKHA HbI0TOHA, kKak 0a30BOTO, MO3-
BOJISIET MHAYE pacCMaTpUBaTh NapaJoKC 3€HOHA O IBHXKYILEHCS CTpee.

Kuarwuesbie ciaoBa: Ilapanokc, 3eHoH, ["anuneit, cucrema KOOpIWHAT, MHEPIHAIbHAS CH-
cTeMa oTcyeTa

Beenenne. O0bruno cunraercs, uto umenno I'. [anumeit cmoBamu «MaTtemMaTuka —
S3BIK (PM3MKM) COBEPLIMJ IOBOPOT B M3YUEHUM (PU3MKH, NEpeHas K KOJHMYECTBEH-
HOMY SI3BIKY TIpY OoTMcaHuu (prsndeckux mnporeccoB [2—4]. [l onmrcanus mocryma-
TEJNBHOTO JIBUKEHHUS UCTIONIb30BAIUCH AEKAPTOBBI KOOPAMHATHI. DTOT KOPEHHOH 10-
BopoT ObLT 3akperuieH M. HetoroHOM B Bujie anddepeHIHanbHbIX ypaBHEHHH ISt
(OpMyITHPOBKM 3aKOHOB IBIKCHUSI HEOECHBIX U 3€MHBIX Tell, TEIUIOBBIX IPOLIECCOB
[1]. Omnako mMeHHO (opMynrpoBKa ['anmieeM 3akOHA HHEPIMH, BKIFOYEHHOTO
MO3XKe B 3aKOHBI TUHAMUKN HbroTOHA, Kak 0a30BOT0, MO3BOJISIET HHAYE paccMaTpH-
BaTh NapaJOKC 3€HOHA O JBIXKYILIEHCS CTpee.

MeToasl 1 MaTepHasbl; pe3yJbTaTbl. BU3yalbHO, MOXXHO MOATBEPIUTE JBH-
JKCHHUE CTPEJibl, pacCMaTpUBas €¢ pa3Ma3aHHblll ciiefl Ha ¢dororpaduu. PasMbiTue
n300pakeHust Ha ororpaduu — U3BECTHBIN NpreM (HoTorpadoB, «OKUBIISIOLIIID
¢dororpadupyemsrii 00bekT. Haobopot, 4To0B! caenarth 4eTkoe H300pakeHUe JIBU-
XKylierocst 00bekTa, hororpad A0IbKeH moBopaunBath (oroamnmapar Beiesa 3a Mya-
IUMCST 00BEKTOM, HO CMa3bIBasi Y€TKOCTh M300paxeHws Gona. Temeps MOXXHO BO-
00pa3uTh MOABMKHYIO IUIaTGOPMY, Ha KOTOPOW pacrojaraercst HaOJIoAaTelNb, BIOJIb
KOTOpOH JiBMKeTCs: 00beKT (cTpena). CkopocTh TaTGopMbl MOKHO TUIABHO H3Me-
HATh, YTOOBI CcJejaTh €€ paBHOW CKOpOoCcTH crpenbl. Ha muatdopme, Hapsay
¢ HaOmofaTeseM pacroyoKEeHbl CHCTeMa JEKapTOBBIX KOOpAMHAT M 4achl. bynem
10J1araTh, YT0 CKOPOCTh MIAT(OPMBI BIOJIb BEIOPAHHOTO HANPABJIEHHS MTOCTOSHHA U
3HAUUTENBHO MEHBILE CKOPOCTU cBeTa. [1omydnM MHEpIMaNbHYIO CUCTEMY OTcYeTa
(MCO) knaccuueckoit mexanuku. Toraa cornmacHo yTBepxaeHuio ['anunest o6 uHep-
UATLHOCTH JIBKCHUS, BCE MEXaHUYECKUE TpoIiecchl, Habmromaembie ¢ ator MCO,
OyIyT 3aperUCTPUPOBAHBI KaK IMPOUCXOSIINE B HETTOABIDKHOM CHCTEME oTcUeTa [6].

3aka04yenne. VHpIME crioBamu, HaOmoAaTenb Ha wIaTGopme, paBHOMEPHO U
OPSIMOJTUHEWHO JABMKYLICHCS OTHOCUTEIBHO BBIMYIIEHHON CTPENBl CO CKOPOCTHIO
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3HAYUTEIFHO MEHBIIIEH CKOPOCTH CBETa U PABHON CKOPOCTH CTPEIbI, OyJeT BHIETh
€€ HETO/ABIKHOM, KaK U B YTBEP)KIECHHOM Mapasokce 3eHoHa [3, 5].

OTMeTHM, 9TO 3aKOH MHEPIMH — 3TO KaYeCTBECHHBIA 3aKOH (PU3MKH, OH HE HC-
MOJIb3yeT MaTeMaTHYeCKUX TepMHUHOB. [locTymaTtoMm CIIyXHUT yTBEep)KIEHHE, UTO
MPOCTPAHCTBO OJHOPOAHO U U30TPOITHO, a BpeMsi — ogHopoaHo, Toraa MCO cy-
mecTBy1oT. Teneps, cornmacHo Teopeme Hetep, 0IHOPOIHOCTH MPOCTPAHCTBA OTHO-
CUTENFHO CIIBUTOB JIACT 3aKOH COXpaHEHHUS UMIYJbCa, W30TPOMHOCTh MPHUBEIET
K COXpaHEHUI0 MOMEHTa UMITYJIbCa, a OJHOPOJHOCTH BPEMEHU — K COXPAHEHUIO
SHepruM aBwxkymerocs tena [6]. Ero dhopManuzanuu B crienualibHON TEOpUU OT-
HOCHTEIHHOCTH Jlala BO3MOXKHOCTh A. DWHINTEHHY KaueCTBEHHO TOHSATH HEBO3-
MO>KHOCTh JIBIKEHHSI CO CKOPOCTBIO OOIBIIIE CKOPOCTH CBETa M MaTEMAaTHYECKU
yCTaHOBI/ITI) 3KBHUBAJICHTHOCTDH 3H€pFI/II/I 1 MaAcCCBI.
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Zeno, R. Descartes, G. Galileo and Zeno's paradox “Arrow”
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Abstract. Modern physics believes that “Zeno's paradoxes” are resolved if they are formu-
lated strictly in the sense of modern mathematics. At the same time, many scientists, histo-
rians and philosophers believe that Zeno's paradoxes are only apparent paradoxes that arise
as a result of poorly posed problems and biased human reasoning. However, it is Galileo's
formulation of the law of inertia, later included in Newton's laws of dynamics as a basic
one, that allows us to consider Zeno's paradox about a moving arrow differently.

Keywords: Paradox, Zeno, Galileo, coordinate system, inertial reference system

Introduction. It is generally believed that it was G. Galileo who, with the words
“Mathematics is the language of physics,” made a turn in the study of physics, moving
to a quantitative language in describing physical processes [2—4]. Cartesian coordinates
were used to describe translational motion. This radical turn was consolidated by
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I. Newton in the form of differential equations for formulating the laws of motion of
celestial and terrestrial bodies, thermal processes [1]. However, it was Galileo's formu-
lation of the law of inertia, later included in Newton's laws of dynamics as a basic one,
that allows us to consider Zeno's paradox about the moving arrow differently.

Methods and materials; results. Visually, the movement of the arrow can be
confirmed by examining its blurred trace in the photograph. Blurring the image in a
photograph is a well-known technique of photographers, “bringing to life” the pho-
tographed object. Contrariwise, to make a clear image of a moving object, the pho-
tographer must turn the camera after the rushing object, but blurring the clarity of
the background image. Now one can imagine a moving platform on which the ob-
server is located, along which the object (arrow) moves. The speed of the platform
can be smoothly changed to make it equal to the speed of the arrow. On the plat-
form, along with the observer, there is a system of Cartesian coordinates and a
clock. We will assume that the speed of the platform along the selected direction is
constant and significantly less than the speed of light. We will obtain an inertial
frame of reference of classical mechanics (IRF). Then, according to Galileo's asser-
tion about the inertia of motion, all mechanical processes observed from this IRF
will be registered as occurring in a stationary reference frame [6].

Conclusion. In other words, an observer on a platform. which is uniformly
moving relative to a released arrow at a speed significantly less than the speed of
light and equal to the speed of the arrow, will see it as stationary, as in the stated
Zeno paradox [2, 5].

Note that the law of inertia is a qualitative law of physics, it does not use
mathematical terms. The postulate is the assertion that space is homogeneous and
isotropic, and time is homogeneous, then IRFs exist. Now, according to Noether's
theorem, the homogeneity of space relative to shifts will give the law of conserva-
tion of momentum, isotropy will lead to conservation of angular momentum, and
homogeneity of time — to conservation of the energy of a moving body [6]. Its
formalization in the special theory of relativity allowed A. Einstein to qualitatively
understand the impossibility of motion with a speed greater than the speed of light
and to mathematically establish the equivalence of energy and mass.
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MpoToTun geTeKTopa rPaBUTaLUOHHDbIX BOJIH ANA PerucTpaumm UsniydeHus pax-
Heii BceneHHOW B KMaorepuo0BomM AManasoHe
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AnHoTanus. IIpeanoxeH NpUHIMI ASUCTBHUS JETEKTOpA M €ro KOHCTPYKIMS, NpEeIHA3HA-
YEHHOI'O JUIsl perucTpanud M3Iy4deHHsl paHHEH BcelneHHOH, B paMKax IPaBUTALIUOHHOIO
KaHalla nepenayy sHepruu. HoBbli TUI eTEKTOpa paccMaTpUBACTCS KaK MHCTPYMEHT IS
JKCHEPUMEHTAIBHOIO HUCCIEN0BaHHUA HCTOpUH KocMmoca. IloguepkuBaercsi aKTyalbHOCTh
IIPOEKTa M YKa3bIBAETCA TEOPETUYECKAs BO3MOXKHOCTH CYLIECTBOBAHMS I'PAaBUTALMOHHBIX
BOJIH B KMJIOTE€PLIOBOM JHANa30HE YacTOT. AHAIM3UPYIOTCS CXEMBI COBPEMEHHBIX KPHO-
TeHHBIX IETEKTOPOB, KOTOPBIE MOTYT CIIy>KHTh MPOTOTHUIIAMHE VISl Pa3pabOTKH HOBOTO TPH-
6opa.

KiroueBble ciioBa: penukToBoe ['paBUTallMOHHOE H3IIydeHHE, CTOXaCTHMYECKHH IpaBHTa-
LMOHHBIN BOJIHOBO# ()OH, KDHOTEHHKA, MAaTrHUTOKaJIOPUMETPHI

BBenenue. Pa3paboTka mporotumna aerekTopa rpaBuTaniioHHBIX BoiH (I'B) B ku-
morepuoBoM (k') nuama3zoHe YacTOT MPEACTAaBISET COOOH IEPCIEKTHBHOE
HaIpaBJICHUE B COBPEMEHHOW (hU3MKe U acTpodu3uke. MI3BECTHO, YTO PerucTpaIus
PEIUKTOBOTO MHUKPOBOJIHOBOTO M3IyUYEHHUs, UAYIIEro U3 Kocmoca B 1965 r., moa-
TBepauia Teoputo bombiroro B3priBa BeenenHoO# u coBepimia MpopeIB B MO3HA-
HUU KocMoca [1-5]. Mcnonp3oBaHue Opyroro KaHaja Iepefadd dHEPIMH MOXKET
CTaTh B@KHBIM MHCTPYMEHTOM JIJIsi UCCIICAOBaHUs paHHEH BcelneHHOM, a Takxke
JUTSL KI3YUYEeHHSI 3K30THYECKUX acTPO(PU3NMUECKUX OOBEKTOB, TAKUX KaK HEUTPOHHBIE
3BE3bl, YEPHBIE BIPBI WIIH THIIOTETHYECKHE KOCMOJIOTHYECKHE CTPYHHI [6, 7].

Metoabl U MaTepuaJbl; pe3yabTaTbl. A. OcHoenble npuHyunsl padGomol
npomomuna. I'B npencrapnsior coboii yHUKaNbHBINA KaHa nepenayn uHpopma-
MU 0 coObITUAX BO Beenennou. [IpoToTum neTekTopa mpeamnonaraeT uerojib30Ba-
HUE YYBCTBUTEIIbHBIX 3JIEMEHTOB, PEarupyronMx Ha MUKPOCKOIIUYECKHE H3MEHE-
HHS IIPOCTPAHCTBOBpeMEHU B KI'Il auanazoHe. I'B ¢ wacToramu B Juamna3oHe OT
HECKOJIBKMX COTEH IepIl JJ0 HECKOJIBKHUX KHIIOTEPI] MOTYT OBITh BBI3BAHBI CIIHSHAEM
HEHUTPOHHBIX 3BE€3]l, KOJICOAHUSIMH MOJIOBIX HEHTPOHHBIX 3BE3]] WA IPYTMMH BbI-
COKODHEPreTHIeCKUMU TIporieccamu [7].

[Iporoturt gomkeH OBITH ONTUMH3UPOBAH IS PETUCTPAIIMH UMEHHO STUX 4Ya-
CTOT, YTO OTIMYaeT €ro OT CYHIECTBYIOIMX JeTeKTopoB (Hampumep, LIGO,
VIRGO, KAGRA), paboraromiux B 00jiee HU3KOM YaCTOTHOM Juarnasoue [8].

Membpannvie, pe3oHaHcHble U MACHUMOCMPUKYUOHHBIE CUCTNEMbl. B KAUECTBE
YYBCTBUTEJBHBIX 3JIEMEHTOB JIETCKTOPOB UCIOIB3YIOT MEXaHUYECKHUE PE30HATOPHI
Wi MeMOpaHbl, KOTOPbIE CIIOCOOHBI YCHJIMBATh CHTHAJIBI TPAaBUTAIIMOHHBIX BOJH
3a CYET WX COOCTBEHHBIX KOJICOAHWH. DTH CHCTEMBI MOTYT OBITh M3TOTOBJICHBI U3
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CBEPXYHCTBIX MAaTepHajoB, TAKUX KaK KPEMHHUH WK carndup, I MAHUMHU3AIIH
MoTeph 3Hepruu. JlaHHBII TN JETEKTOpa MCIOJIB3YEeT I'eHEpaIi0 MarHUTHOTO
OTKJIMKa MaTepraia JaT4hKa IpH ero JIehopMaIiy TpaBUTAIIHIOHHON BOHOM.

st mocTrKeHHus BRICOKON YyBCTBUTEIHHOCTH IETEKTOP MOXKET HCIIOIb30BaTh
KpUOTEHHBIE CHUCTEMBI, CHIDKAIOIIUE TEIUIOBOW IIYM M TMOBBILIAIOIINE TOYHOCTh
nzMepenuii. CoBpeMeHHbIE KPUOTEHHBIE NeTeKTOphl, Takue kak KAGRA (fAmo-
HUS), CIYKaT OCHOBOH TS pa3pabOTKH HOBBIX TEXHOIOTHIA.

b. Boszmooicnote cxemot peanuszayuu. boromempuueckue demexmopwi. 00I10-
METpBI, YyBCTBUTEIIbHBIE K U3MEHEHUSIM TEMIIEpaTypbl, MOT'YT OBITh aJanTHPOBA-
HBI JUIsl PETHCTPANM BTOPHUYHBIX 3(PQPEKTOB TPaBUTAIMOHHBIX BOJIH, HAIPUMeED,
HarpeBsa Marepuana.

AnbTepHATUBON MOTYT CIY>KUTh HaHOpa3MEpHblEe MEXaHWYECKUE OCLUIIIATO-
PBI, OXJIAKIEHHBIE 10 CBEPXHU3KHUX TEMIIEpPAaTyp, MOTYT HCIIOJIBb30BaThCS I 00-
HapyXEeHHUS MaJIBIX BO3MYIIEHUHA TPOCTPAHCTBOBPEMEHH.

B. I[enecoobpaznocme npoexma. Hayunas suauumocms: oOHApyXEHUE Tpa-
BUTAIIMOHHBIX BOJH B KHJIOTE€PIIOBOM JHAla30HE MO3BOJMUT MOJYyYUTh HOBBIEC JaH-
HBIE O TIpoIleccax, MPOUCXOSAIINX B IKCTPEMANBHBIX yCIOBHIX, TAKUX KaK CIHS-
HUE HEUTPOHHBIX 3BE3JI WJIM KOJUIATIC MACCHBHBIX OOBEKTOB. DTO TAaKKE MOXKET
MOMOYb MPOBEPUTH TEOPHH, BBHIXOMASAIINE 32 PAMKH CTaHAAPTHOW MOZAETH (HU3HKH,
HaIpuMep, TEOPUIO CTPYH WK AOTIOITHUTEIFHBIC U3MEPEHUSI.

Texnonozuyeckas 6aza: pa3pabOTKa MPOTOTUIA CTHMYJIAPYET Pa3BUTHE HO-
BBIX TEXHOJIOTH, TAKUX KaK KPHOT€HHbIE CUCTEMbI, KBAHTOBAasl ONTHKAa M HaHOMe-
XaHWKa, KOTOPbIE MOTYT HAWTH MPUMEHEHHUE B JIPYTUX 00JACTAX HAYKH U TEXHUKH.

Jlononnenue k cywecmsyrowum dKcnepumenmam: NeTeKTop B Kl Il nuamazoHe
OyJIeT IOMONHATH CyIIeCTBYImuUe mpoekThl, Takue kak LIGO, VIRGO, KAGRA
u Oynymue kocMudeckue muccuu (Hampumep, LISA). Dto mo3sonut coznate 60-
Jiee TOJTHYIO KapTUHY TPaBUTAI[MOHHO-BOJIHOBOTO «HEDa.

Ouenka ¢uykryanuu Temmepatypsbl. OnpenennuM CTaTUCTHYECKYI0 TeMIIe-
parypy TNpH TeHepalud BOJH SHeprud 6@ CTOXACTHUECKUM TPaBUTAIMOHHO-
BOJIHOBBIM (hoHOM (CI'BD),

5Q

ds’
rae dS = kglnW, kg — nocrosinnas bonbiiMana, W — 4KCIO TOIYCTUMBIX SHEP-

reTuyeckux coctosHUM [9]. lomaras, 4To mpu reHepanuy pokaaeTcs ABa KBaHTa
U3JTy4YeHus ¢ sHeprueii Av, tae v = 10T,

AT ~1,40-10"*K.

T =

PesyabTartel. UTak, B KproreHHoi ycraHoBke ¢ Temmneparypoit 7<0,2:10-4 K
MOKHO 3aMETUTh (QUIYKTyallid TeMIepaTypbl, Bel3BaHHBIE moriomeHneM CI'BO.
Jlist 3TOro MOXHO HPEAJIOKUTh YCTAaHOBKY U3 JBYX IEPIEHAMKYJIAPHO PacIojo-
XKEHHBIX JI€TEKTOPOB M IOJK/IIOUCHHME CXEMbl aHTUCOBIIAJEHUM HX IOKa3aHUH.
B 0030pe mpororunoB ycranoBok s peructpauun CI'B® ykazanbl cxeMmsl
[10, 11] cyIeCTBYIOMMX W MPOCKTHPYEMbIX MarHUTOKAJIOPHUMETPOB, MPH pab0odumnx
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TeMmIeparypax HUKe MUKPOKEIILBUHOB. B kadecTBe MexaHW3Ma Niepeiadn SHEPTUU
IPaBUTOHA MAarHUTHOMY TIOJIF0 B MarHUTOKAJIIOPUMETPaX MpeJiaracTcs BO30yx ie-
HHe MarHoHa [12].

~ (Y

«E channel»

-o-td'[j-u- A— tb'{:—---

Puc. 1. MarHuTHbI KanopumeTp (puc. u3 cTatbu [10])

3akuwuenue. [Iporotun nerekropa I'B B k['11 quanaszone — 3To MHOroo0e-
MIAIOIIUI MPOEKT, KOTOPBHIM MOXKET 3HAYUTEIBLHO PAaCIIMPUTh HalllM 3HaHUs 0 Bcee-
JneHHoi. Hcmonb3ysl cOBpeMEHHbIE KPUOTEHHBIE TEXHOJOTHU U KBAHTOBBIE METO-
IBI, MOXHO CO37aTh TPUOOp, CHOCOOHBIM 3apEerUCTPUPOBATH  CUTHAJIBI,
HEJOCTYTHBIE IS TEKyIIUX CUCTeM. Peanm3aliisi TaKOoro JETEKTOpa CTaHET Ba-
HBIM IIIarOM B Pa3BUTHHU I'PAaBUTAI[IOHHO-BOJIHOBOW aCTPOHOMHHU M OTKPOET HOBBIE
TOPU30HTHI B HCCIIEOBAaHUN KOCMOCA.
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Prototype of a Gravitational Wave Detector to Record Radiation from the Early
Universe in the Kilohertz Range

Izmailov G.N. gizmailov@mail.ru

V.A. Kotelnikov IRE RAS, Moscow, Russia

Abstract. The operating principle of a detector designed to register radiation of the early
Universe within the gravitational energy transfer channel is proposed. The new type of the
detector is considered as a tool for experimental study of the history of space. The rele-
vance of the project is emphasized and the theoretical possibility of the existence of gravita-
tional waves in the kilohertz frequency range (SGWR) is indicated. The schemes of modern
cryogenic detectors are analyzed, which can serve as prototypes for the development of a
new device.

Keywords: relic gravitational radiation, stochastic gravitational wave background, cryo-
genics, magnetocalorimeters extreme conditions, such as the merger of neutron stars or the
collapse of massive objects.

Introduction. Development of a prototype gravitational wave (GW) detector in the
kilohertz (kHz) frequency range is a promising direction in modern physics and
astrophysics. It is known that the registration of relic microwave radiation coming
from space in 1965 confirmed the Big Bang theory of the Universe and made a
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breakthrough in the study of space [1-5]. Using another energy transmission chan-
nel can become an important tool for exploring the early Universe, as well as for
studying exotic astrophysical objects such as neutron stars, black holes or hypothet-
ical cosmological strings [6, 7].

Methods and materials; results. A. Basic principles of the prototype. GW
are a unique channel for transmitting information about events in the Universe. The
detector prototype involves the use of sensitive elements that respond to micro-
scopic changes in spacetime in the kHz range. GWs with frequencies in the range
from several hundred hertz to several kilohertz can be caused by neutron star mer-
gers, oscillations of young neutron stars or other high-energy processes [7].

The prototype should be optimized to register these frequencies, which distin-
guishes it from existing detectors (e.g. LIGO, VIRGO, KAGRA) operating in a
lower frequency range [8].

Membrane, resonance and magnetostrictive systems: Mechanical resonators or
membranes have been used as sensitive elements of detectors, which are capable of
amplifying gravitational wave signals due to their own oscillations. These systems
can be made of ultra-pure materials such as silicon or sapphire to minimize energy
losses. This type of detector uses the generation of a magnetic response of the sen-
sor material when it is deformed by a GW.

To achieve high sensitivity, the detector can use cryogenic systems that reduce
thermal noise and increase the accuracy of measurements. Modern cryogenic de-
tectors, such as KAGRA (Japan), serve as a basis for the development of new tech-
nologies.

B. Possible implementation schemes. Bolometric detectors: Bolometers are
sensitive to temperature changes so its can be adapted to register secondary effects
of gravitational waves, such as heating of a material. An alternative is nanoscale
mechanical oscillators cooled to ultra-low temperatures, which can be used to de-
tect small disturbances in spacetime.

C. Feasibility of the project. Scientific significance: Detection of gravitational
waves in the kHz range will provide new data on processes occurring in extreme
conditions, such as the merger of neutron stars or the collapse of massive objects.

It can also help test theories that go beyond the standard model of physics,
such as string theory or extra dimensions.

Technological base: The development of the prototype will stimulate the devel-
opment of new technologies such as cryogenic systems, quantum optics and nano-
mechanics, which could find application in other areas of science and technology.

Addition to existing experiments: The detector in the kHz range will comple-
ment existing projects such as LIGO, VIRGO, KAGRA and future space missions
(e.g. LISA). This will allow us to create a more complete scope of the gravitational
wave “sky”.

Evaluation of temperature fluctuations. We will determine the statistical tem-
perature during the generation of energy waves 6Q by stochastic GW background
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5Q
ds’
where dS = ks InW, kg is the Boltzmann constant, W is the adopted energetic levels

number in the system [9]. Assuming that two radiation quanta with energy /v are
generated during generation, where v = 10° Hz,

AT ~1,40-107*K.

T =

So, in a cryogenic setup with a temperature of T < 0.2-10* K, temperature
fluctuations caused by the absorption of the SGWB can be observed. For this pur-
pose, a setup of two perpendicularly located detectors and the connection by an
anticoincidence circuit for their readings can be proposed. In a review of prototype
setups for recording the SGWB, schemes [10, 11] of existing and planned magne-
tocalorimeters are indicated, at operating temperatures below microkelvins.

Magnon excitation [12] is proposed as a mechanism for transferring graviton
energy to a magnetic field in magnetocalorimeters.
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Fig. 1. Magnetic calorimeter (fig. from [10])
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Conclusion. The prototype of the GW detector in the kHz range is a promising

project, which can significantly expand our knowledge of the Universe. Using
modern cryogenic technologies and quantum methods, it is possible to create a de-
vice capable of registering signals that are inaccessible to current systems. The im-
plementation of such a detector will be an important step in the development of
gravitational wave astronomy and will open new horizons in space exploration.
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Teleparallel gravity and the role of nonminimal boundary couplings

Kadam S.A. k.siddheshwar47@gmail.com

Department of Mathematics, School of CS & Al, SR University, Warangal,
Telangana 506371, India

Abstract. In this study, we have described an autonomous dynamical system within a broad
scalar-tensor gravity context. This context includes the overall configuration of non-
minimally coupled scalar field functions for both the torsion scalar (T) and the boundary
term (B). We have investigated three well-founded forms of potential functions and limited
the model parameters through dynamical system analysis. This analysis has been essential
to select cosmologically viable models. We have examined the behavior of dynamical pa-
rameters, including equation-of-state parameters, as well as the standard density parameters
for radiation, matter, and dark energy (DE) to evaluate their alignment with current obser-
vational data. The phase space diagrams are provided to illustrate the stability conditions of
the respective critical points. The Universe is clearly undergoing a late-time cosmic accel-
eration phase through the DE-dominated critical points. Furthermore, we test our results
with the most widely accepted ACDM model. The findings are further analyzed using the
cosmological datasets of Supernovae la and the Hubble rate H(z).

Keywords: Sorkin-Schutz formalism, f (T, ¢) gravity, Autonomous Dynamical System
Analysis
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Introduction to the Unimodular Kaluza — Klein theory

Kerner Richard(*) richard.kerner@sorbonne-universite.fr

Julio C. Fabris? julio.fabris@cosmo-ufes.org
1LPTMC, Sorbonne University and CNRS, Paris, France

2UFES, Vitoria, Brazil

Abstract. Unimodular Gravity was first introduced by Einstein as early as in 1919. The
extra unimodularity condition imposed on the pseudo-Riemannian metric seemed to be a
promising alternative to the cosmological constant, by using the condition det(g) = 1 as a
Lagrange multiplier in the Einstein — Hilbert variational principle. In this talk, we shall
investigate physical and mathematical aspects of extension of the unimodularity condition
to the 5-dimensional Kaluza — Klein space. It turns out that when the unimodularity con-
straint applies to the five dimensional equations, it does not necessarily apply to the reduced
equations in four dimensions. The reduction of the five dimensional equations to four di-
mensions leads to a quite unusual structure connecting gravity to a scalar field and ordinary
matter, which stems from the five dimensional framework. Cosmological vacuum solutions
of the effective four dimensional equations have been derived in our recent paper [1]. They
describe a symmetrically bouncing universe. However, even if the four dimensional metric
is free of singularities, the original five dimensional one becomes degenerate at the bounce
since the modulus field associated with the fifth dimension vanishes at the transition point
from the contracting to the expanding phase.

Keywords: Unimodular Gravity, Kaluza — Klein model, Cosmology, Bouncing solutions

Introduction. The unimodular gravity was viewed as another approach to the cos-
mological constant problem and to quantization of gravity. In fact, the unimodular
condition implies that the resulting field equations, after solving the constraint on
the determinant of the metric, are traceless. Due to this property, any cosmological
constant term disappears from the field equations. However, it can reappear as an
integration constant. One consequence of this property is that, for example, the
possible connection of the cosmological constant, for example, with the vacuum
energy is lost. Notice, moreover, that instead of imposing the determinant of the
metric equal to 1, the unimodular condition can be generalized by imposing that the
determinant of the metric is equal to the determinant of a given fiducial metric. In
any case, the condition on the determinant implies that the theory is invariant by a
restricted class of diffeomorphism, the transverse diffeomorphism. By generalizing
the unimodular gravity to the Kaluza — Klein, we follow the lines sketched in our
previous publication.

Our investigation of unimodular gravity in the context of the 5-dimensional
Kaluza — Klein theory should be preceded by the following considerations. We
are confronted with an alternative choice of the way we apply the unimodularity
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condition. We can choose to impose it to the variational principle in 5 dimensions,
find the solutions and then proceed to dimensional reduction, or perform dimen-
sional reduction first, expressing everything in terms of $4$-dimensonal Riemanni-
an metric and electromagnetic and scalar fields, and then proceed to variational
principle in 4 dimensions with unimodular condition imposed on the $4$-
dimensional metric. The situation is illustrated by the following diagram:

KK lagrangian in S D

dimensional reduction unimodular constraint

GR in 4D + fields Unimodular KK in 5D
unimodular |constraint dimensional | reduction
Unimodular Theory A Unimodular Theory B

In order to explore all the degrees of freedom present in the Kaluza — Klein
setting, we choose to apply the unimodular condition directly to the 5-dimensional
variational principle, leading to “theory B” on our diagram. Cosmological model
based on this theory does not need cosmological constant, and can lead to bouncing
Universe instead of singularity at the Big Bang.

Methods and materials; results. The methods are the usual ones in theoreti-
cal and mathematical physics: elaborating the model first, solving equations next,
analyzing solutions’ properties and trying to find a physical interpretation.

Conclusion. We have explored cosmological solutions in the absence of elec-
tromagnetic field coming from the Kaluza — Klein structure, which is required to
have isotropy in the three spatial dimensions of the external space. For the Kaluza —
Klein unimodular gravity the reduction to four dimensions preserves the coupling to
the electromagnetic field emerging from the five-dimensional metric. This is related
to the traceless character of the electromagnetic field. The coupling of the scalar
(modulus) field Phi associated to the fifth dimension, may possible bring new struc-
tures, e.g. static, spherically symmetric configurations, including Black Holes.

For the cosmological solution found here, we may also expect some peculiar
features at perturbative level. Finally, the effective theory in four dimensions, and
its coupling to matter emerging from unimodular Kaluza-Klein theory, must be
developed further since they correspond to a new implementation of the coupling
of the scalar field and gravity after reduction to the usual four-dimensional space-
time.
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FeomeTpua co6CTBEHHbIX BEKTOPOB KOMMNO3uuum 6yctos JlopeHua
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AnHoTanus. /Ji1 KOMIOO3HUIINH JIOPEHIIEBHIX OycToB LiL; B €BKIMIOBOM 4-MEpPHOM IIPO-
CTPaHCTBE KBATCPHHOHOB aHATMTUYCCKH HAWJCH TPUILICT COOCTBEHHBIX BEKTOPOB Co, Cl,
C2, KOTOpbIE HMEIOT EIUHUYHYIO TPOEKIMI0 HAa OCh BPEMEHHM M SIBIISIIOTCS 0a3ucom
3-MepHOT0 MOJANPOCTPAHCTBA, OPTOTOHAFHOTO HAMNPAaBICHHUIO V OCH BpaileHus: Burnepa V
Ha yrona ¢. EAVHUYHBIA BEKTOp 7o Hampasneuus PazHOCTH BEKTOPOB Ci—Co HE 3aBUCHUT
OT TIOPSI/IKA CIIOKEHUS CKOPOCTEH U CBSA3AH C HAMPABJICHUEM /1 PE3YJIbTUPYIONIEH CKOPOCTH

HOBOPOTOM Ha IIOJOBUHHBIH Yroun: n,=b-n= VLDHM n, rae b=ijcos@/2+ vsing/2,

a ip — eqUHMIA B anreOpe KBaTepHUOHOB. [Ipu 3TOM 00ecmeyrBaeTCs TaKOHHYHOCTh Oec-
KOOPAUWHATHBIX BBLIKJIAIOK C CUMMETPU30BAHHBIM MNPEACTABICHUEM KOMIIO3UINU 6yCTOBZ
L L =VL=V| L]

©0—>¢/2 " ln—ong V|¢~>(p/2 :

KiaroueBbie ciioBa: KOMITO3HIIUA 6y0TOB HopeHua, COOCTBEHHEIE BEKTOpA, ITOJIOBHHHBII
yroua BHrHepa, CBKJIMA0BA r€OMETPUs, TCOMCTPUICCKAA UHTEPIIPpETAMSA, KBATCPHUOHBI

BBenenue. Kommo3umus TopeHIEBbIX OYyCTOB U CIOKEHHE PENATUBUCTCKUX CKO-
pocteil B (pu3uKe SBISETCA KIACCUYECKOM TEMOM, KOTopas MpOJODKAeT paccMmar-
pHUBAThHCS MJIESION COBPEMEHHHMKOB, K YUCIY KOTOpBIX mpuHamiexaTr A.A. Ungar,
J.F. Barrett, S.J. Sangwine, M.J. Visser, T.S. Berry, B.W. Putyc, I'.b. ManbikuH,
3.K. Cunaranze u np. Benen 3a «BekropHoii anre6poit» I'. KazanoBel Hauanu mpu-
YMHOXXaTbCSI BEPCUHM aIreOpandeckoro omucaHusi mnpeoOpasoBanuii Jlopenna
B IIPOCTPAHCTBAaX C PA3NMYHON pa3MepHOCThIO U reomeTpuei. [Ipu sTom nuip He-
MHOTHE PabOThl PACCMATPUBAIOT JIOPCHIIEBHI OYCThI B TEPMHHAX OPUTHHAIBHBIX
KBaTepHUOHOB Y.P. 'aMHIbTOHA 1 MX €CTECTBEHHBIX 0000IIEHNI — OKTOHHOHOB,
a He ux Moaupukanmii. TakoBbIME sBIIsIOTCA [1, 2], KOTOPBIE PA3NUYHBIMU Ty TIMHU
IPUBOIAT K OJUHAKOBOMY OIMCAHMIO CIOXEHHUSA CKOPOCTEH IIOCPEACTBOM 7, H

OLIeHKaM Jiisi yria Buraepa ¢, coBmajgarommM ¢ TOYHOCTBIO JI0 3HaKa. B manHOM
pabote BrepBble IpeaIaraeTcsi Cnocod reoMeTpUIecKOro OCTPOSHHS HAWICHHBIX
B [1 et seq.] coOCTBEHHBIX BEKTOPOB, B 0a3uce KOTOPHIX L L, TPUBHAIBHO OMHCHI-
BAETCs PACTSHKEHHEM OJIHOTO M3 CBETONOJOOHBIX BEKTOPOB ¢, WM ¢, TIPH CKATHU
BO CTOJIBKO € pa3 BTOPOTO.

MeToabl 1 MaTepHuaJibl; pe3yabTaThbl. Puc. | neMOHCTpHpYyeT MpH 3aJaHHOM
V ocTajbHble COOCTBEHHBIE BEKTOPaA AJIs L | L, , KOTOPBIE CTPOSITCA 10 IIEPEMEHHOM

Touke 4 B m000M pakypce nporpammoirt GeoGebra, 4TO MO3BOJSET PEMIUTH AO-
BOJILHO CIJIOKHYIO 33/1a4y JII00OMY JKEIaloLIeMy .
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Puc. 1. basnc BEKTOPOB Co, C1, C2 TPEXMEPHOrO NOANPOCTPAHCTBA,
OPTOroOHaNbHOro oc V BUrHEPOBCKOro BpalieHuna V

BepTI/IKaJ'ILHaH OChb Z C INOMCYCHHBIMU HYJIEBBIM U €AUHHUYHBIM 3HAYCHUAMH —

ocbk BpeMeHHU. I[loBepxXHOCTH BpallleHUs] BOKPYI OCH BpeMEHH — mapabosons

22 =X2 +y2 . FOpI/IBOHTaJ'IBHaH IIJIOCKOCTh €AMHUYHOTO BPEMEHH IEPECECKACT IIa-

pabosons Mo eAMHUIHOMY KpyTy. A — Touka napaboyionaa, Jiexkalias BbIIe TOpU-
30HTAIIBHON TUIOCKOCTH. BepTHKanbHAs TIIOCKOCTh CONEPIKUT OCh BPEMEHH U TOY-
Ky A. B — TOuKa TmepeceYeHHs C TOPU3OHTAJIBHOW IUIOCKOCTRIO OTpe3Ka,
COEIMHSAIOIIEr0 HAauaJl0 0TCUETA BPEMEHH € TOUKOM A. [ nocTpoeHus ¢, U3 ToY-

KH A omyckaeTcs MepreHANKYISIp Ha TOPU30HTANBHYIO IIOCKOCTh. KOHIIBI cBETO-
HOJ0OHBIX BEKTOPOB ¢, M ¢, HAXOAATCS HA €AMHHUYHOM KPyre M COBHAJAlOT C

KOHIIAMM XOPJIbl, NPOBEACHHOW Yepe3 TOYKY B OpPTOrOHAIBHO BEPTHUKAIBHOU
IIJIOCKOCTH.

3akimovyenue. Y.P. [aMHIbTOH M300peNl KBaTEPHUOHBI JUISI MHTEPIPETAIUN
peaNIbHOTO MPOCTPAHCTBA-BPEMEHH, HO MX MOTeHIHaN Mmoka He ucuepnad. B CTO
anmapar KBaTCpPHHOHOB 00ECHEUMBACT JIAKOHMYHOCTb M HATJISIIHOCThH BBIKJIAOK,
MIPUMEHEHNE KOTOPBIX CAEP)KUBAETCSA OTYACTU TEM, YTO MpENoAaBaHUE KBATEPHU-
OHOB HE MPETyCMOTPEHO B CHCTEME O0S3aTeNbHbIX AUCIUIUIMH. Ecnm akTyanmbHast
COBpeMeHHas IpobiieMa BbIOOpa Hanbosiee MOAXOSIIeH MaTEMaTHKU JUIsl OIHCa-
HUS IPOCTPAHCTBA-BPEMEHH C YUCIOM U3MEPEHUH OOJBIIUM 4-X PEIIUTCS B MOJIb-
3y KBaTEpPHHOHOB M OKTOHHOHOB, TO YKa3aHHBIN HEAOCTAaTOK OyAET MOJEe3HO HC-
MIPABHTb.
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Geometry of Eigenvectors for Composition of Lorentz Boosts
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Abstract. For the composition L;L, of Lorentz boosts L; and L, in the Euclidean 4-
dimensional quaternion space, a triple of eigenvectors co, ci, ¢; is analytically found, each
of which has a unit projection onto the time axis and represents a basis vector of a 3-
dimensional subspace orthogonal to the direction v of the Wigner rotation axis at an angle
@. The unit vector ny of the direction of the vector difference c1—co does not depend on the
commutation of the summed velocities and is connected with the direction 7 of the result-

ing velocity by a rotation of half an angle: n, =b-nEV| where

0—¢/2 n,
b=i,cosp/2+ vsing/2, and ip is the unity in the quaternion algebra. This ensures the

conciseness of coordinate-free calculations with a symmetrized representation of the com-
position of boosts: L L, =VL=V|

o—>p/2 L|n~>n0 VLDA)QD/Z .

Keywords: composition of Lorentz boosts, eigenvectors, Wigner half angle, Euclidean
geometry, geometric interpretation, quaternions

Introduction. The composition of Lorentz boosts and the addition of relativistic
velocities in physics is a classical topic that continues to be considered by a galaxy
of contemporaries, including A.A. Ungar, J.F. Barrett, S.J. Sangwine, M.J. Visser,
T.S. Berry, V.I Ritus, G.B. Malykin, Z.K. Silagadze and others. Following G.
Casanova's “El algebra vectorial”, versions of the algebraic description of Lorentz
transformations in spaces with different dimensions and geometries began to mul-
tiply. At the same time, only a minority of papers consider Lorentz boosts in terms
of W. R. Hamilton's original quaternions and their natural generalizations, the oc-
tonions, rather than their modifications. Such are [1, 2], which in different ways
lead to the same formula for the addition of velocities expressed through #,, and

estimates for the Wigner angle @, coinciding up to a sign. It is in this article that a
method of geometric construction of the eigenvectors found for L L, in [1 et seq.]

is first proposed, so that in the basis of these eigenvectors the composition L,L, is
trivially described by the stretching of one of the light-like vectors ¢, or ¢, ac-
companied with the shortening of the second by the same factor.

Methods and materials; results. Fig. 1 shows for a given v the remaining
eigenvectors of L,L,, which are constructed by the GeoGebra tool using the varia-
ble point “A” for any observation angle. This allows anyone to solve the rather
complex problem of operating a composition L, L, .
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Fig. 1. The basis of vectors ¢y, €|, C, of a three-dimensional subspace

orthogonal to the direction V of Wigner's rotational axis

The vertical z axis with zero and one values marked is the time axis. The sur-
face of rotation around the time axis is the paraboloid: z* = x* + y*. The horizontal

plane of unit time intersects the paraboloid at a unit circle. “A” is the point of the
paraboloid that is above the horizontal plane. The vertical plane contains the time
axis and the point “A”. “B” is the point of intersection with the horizontal plane of
the line segment connecting the origin of time with the point “A”. To obtain ¢,, a

perpendicular is dropped from point “A” onto the horizontal plane. The ends of the
light-like vectors ¢, and ¢, are located on the unit circle and coincide with the

ends of the chord drawn through the point “B” orthogonally to the vertical plane.

Conclusion. W.R. Hamilton invented quaternions to interpret real space-time,
but their potential in this regard has not yet been exhausted. In STR, the apparatus
of quaternions ensures the conciseness and clarity of calculations, the use of which
is partly constrained by the fact that the teaching of quaternions is not provided for
in the system of compulsory disciplines. If the existing problem of choosing the
most suitable mathematics for describing space-time with a number of dimensions
greater than 4 is solved in favor of quaternions and octonions, then it will be useful
to correct this shortcoming.
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AKCMOHHOe pacluumnpeHue Teopum ditHwWTeliHa — AHra — Munnca: Pacnapg usert-
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Annoranusi. PaccmarpuBaercs SU(N)-cuMMeTpr9Has MOJETb B3aUMOICHCTBUS MEKIY
IPaBUTAIMOHHBIM, KATHOPOBOYHBIM, BEKTOPHBIM U MICEBIOCKAISPHBIM (AKCHOHHBIM) TOJISI-
mu. Kocmudeckuii cyOcTpar, Ha3BaHHBIH TEPMHHOM LIBETHOW 3(Hp, OMKCHIBACTCS C MOMO-
0 SU(N)-CUMMETPUYIHOTO MYJIBTHILIETa BEKTOPHBIX ToJiek. [IpencTaBieH aH3all 0 TOM,
YTO WMEHHO €ro pacmnaja B paHHeH BcenmeHHol 00pa3oBall KAaHOHWYESCKUH TUHAMHYCCKHHA
3¢hUp U PEIUKTOBYIO aKCHOHHYIO TeMHYyIo MaTepuio. SU(N)-cummerpuyroe mone Slara —
Muica, CBSi3aHHOE € IBETHBIM 3()HpOM, 00pa3yeT UCTOUHHK, TIepeNalonid YHEPTHIO pac-
MIATA0IIETOCs BETHOTO 3(pHpa B aKCHOHHOE TOJIe. B kKauecTBe MpIIoKeHUS paccMaTpHBa-
etcs SU(2) cumMmeTpryHast TSOPHsI B3aUMOICHCTBHS KATHOPOBOYHOTO M aKCHOHHOTO TIOJIeH
kak HeaOeneB aHanor U(l) cuMMETpHYHONW MOJENN aKCHOHHO-WHAYIIMPOBAHHOW TeHepa-
LMW DJIEKTPUIECKOro TOJsl B 3QUPHON cpelie C MAarHUTHBIM TIOJIEM, BBIBEJIEHA CHUCTEMa
YpaBHEHUH, OMUCHIBAIONIAS TaHHOE B3auMOJIeHCTBUE. BrocneacTBUM ObLTO MOTY4YEHO HO-
BO€ TOYHOE pelieHre, KOTOPOe OMKMCHIBAET paHHIOW BcelleHHyr0 Ha CTaauu JOMHHHUPOBA-
HUS KaTUOPOBOYHOTO TOJISI MArHUTO-JIEKTPUIECKOTO THTIA.

KutioueBble c10Ba: AHU30TPOTHASI KOCMOJIOTHS, o€ SIHra — Muica, akCHOHBI, TEMHAs
Marepus

Beenenue. TepMuH auHamudeckuii 3¢up ObLI BBEJCH B paMKax TeOopuH 3dupa
OlHITelHA, KOTOopas Obula chopMynrpoBaHa B Havane 21 Beka. Dta Teopus ore-
PUPYET ¢ BPEMEHHUIIOAOOHBIM €IMHUYHBIM JMHAMUYECKMM BEKTOPHBIM mosiem U,
KOTOpPO€ MHTEPIIPETUPYETCS KAK YETBIPEXBEKTOP CKOPOCTH HEKOTOPOr0o KOCMHUYE-
ckoro cybcTpara, 0003Ha4eHHOTO Kak 3¢up. LIBeTHON AHHAMIYECKUI dPUp, KOTO-
pBIii paccMmaTpuBaeTcs B MpelcTaBieHHOW pabote, mosiBisiercs B SU(N) cummer-
puYHOM  0000IIEHWH MOJAENM JUHAMUYECKOro 3¢upa. MOTHBBI TaKOTO
pacmupeHns BKJIIOYAIOT (QuU3MYeckne M MaTeMaTHYeCKHe acleKThl; Mbl KPaTKO
paccMOTpHUM MX B KOHTEKCTE HaIIero uccieoBanus [1].

Bropoii Bonpoc cBsi3aH ¢ nepenaveil SHEPruU OT KaTMOPOBOYHOTO MOJIS K aK-
CHOHHOU KoH(urypanuu. OueBUIHO, YTO OTPOMHOE KOJMUYECTBO aKCHOHOB JIOJIXK-
HO OBUIO POJUTHCS B pe3yJIbTaTe B3aMMOJEHCTBUSA KaJMOPOBOUHBIX U IICEBOCKA-
JSpHBIX TOJIeli B paHHed BceneHHOH, ecnmu celyac 3TH 4YacTHLBI 00pasyloT
TEMHYI0 MaTepHI0, C KOTOPOH cBsA3aHO 23% ImioTHOCTH 3Hepruu Beenennoit. Jpy-
I'MMH CJIOBaMH, MbI IIpEAIIOaraeM, YTo B X0J€ CBOEI0 paclazia SHeprus LBETHOTO
s¢upa YaCTUYHO MeperaBalach KaHOHUYECKOMY OHHAMHYECKOMY 3(Hpy, a Ha-
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CTUYHO — aKCHOHHOM KOH(UTypauuy, MpudeM II0CPeTHUKOM 3TOro Iporecca Obl-
JI0 KammOpoBoYHOE Tose [2].

B xauecTBe NpuIIOKEHUSI MBI N3y4aeM aHU30TPOIHbIE KOCMOJIOTHYECKUE MO-
Jey ¢ MPOCTPAHCTBEHHO OJHOPOIHBIM IojieM SlHra — Mwuiuica; U Tenepb Ml
Hamepensl uccnenosats SU(2)-aHanor HamarandeHHol BceeneHHol, BBOIs KanuO-
POBOYHOE TIOJIE MarHUTORJIEKTPUYECKOTO THIMA. TeopHs TaKoro KaauOpOBOYHOTO
ot umeet Aeno ¢ SU(2)-cuMMeTpHYHBIM MYJIBTHILIETOM BEKTOPHBIX ITOTEHIIHA-
n0B A“; ((a) = 1, 2, 3), u B¢ YIOMSHYTBIE BBIIIE MEKTPOAMHAMUUECKHE IPOOIE-
MBI MOTYT OBITH pelIeHBI 3JeTaHTHBIM 00pa30oM B paMKax 3Toi TeopuH [3].

Metoabl M MaTepuabl; pe3y/jbTaTbl. B KauecTBe OCHOBHOIO METOAA HC-
CJIEZIOBAaHMS BBICTYIAeT perieHue IuddepeHunanbHbIX ypaBHEHUH, MOIyYeHHBIX
C TOMOIIBIO OTIepali BapbHUpOBaHus (PyHKIIMOHATA AEUCTBHUS MO COOTBETCTBYIO-
muM 1osisiM. JlaHHBIC ypaBHEHHUS! ONKCBHIBAIOT B3aUMOJCHCTBUE KaIMOPOBOYHBIX,
BEKTOPHBIX, TPABUTALIMOHHBIX 1 aKCUOHHBIX IIOJIEH, PEIleHue KOTOPBIX MO3BOJISAET-
Csl MONTYYUTH (PU3UUECKYIO0 HHTEPIIPETAINIO B UCCIICIOBAHUH JAHHOW MOJICTIH.

B kauecTBe pe3ynbTaTOB MBI paCCMOTPENH MPSIMOE BIUSHHE JHHAMHYECKOTO
3¢upa Ha aKCHOHHYIO TEMHYIO MaTEPHUIO, UCIIOJIb3YsI HOTCHINAI aKCHOHHOT'O T10JIS,
KOTOPBIH 3aBUCUT OT MHBAPUAHTOB, IPUIMCHIBAEMBIX IUHAMUYECKOMY 3¢upy. Te-
Mepb Mbl YWIN OOpaTHYIO PEaki0 aKCHOHHOTO TOJISI Ha IIBETOBOH 3(Hp, UCIIOIb-
3ys1 000011IeHNe KOHCTUTYTUBHOTO TeH30pa Jl>kekoOcoHa.

B kauectBe yacTHOrO cityyast [l JaHHOM TEOPHM, OCHOBAHHOM Ha TOYHBIX
pEUIEHUSAX OCHOBHBIX YPaBHEHHUH Ha B3aMMOJCHCTBUE IIOJIEM MAarHUTo-
ANEKTPUIECKOTO TUIA, MBI 00cynmin cTpykTypy SU(2) cuMMeTpu4HON KOHDUTY-
paumu nonsa Slara — Munica MarHUTO3JIEKTPUYECKOTO TUIA B KOHTEKCTE aHHU30-
TPOITHO PACHIMPSIONICHCS MPOCTPAHCTBEHHO-BpeMEeHHOM IutathopMbl buanku-1
C aKCHAJIbHOM CUMMETPHUEH.

3akawuenue. B paboTe ¢ HCIoNb30BaHMEM HEITWHEHHON aKCHOHHOM 3IeK-
TPOAMHAMMKH MBI MOKa3ald, YTO B3aUMOJCHUCTBHE AKCHOHHOH TEMHOH MaTepuH
C TI00aTbHBIM MarHUTHBIM TIOJIEM MOXKET NPUBOJUTH K aHOMAJBbHBIM BCITBIIIIKAM
AKCMOHHO-MHAYLUPOBAHHOTO JJIEKTPUYECKOTO IOJsl, HO CaMO AaKCHOHHOE IIoie
ocTaeTrcs B KOHEUHOH 30HE 3Bomonuu. B stoii pabore mbl 0000mmmm U(1)-
CUMMETPUYHYI0 aKCHOHHYIO AJIEKTPOJMHAMHUKY M c(HOPMYIHPOBAIH HETMHEWHYIO
SU(N)-cuMMeTpruHy0 0000IIEHHYI0 aKCHOHHYIO XPOMOANHAMUKY .

OpauM M3 KITFOYEBBIX 0000mIeHnid cTtano uccnenoBanue SU(2) aHanora cum-
MeTpu4yHOro mnoiyis Slura — Muica MarHUTO-3JIEKTPHYECKOro TUIAa ¢ HabOpoM
G depeHInaTbHBIX YPaBHEHHH.

B cnenyrommx paborax Mbl HajieeMcs TOTIOJHHUTH 3TO aHAJMTUYECKOE HCCIie-
JIOBaHHE MOJPOOHBIM YUCIICHHBIM aHAJIM30M MOJICIIH.
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Axion extension of the Einstein — Yang — Mills theory:
Decay of colored aether and formation of axion dark matter
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Abstract. The SU(N)-symmetric model of interaction between gravitational, gauge, vector
and pseudoscalar (axion) fields is considered. The cosmic substrate, called the color ether, is
described by an SU(N)-symmetric multiplet of vector fields. An ansatz is presented that it is
its decay in the traditional modern world that is the traditional dynamic ether and relict action
dark matter. The SU(N)-symmetric Yang — Mills field associated with the color ether forms
a source transmitting a signal of the servicing color ether to the action field. As an application
of the SU(2) effect, the symmetric theory of interaction of the gauge and action fields as a
non-Abelian U(1)-symmetric model of action-induced analog generation generates fields in
the ether medium with a magnetic field, a definition system is derived that describes certain
interactions. The law has been given a new exact solution, which characterizes the early Uni-
verse stage of dominance of gauge fields of the magneto-electric type.

Keywords: Anisotropic cosmology, Yang — Mills field, axions, dark matter

Introduction. The term dynamic ether was introduced in the framework of Ein-
stein's ether theory, which was formulated in the early 21st century. This theory
operates with a timelike unit dynamic vector field Ui, which is interpreted as the
four-vector velocity of some cosmic substrate, denoted as ether. The color dynamic
ether, which is considered in the presented work, appears in the SU(N) symmetric
generalization of the dynamic ether model. The motivations for such an extension
include physical and mathematical aspects; we will briefly consider them in the
context of our study [1].

The second question is related to the energy transfer from the gauge field to
the axion configuration. It is obvious that a huge number of axions should have
been born as a result of the interaction of gauge and pseudoscalar fields in the early
Universe, if these particles now form the dark matter, which is associated with 23%
of the energy density of the Universe. In other words, we assume that during its
decay, the energy of the color ether was partially transferred to the canonical dy-
namic ether, and partially to the axion configuration, with the gauge field acting as
an intermediary in this process [2].
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As an application we study anisotropic cosmological models with a spatially
uniform Yang — Mills field; and now we intend to study the SU(2) analogue of the
magnetized Universe by introducing a gauge field of magnetoelectric type. The
theory of such a gauge field deals with an SU(2)-symmetric multiplet of vector po-
tentials A(a)j ((a) = 1, 2, 3), and the two above-mentioned electrodynamic prob-
lems can be solved elegantly within this theory [3].

Methods and materials; results. The main method of the study is the solution
of differential equations obtained by varying the action functional with respect to
the corresponding fields. These equations describe the interaction of gauge, vector,
gravitational and axion fields, the solution of which allows us to obtain a physical
interpretation in the study of this model.

As results, we considered the direct influence of the dynamic ether on the axion
dark matter using the potential of the axion field, which depends on the invariants at-
tributed to the dynamic ether. Now we took into account the back reaction of the axion
field on the color ether using a generalization of the Jacobson constitutive tensor.

As a special case for this theory, based on exact solutions of the main equa-
tions for the interaction of magneto-electric fields, we discussed the structure of the
SU(2) symmetric configuration of the Yang — Mills field of magnetoelectric type
in the context of an anisotropically expanding space-time Bianchi-I platform with
axial symmetry.

Conclusion. In our work using nonlinear axion electrodynamics, we showed
that the interaction of axion dark matter with the global magnetic field can lead to
anomalous bursts of the axion-induced electric field, but the axion field itself re-
mains in the final evolution zone. In this work, we generalized the U(1)-symmetric
axion electrodynamics and formulated the nonlinear SU(N)-symmetric generalized
axion chromodynamics. One of the key generalizations was the study of the SU(2)
analogue of the symmetric Yang — Mills field of magnetoelectric type with a set
of differential equations.

In future works, we hope to supplement this analytical study with a detailed
numerical analysis of the model.
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A New Type | Cosmological Model with Singularity
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Abstract. Investigating spacetimes with hidden symmetries is a promising approach to
study “realistic” mathematical models enhances our understanding of gravitational phe-
nomena. In this work initiated by the assumption of existence of the canonical Killing ten-
sor forms we explore a new directive regarding the null tetrad transformations in extracting
(algebraically) general Einstein solutions. Capitalizing on the (anti-)symmetric null tetrads
concept a new Petrov type I solution emerges describing a cosmological model with a cur-
vature singularity in vacuum with cosmological constant A.

Keywords: Petrov Type I, Type D, Canonical Killing tensor forms, Cosmological model,
Cosmological Singularity

Introduction. The acquiring of the exact solutions of Einstein’s equations relies
strongly on mathematical assumptions such as symmetries, potentially leading to
(algebraically)! general solutions in the most favorable cases. The Einstein's Field
Equations (EFE) is not a solvable system of equations without mathematical as-
sumptions regarding symmetries. Hence, our investigation focuses on the
spacetimes with hidden symmetries enabled by the Canonical Killing Tensor
Forms (CKTF) for two reasons 1) not only becasuse we scope to investigate the
underlying role of hidden symmetry of geodesics of the most general type 2) but
also to transform the over-determined system of equations to a solvable one adding
the Integrability Conditions (IC) of Killing tensor.

The work of Hauser-Malhiot [1] in electrovacuum with A served as a paradigm
for us. Notably, the CKTF are generalizations of the Hauser-Malhiot's form. In our
previous work we generalized the study of spacetimes admitting an irreducible Kill-
ing tensor by acquiring the CKTF [2] in line with the work of Churchill [3]. Among
the solutions obtained, initiating by K2pv and applying a general null tetrad trans-
formation we were able to find and characterize algebraically a new type D solution
characterized by a non-geodesic, shear-free and diverging null congruence.

! The use of this parenthesis indicates our intention to investigate the characteristics of a solution
not only in terms of the possible reductions that may lead to special cases but also in terms of its alge-
braic characterization (Petrov types).
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K2, = 2o(nuny, + L) + A (nyly + 1,ny) + A2(mym,, + myni, ) +
+A7(m#mv + Tﬁ”mv);ﬂq =0 (1) (1)

The idea to obtain (Algebraically) general solutions, implying a other trans-
formations, motivated us to entangle with this work where thankfully we extracted
an (Algebraically) general solution and proposing a new directive to extract
spacetimes admitting a known Killing tensor form.

Methods and materials; results. The analysis of the previous work [2]
showed that a general null tetrad transformation (null rotation, boost and spatial
rotation) is not applicable since the Killing tensor is not conserved during the trans-
formation. Then, in order to apply an applicable transformation we nullified A; and
took advantage of the remaining parameter of spatial rotation, namely t.

01 = e%0%;6% = 702,03 = e03;0* = e PO ;t =a +ib )
This move brought to surface the key relations which helped us to unfold the
branches of solutions.
Y,—A=kv—mr
Yy =ku
Yo—A=up
ut =20

3)

The Petrov type D solution is a cosmological model and a topological product
of 2-spaces with¥o ¥, = 9%¥,2. A special case of this solution (Carter's Case [D]) is
discussed by us in [4]. In this work initiating again by the reduced K2, and em-
ploying its integrability conditions we solve the EFE assuming though the follow-
ing transformation

ne —-Lme -—m 4)

This transformation preserves the Killing tensor form and correlates the spin co-
efficients between themselves providing significant simplifications. It should be
noted that this transformation appertain to the symmetric null tetrads concept ini-
tially discussed by Debever [5] while pursuing the most general Petrov type D
solution.

Along these lines, the resolution of Newman-Penrose Field equations and IC
of K%,y assuming the transformation (4) yields a new Petrov type I with¥ ¥, #
9,2 describing a cosmological model with a non-geodesic, shear-free and diverg-
ing null congruence with its hidden symmetry in non-null geodesics enabled by
K2,y Canonical Killing tensor form. It should be noted that the Weyl component of
the solution, where K = K; + iK,; Il = II; + ill,are constants of integration, has
the form
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2 2(t /ﬂ Vallz), T3
6A KKcosh (2 nfl[(nl+ v, )x+V2 )
- 2 H
2(21 [64 Valla), 12 [ K, +71K2 x+ﬁ]
tanh (z nfl[(n1+ vy )x+V2 ( 1 v, ) V2

where x,y— 0 then ¥, — oo presenting a curvature singularity.

Conclusion. This work presents the outcomes of our investigation of
spacetimes admitting the Canonical forms of Killing tensor. Applying two different
kinds of null tetrad transformations we were able to derive two algebraically differ-
ent solutions (Types D, I) and propose new directive. This directive suggests that
there is a preferability in null tetrads transformations based on the (anti-)symmetric
null tetrads concept correlating the spin coefficients between themselves instead of
boosts and spatial rotations. By using this directive we were able to extract a new
Petrov type I solution with ¥ 0 ¥ 4#9 [W¥ 2] ~2where presenting a curvature
singularity.

2, = 2A —
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AHHOTanus. PaccMOTpeHBI ypaBHEHUS, OMHCHIBAIONINE YIEKTPOMATHUTHOE TI0JIE 3apsIOB
BONM3U yepHOU IbIpel Keppa. PaccunTanbl 3JeKTpHUECKOe U MATHUTHOE TOJISI KOJIBIIEBOTO
3apsijia, moKosierocss BOm3u epHoil apipbl Keppa. TIocTpoeHBI THHAN 3IEKTPHUIECKOTO
Y MarHUTHOTO mnoJied B cucreme orcuera ZAMO. PaccMoTpeHbl NPUII0KEHHS MOy YEHHBIX
pe3yIBTaTOB B 33[ja4aX PEISATHBHCTCKONW acTPO(OU3UKH.

KatoueBnie cioBa: uepHas neipa Keppa, ypaBHeHue ThIOKOJIBCKOTO, 3JIEKTPOMArHUTHOE
T10J1€ BOJIM3H YEPHOH JIBIPBI

Beenenue. TeopeTnyeckoe MCCIIEIOBAaHUE TaKUX SIBJIEHUM Kak KBas3apbl, raMMa-
BCIUIECKH M MHOTHMX IPYTHX OCHOBBIBAETCS Ha MOJEIISX BPALIAIOLIMXCS YEPHBIX
JbIp, OKPY>KEeHHBbIX IazMoil [1, 2]. IlepBble MOJENH, ONMUCHIBAIOLIUE BICKTPUYEC-
CKO€ W MAarHUTHOE IOJII B OKPECTHOCTH HYEPHBIX ABIP ObUIH pa3paboTaHbl IS
nynscapoB [3, 4]. Ilo3nHee ObUTO MOKa3aHO, YTO MOILIHBIE BJIEKTPO- U MArHUTO-
cepsl JOJKHBI TAKXKE UMETh U acTpo(U3nIecKre YepHbie IbIpsI [1].

B mHacrosimedt paboTe TpencTaBieHBl YHWCICHHBIC Pe3yJbTaThl JUIS JIMHUHA
ANIEKTPUYECKOTO TOJsI KOJBIIEBOTO 3apsijia, PACIIONIOKEHHOTO BOJM3U MEIJICHHO
Bpalaroueics 4epHoil AbIpbl. JIMHUK OCTPOEHBI M CIy4yaeB KOJEl pa3IMyHbIX
pa3MepoB, HAXOIAUINXCS B 9KBATOPHAILHON TUIOCKOCTH YE€PHOH JIBIPHI.

B pabore ucnonp3yercs cucTeMa €IUHHII, B KOTOPOH KakK TI'paBUTAI[MOHHAs
noctosiHHas G, Tak U CKOPOCTh CBETA B BaKyyMe ¢ paBHBI 1. CUrHaTypa METpUKHU
{+++ -}

MeToabl m MaTepuaJbl; pe3yabTaThbl. Halna nens 3axitoyaercs: B IOCTpoe-
HUM CHJIOBBIX JIMHUIH 3nekTpudeckoro nois. [omyunm muddepennuansaoe ypas-
HEHHE:

1dr _ Ep _ M22F14+2arF13 (1)
rdd  Ej Z2F,,+2arF,;’
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3nech Ex 1 Eg — COOTBETCTBEHHO I' M 6 KOMIIOHEHTHI 3JIEKTPHUECKOrO 10 B Op-
TOHOPMHpPOBaHHOU cucTeme koopauHaT ZAMO [5]. Takum o6pazoM, B 0OBIYHOI
MOJISIPHOW CHCTeME KOOPAUHAT Ha TIOCKOCTH CHIIOBBIC JIMHUHM MOTYT OBITH Haiine-
HBI U3 pemieHus ypaBHeHus (1).

3akaouenue. TakuM oOpa3oM, B JaHHOW pabOTe BBHIMTOIHEHO YHCICHHOE IT0-
CTPOCHHUE CUJIOBBIX JIMHUH 3JEKTPHUYECKOTO OIS KOJBIEBOTO 3apsiaa BOIM3H Me-
JICHHO Bpallaromieics: yepHoi asIpbl. [Ipu 5TOM MCHONB30BaHbI MOAXOABI, pa3pa-
OoraHHbIe B paboTtax [5, 6]. Buammele pa3pbIBbI JWHHN BOIH3HU Chepbl T = 1y
SIBIISTIOTCS. YMCIICHHBIMU apTeakTaMy U CIEICTBHEM TOTO (aKkTa, 4TO B Ka4eCTBE
pelieHHs B3STO JIMIIb KOHEYHOE YHCIIO WICHOB MEIUICHHO CXOJSIIETOCS BOJIH3H
JaHHOHU c(epbl MyIBTHIIONBHOTO psina. B Oymymmux paboTax aBTOpHI IIAHUPYIOT
YBEIMYUTh YUCIO PACCMATPHUBAEMBIX CIAraeMbIX Ui TONYyYEHHsS 00jee TOUHBIX
pe3yabTaTOB BOJIM3M YKa3aHHOM chephl.
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Abstract. We study the Dirac equation in the background of axially symmetric generalized
Newman — Unti — Tamburino (NUT) spacetime. For massless particle, the problem is
reduced to the one differential equation of second order and is solved in terms of Heun-type
equation at special choice of arbitrary radial function.

Keywords: Dirac equation, generalized Newman — Unti — Tamburino space, spin 2 par-
ticle, variable separation, massless case

Introduction. The axially symmetric metrics of the Taub-NUT type (so-called
Euclidean Taub-NUT metric) were actively studied within grand unified theo-
ries as a monopole-like solutions [1]. In recent years, the original NUT metric
acquires a fresh interest because it has been shown that the black holes with
NUT charge can be considered as physically meaningful systems. In [2] the
NUT charge effects has been assessed to be tested in the spectra of quasars, su-
pernovae, or active galactic nuclei. The quantum-mechanical problem of parti-
cle in the background of black hole metrics is one of the interesting problem for
cosmology and quantum gravity. The Dirac equation has been studied on the
Kerr and Kerr — Newman spacetimes [3—4]. In [5] we found the solution of the
Dirac equation for the massless particle in NUT background. The generalization
of the Euclidean Taub-NUT metric has been proposed by Iwai and Katayama in
[6]. They demonstrated that the proposed generalization accomplishes non-trivial
properties. In this study we generalize the NUT-metric and study the Dirac equa-
tion in such axially symmetric background.

Methods and materials; results. We generalize Newman — Unti — Tam-
burino metric by introducing an arbitrary radial function Q(r) in NUT line element:

A . 2 p’ ’ .
ds* = —Z(dt +4asin’0/2 d(p) P g p—(a,’e2 +sin’ 0 do? ),
p A Q(r)
p2 =a’ +r2, A=r>—2Mr—a*.
By employing the tetrad formalism, we derive the covariant Dirac equation for
the massive particle as
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iyoi+y32—a\/5 fl—cose o0 Y f@ r\/§+ A _\/XQ N
JA p 1+cos0 )ot p or 2p 4p\/X 2pQ
T 1 W )
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We separate the variables. The angular differential equations system for gener-
alized metric is the same as for ordinary NUT metric. The four differential equa-
tions for radial functions Ri, R», R3, R4 read

) 2
iep . _ iep . .
D ——= |R, +iw(r—ia)R, = ANQR,, | D_+—= |R, —il(r—ia)R, = ANQR;,
( ,_Aj 3 1 4 N ) 2 3

.2 .2
iep _ . iep . .
D, + —= |R —i(r+ia)Ry = ANQR,, | D, ——= |R, +i(r +ia)R, = ANQR,,
[ + ,_AJ 1 3 2 N 4 1

with notation D, = \/Zi lf( (1+Q) EJ For massless case (u=0) the
- dar 2 p2 Q
last system gives two independent systems of two equations.

Conclusion. The Dirac equation for massive particle is leaded to the differen-
tial equation of fourth order. The problem of massless spin % particle is reduced to
the one differential equation of second order, which is the Heun-type equation at
special choice of radial function Q.
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AHHOTammsA. B cxeMe peructpanuu npeaeibHO MajbIX KojicOaHHH MPOOHOTO Tea ONTOaKy-
cruueckoii anteHHel OI'PAH BBenmeHa B paccMOTpeHHE TOTIOHUTENFHAS KOMIIOHEHTA IIIyma,
BHOCHMBIH CITEIMATM3UPOBAHHBIM OIITOAIEKTPOHHBIM Y3JIOM, BBITIOHAIONIMM (DYHKITUIO JIEKO-
JUPOBAHMS CUTHAJA, COICPIKAIIErOCS B YacTOTHO-MaHWITYJMPOBAHHOM H3IIYUCHUM Jia3epa.
BoisBiieH W TpeCTaBleH aHATUTHYSCKA 3((EKT N00aBICHUS K CHIHAITY CTOXAaCTHYECKOTO
Tporiecca, BEI3BaHHOTO (PEHOMEHOIOTMIECKUMHE (QITYKTYalHsIMU MOIITHOCTH H3ITy4YCHHS JIa3epa.

KaioueBble cioBa: aKyCTHYECKHI PE30HATOP, PErMCTPALMM MpEAEIbHO MalbiX KoJieba-
HUH, MOPOTOBBIN CHUTHAJ, YACTOTHAS MOJYJIIIHS, CTOXaCTHYCCKUMN Mpoliecc, QIIyKTyaIruu
MOIIIHOCTH U3JIy4€HHUs J1a3epa

BBenenue. [IpoOHBIM TEeIOM SBIISETCS IMJIWHAP U3 ATFOMHHUASA JUIMHON Ly = 2 M
B KauecTBE aKyCTHUYECKOro pe3oHaTopa. Bapuanuu MeTpUKH HOJS B BOJHE C aM-
IUIUTYAOR /i,y M YaCTOTOM, OJIM3KOW K PE30HAHCHOM (), CO3/IAI0T SKBUBAJICHTHYIO
cuny [1]: Fopn = thOMwﬁ /2, tne M — macca pezonaropa. Cuna Bo30yxaaeT
KoebamenvHvle Bapualuy JTUHBI (0a3bl) MIIHHJPA; JUTSL UX PETHCTPAIH B MPO-
exre OI'PAH npumenen ontuueckuii pezonarop (unrepdpepomerp) dDadpu-Ilepo,
3epKajia KOTOPOTO 3aKperuieHbl Ha Toprax [2]. Bapuamum 6a3bl 8L(f) BBI3BIBAIOT
Bapuau Ovg(f) COOCTBEHHON 4acTOTBI Pe30HATOpa Vgs: OVrs/Vrs = OL/Lo. Ha un-
tepdepomerp monaercs mznydeHue yaszepa. IlepBas, ceHcopHas 4acTb ONTORJIEK-
TPOHHOM CHCTEMBI PErHCTPAllMK aHTEHHBI 00ECNeYnBaeT TOYHOE CIIeI0OBaHUE da-
CTOTHI J1a3epa Vv, 3a YacTOTOM ONTHYECKOTO pe3oHaHca. s 3Toro mpuMeHeHa
texHuka [laynna — Jlpusepa — Xosuta (ITJAX) [3, 4], ucnonb3yroriel (ha3oByro
MOJIYJISIIMIO U3TYYeHHUs! BBICOKOH yactoToil Q (10 MI'w), cozparouryto nBe OoKo-
BbI€ KOMIIOHEHTBI ¢ MOIITHOCTSIMU Ps. DoToanon perucTpupyer 1y, OTpaKeHHbIH
oT pe3oHaropa. OTpakeHHe MaaaroIIe HeCyIel Pc CYIIIECTBEHHO OMPEaeIsaeTCs
paccorinacoBanueM Avgs, = Vgs — vi. Tak, B pe3ynbrate OueHuid Ha (oTtoanone
(dopmupyeTcs IepeMEeHHas COCTaBIIAIONIAsl TOKA B HEM:

1
h,\ [(2.B) 72
Iyp = % % Avggy sinQt + (I sin Qt + I cos Qt),
RO

rae Avgso — cTaHZapTHasl LIMPHHA MPOITyCKaHUs MHTepdepoMeTpa-ceHcopa (110
yposHio —3 1b), I; u I KBagpaTypHble KOMIIOHEHTHI APOOOBOTO TOKAa KaK Y3KOIO-
JIOCHOT'O IIpoLecca.
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CHUHXpOHHOE JEeTEeKTHpPOBaHNE (aHAIOTOBOE YMHOXEHHe Ha sin (Ut) dopmupy-
eT JWCKPUMHUHATOpHYIO0 xapaktepuctuky (IX) cucrembr AIIY mazepa: Usp =
= DAvgs;. [lpu nogade Hampspxenust Usp 4epe3 cepBOYCIITUTENb Ha COCTAaBHOM ak-
TIOATOP TIEPECTPOUKH YaCTOTHI 3aMBIKaeTCsl 00paTHas CBSI3b, M 9YaCTOTA M3ITyUEHUS
TOYHO cJIeIyeT 3a 4acTOTOW pe30oHaTopa; (OpPMHUPYETCs YacTOTHAS MOIYJISLUS.
OCoOEHHOCTBIO TPOEKTa SIBISIOTCS 3HAYMTENbHBIC KBAa3UCTATHUECKUE Ipeh(b
00enx 4acToT, BEI3BAHHBIE TETLIOBBIM PACIIMPEHUEM ATFOMIHHS.

Metonsl m Matepuajbl; pe3yabTaTbl. Kak u B mpoexkte AURIGA [3], ans
npeoOpa3oBaHusl B BapyallMy BBIXOJHOTO HAIPsHKEHUS JEBUAIMN YacTOTHI H3JTyde-
HUSL OV, COAEPKAIMX KOAUPOBAHHBIE CHTHAT W IIyM [5], HCIONB3yeTCsl TOTIOIHH-
TEJILHBIN y3eJ1, BRIMOMHSIOMHH (GYHKIMIO YaCTOTHOTO AEMOYJSATOpa (TMCKPHUMHUHA-
Topa). ¥Y3en Taxke BeimonHeH B TexHuke [1J[X; mcmomb3yercss BcrioMoraTenbHBIH
unTeppepomerp ¢ 6azoii 0,45 M, yacToTa KOTOPOTO MEPECTPaUBACTCS MPOCTHIM ITbe-
30KepaMHUYECKiM akTioaTopoM [2]. Ha uHTepdepomMeTp depe3 IeuTenb H3IydeHHs
MoJlaeTcsl JIyd Jla3epa ¢ JAeBHAIMIMHA. Bo BTOpOM KOHType OOpaTHOM CBSI3U pe30-
HaHCHAs 4acToTa HHTEepdepoMeTpa (M TakKe HyJIeBOe 3HAUYCHNE TUCKPUMUHATOPHON
XapaKTEePUCTUKK) CIEAYIOT 32 KBa3UCTATHYECKUMHM M3MEHEHHSIMU YacTOTHI Jiazepa
Avir. KoHrentyanpHOE OTIIMYHE KOHTYpa COCTOMT B OTCYTCTBHH OTCIICKHBaHUS
CUTHAIBHBIX JICBUAIMN OV;; 3TO JOCTUTAETCS 3HAYUTENLHBIM CIIaJIOM YCHJICHHS cep-
BoycuiuTens Ha yactore curHana 1.3 k['n. Torna Ha KpyToM CKJIOHE YaCTOTHOM Xa-
PaKTEPUCTUKU TPOUCXOJUT CTaHIAPTHOE MpeoOpa3oBaHHE NEBHUAIMH YaCTOTHI OVi
B Bapyalll{ BBIXOHOTO HAMPSHKEHUE BTOPOTO CUHXPOHHOTO JIETEKTOPA.

W3BecTHO, YTO MOIIHOCTH M3IYYCHUH Jia3epa 3HAUYUTEIHHO TOJBEPIKEHA TeX-
HUYECKUM (HEHOMEHOJNIOTHUECKUM (QUIyKTyanusM. MiMeeTcs: aHaNUTHUECKOE Tpe-
craBnenue 3toro dddekra [6]: P(t) = Po(1 + &), rue §(f) — croxacTuyeckuil Mojy-
mupyrommii  mporecc. C yd4eToM 3TOrO TPEACTaBICHHWS HAa BBIXOJE BTOPOTO
CHUHXPOHHOTO JIETEKTOpa UMeeM

JPcoP
Usp = Kzﬁl):o(l + &) (Avgprr + 6vy).

rae Aveprr = Avepr — Avir — Pa3HOCTH JABYX ApeH(YIOIIMX YacTOT; JpOOOBBIH
IIyM OITyIIEH.

Boigensitorest 1Ba peneBaHTHBIX wieHa: Ovy + EAveprr. [lepBwiid uiieH mpen-
CTaBJISIET CUTHAJ, BTOPOW YJIEH OMPEAENISIET JOMOJHUTENbHBIA CTOXaCTUYECKUH
nporiecc, T. e. peHoMmeHonorndeckuii mymM. CorocraBlieHHe 3TOro IIymMa ¢ CHUTHa-
JIOM ompenenseT 100aBKy IeMOAYNATOpa K NOPOrOBOMY CHUTHAITY CHCTEMBI PEru-
CTpalluy; TaK, COOTHOIIEHHE CIEKTPAIBHBIX TUIOTHOCTEW NMPUBEJCHHBIX BEITUYNH
umeet Bu: Gu(f) = Ge(HA2p 7.

s onpeneneHus AeMCTBYIOMIEH pa3HOCTH 4acTOT AVrpLt BBIITHCHIBAEM COOT-
HoteHus: oopatHoii cBsi3u: AUspr = Dup (Avepr — Avir), Oveor = PKp AUspr, TIie
Dp — nexpeMeHT JUCKpPUMHUHATOPHOW XapaKTePUCTHKH y3Ia, 3 — mapaMeTp Ie-
penaun akToaTropa NOACTPONKHM 4acToThl, Kp — KOI(QQHULIMEHT yCUIEHUS CEPBO-
YCUJIUTEIA B KBa3UCTATHKE.
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Pemenue umeet Bun: Averprr= Averpr — Avir= Avir/Kop, tine Kop = DpBKo.

3akumouenue. [TorydeHHbIE COOTHOIICHUS TIO3BOJISIOT MOYYUTh YETKHUE YKC-
JICHHBIC OIICHKH BKJIaJ]a HOBOTO IIyMa B IMOPOTOBBIA CUTHAJ U ONPEICIUTH MEPHI
IO €r0 YMEHBIICHUIO. J1J1s1 CIEKTPaTbHOM TNIOTHOCTH MOy THPYIONIETo Tporiecca &
MMEETCs paHee MOTydeHHas OlleHKa Kak mapamerpa nasepa: Ge(f) = 1072 T'! [6].

Ecmu monmoxutbk Avgprr = 3 k['m, yacToTHBINM 1Iym oOpeTaeT 3HaueHHE Gs/ 2=
= 3-107 I'wT'u"?, koTopoe sBIsAETCA AOCTHKEHHEM PabOTHI [2] U COOTBETCTBYET
HpHBEIEHHOMY IIyMy B cMmemmennsx 2- 1071 em/T'u'? [7].

Usmenenmne temmeparypsl Ha 0,01 K ompenemnsier 3Hauenune Avrst = Avir =
~ 80 MI'u. Jlnsg momydeHus MpencTaBIeHHOro paccoriacoBaHus B 3 kIl pacuer
onpeaenseT TpeOyemyro TIyOMHY OOpaTHOW CBs3M Ha HYJIeBOM yactoTe Kop =
2,5-10°. Onpenenennas KOPPEKLKs B pacdeTax IPEAINOIaraeTcs IpH pealn3aluy
MPOCKTHOTO 3HAYCHHS MOPOTOBOTO CHUTHANA CXEMBl PETHUCTPAIUM aHTCHHBI
OI'PAH, cocrapnsromero 1071¢ em/T'n'? [8].
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Abstract. In the registration scheme of extremely small test body’s oscillations of an opto-
acoustic antenna OGRAN, an additional noise component has entered introduced into con-
sideration, contributed by specialized optoelectronic unit, performing function of decoding
signal contained in frequency-manipulated laser radiation. Effect of adding to signal sto-
chastic process caused by phenomenological fluctuations in laser radiation power has re-
vealed and presented analytically.

Keywords: acoustic resonator, extremely small oscillations registration, threshold signal,
frequency modulation, stochastic process, laser radiation power fluctuations

Introduction. Test body is an aluminum cylinder with length of Ly = 2 meters as
an acoustic resonator. Variations in GW field metric with amplitude 4, and fre-
quency close to resonant w, create an equivalent force [1]: Fs,, = h,,,LoM wﬁ /2,
where M is a mass of the resonator. The force excites oscillatory variations in
length (base) of the cylinder. To register them, in OGRAN project optical resonator
(interferometer) Fabry-Perot has used; its mirrors have fixed at body ends [2]. Base
variations OL(f) cause variations ovg(f) of resonator’s eigenfrequency Vvgs:
dves/ves=0L/Ly. Laser radiation affects this interferometer. The first, sensor part of
the optoelectronic registration system keeps tracking of laser frequency v; to reso-
nance frequency vrs. For this purpose, the Pound-Driver-Hall (PDH) technique [3,
4] has applies; it use phase modulation of radiation with high frequency Q (10
MHz), which creates two side components with power Pseach. Photodiode regis-
ters beam reflected from the interferometer. Mismatch Avgs, = vrs — v; significantly
determines reflection of incident carrier power Pc. Thus, because of beating on a
photodiode, an alternating current component /,; is:

h,
Ly = —=
- <ne>

where Avgrso is standard bandwidth of the interferometer-sensor (at the level of
-3 dB), Is and ¢ are quadrature components of shot current as a narrow-band sto-
chastic process.

Synchronous detection (using analog multiplication by sinQt) forms discrimi-
nator characteristic of a laser AFC system Usp = DAvgsz, where D is a decrement.
When voltage Usp applies through servo amplifier to the composite frequency re-
tune actuator, feedback locks, and radiation frequency follows resonator eigenfre-
quency; frequency modulation of radiation forms. The special feature of the
OGRAN project is significant quasi-static drift of both frequencies caused by
thermal expansion of aluminum.

(P2

Avgg sin Qt + (I sin Qt + I cos Ot),
Avpg
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Methods and materials; results. As in the AURIGA project [3], an additional
unit performing function of a frequency demodulator (discriminator) has used to
convert radiation frequency deviations ov;, containing coded signal and noise [5],
into variations of output voltage. The unit also implemented in PDH technique; an
auxiliary interferometer with a 0.45 m base is used, a simple piezoceramic actuator
[2] re-tunes eigenfrequency of it. Laser beam with deviations dv; affects the dis-
criminator interferometer through a radiation divider. In the second feedback loop,
the resonant frequency of the interferometer (and zero value of its discriminator
characteristic) follows quasi-static changes in laser frequency Avir. The conceptual
difference of the loop is absence of signal’s deviations tracking. This distinction
has achieved by significant decrease in gain of the servo amplifier at signal fre-
quency of 1.3 kHz. Thus, on a steep slope of discrimination frequency dependence,
there realizes standard transformation of frequency deviations dv; into variations of
output voltage of the second synchronous detector.

Laser radiation power has known to possess technical phenomenological fluc-
tuations. There is an analytical representation [6]: P(¢) = Py(1 + &), where &(7) is a
stochastic modulating process. Taking this conception into account, at output of the
second synchronous detector we get

JPcoP
Uspz = Kzﬁmso (1 + &) (Avgprr + 6vy),

where Avrprr = Avepr — Av;r is difference between two drifting frequencies; shot
noise is omitted.

Two relevant terms are present: dv; + EAvgprr. The first term represents signal,
the second one defines an additional stochastic process, i.e., phenomenological
noise. Comparison of noise with signal determines demodulator's addition to
threshold signal of whole registration system. Relation in spectral densities of sto-
chastic processes is: Gu(f) = Gz()A%p -

To determine the defining frequency difference Avrprr = Avrpr — Avir, we write
out feedback relationships: AUspr = Dup(Avrpr — Avir) and dvear = PaKa® Yzaz
where Dp is a decrement of the unit’s discriminator characteristic, £ is a transmis-
sion parameter of the frequency re-tune actuator, Kp is gain of the servo amplifier in
quasi-statics. The solution is: Avzp.r= Avi/Kop, where Kop = BpDpKp.

Conclusion. The obtained relationships allow us to obtain clear numerical esti-
mates of new noise contribution in threshold signal and to determine measures to
reduce it. For spectral density of modulating process &, there is the previously ob-
tained estimate as parameter of the laser: Gz(f) = 102 Hz! [6]. If we presuppose

Aveoir = 3 kHz, frequency noise obtains the value G, /2_3.10" Hz/Hz"2, which is
achievement of the article [2] and corresponds to reduced displacement noise of
2-107"5 ecm/HZz2 [7].

Temperature change of 0.01 K determines the value Avgst = Av;r= 70 MHz.
To obtain the presented mismatch of 3 kHz, calculation determines required feed-
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back depth at zero frequency of Kop = 2-10°. Certain correction in calculations as-
sumes when implementing the design value of threshold signal of the OGRAN an-
tenna registration circuit, which is ~107'¢ cm/Hz"2[8].
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AnHoTanusi. PaccmoTpena Mojienb GpopMUpOBaHHS raMMa-U3IyuYeHHs! B XO/I€ PEISATUBHUCT-
CKOTO BBIOpOCa M3 KOMITOHOBCKOTO O0JIaka IIa3Mbl BOKPYT MarHUTOPOTAI[MOHHOHN CBEpX-
HoBOHM. CmemieHre 3Hepru (OTOHOB B 30HY BBICOKHMX JHEPTHIl IpeAroiaraercsi Kak pe-
3yJIbTaT paccesHus (OTOHOB, MCIYIIEHHBIX (oTocdepoil 3Be3/bl, Ha PENSTHBUCTCKOM
ITOTOKE BOJOPOIHON MOHM3MPOBAHHOW IUIa3MbL. [l ONMCaHMs Mpoliecca raMmma-BeIOpoca
UCTIONB3YyETCA TPEXMEpPHas MOJEb PEISTUBUCTCKON paJuallMOHHON ra3oBOW JMHAMHUKHU
(PPT'I), Briroyaromas moJiHoe ypaBHeHHe nepeHoca uznydenus (YIIN) ¢ uaterpaiom pac-
cestHUs. J{71s1 MOAEMpPOBaHuUS NepepactpeeNieHUs] SHEPTHiH (POTOHOB IO CIEKTPY HCIIONb-
3yeTcsi KOMITOHOBCKOe T depeHnnanpsHoe ceueHre paccesHus. st YMcIeHHOTo pere-
Hus cuctemsl PPTJI ucnonb3yercs siBHast cxema pacueruienus. YIIW pemaercs metonom
KOPOTKHX XapaKTEepUCTHK, ra30Bas AuHamMuka MetogoM ['ogyHoBa. IIpoBeneHo Monemupo-
BaHUE DBOJIIOLUH PEJIITUBHUCTCKOTO JKETa B MEXK3BE3JHON Cpeie U CIEKTPaIbHOIO Iepe-
pacripezneneHus SHepruu (GOTOHOB B pe3ysIbTaTeé KOMIITOHOBCKOTO PAaCCESHHS Ha PEJsITH-
BHUCTCKOM YCTaHOBUBILEMCS IOTOKE.

KiaroueBble cioBa: raMMa-BCIUICCKH, paavualliOHHaA PEIIATUBUCTCKAA ra30BasA JWHaMHKa,
TIEPEHOC U3TYUCHHA, KOMIITOHOBCKOC pacCEesIHUEC.

Beenenne. ®opmupoBaHne raMMa-BeIOpOca SIBISAETCS 10 KOHIA HE HM3YyYEHHBIM
porieccoM, OOBEAMHSIONINM B ce0€ MHOXKECTBO (PU3MUECKUX 3aKOHOB. JMHHEBIE
raMMa-BCIIECKH CBA3BIBAIOT CO B3PBIBAMHU CBEPXHOBHIX Kiacca Ic [1, 2], koTopsie
B pe3yJibTaTe KOJUIalica OCTABISIOT KOMIIAKTHOE SIIPO, OKPYKEHHOE OOJIaKOM
HarpeToro BEIECTBa, B KOTOPOM B XOJl€ aKKpeluu (GopMUPYETCS KOJUIMMHPOBaH-
HEIN KaHaJ, T1e pa3BUBaeTCsA CTPYHHBIH BbIOpocC ia3mel [3]. [Ipenmomnaraercs, 4to
MOSIBJICHUE KECTKOTO CIEKTPa B HAOJIOJCHUSAX CBSI3aHO C COOCTBEHHBIM H3Iy4e-
HUEM KOMIITOHOBCKOTO O0JIaKa M paccesHUs UCIYIIECHHBIX SapoM (OTOHOB Ha pe-
JIATUBHCTCKOM IOTOKe [1].
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Lenpto paboTel sABNSETCS TONyYEHHE CIIEKTpa raMMa-BCIUIECKa ISl HYero
HEO0XOIMMO MOJICIIMPOBATH MPOIECC MEPEHOCA U3ITYUEHHS B PEIATUBUCTCKOM I10-
ToKe [4] u paccMaTprBaTh MOJIEH paccestHuA (POTOHOB Ha YIbTPAPETNATHBUCTCKIX
3JIEKTPOHaX [5].

MeTtoabsl 1 MaTepuasbl; pe3yabTaTbl. MareMaTHueckass MOJENb BKIIOYAET
HaOop ypaBHenuii PPI'J] u kBaszucranmonapuoe YIIW. Jlns 3amaun yckopeHUs Be-
mectBa YIIN permmaercss B mpHOIMKCHUH CEpOil MaTEpUHU ¢ TOMCOHOBCKOW HHJIN-
KaTpucoi paccessHus [5].

[lpy BBIYKCIEHUH CIEKTPOB MCIHOJIB3YETCS MHOTOTPYIIIOBOE MNPHUOIMKEHHE
C KOMIITOHOBCKHM CEYEHHEM pacCestHHus [5], MO3BONSIONIee YYUTHIBATE dPQeKT
TTOHIKEHUS/TIOBBIIIIEHHUS 9aCTOTHI IIPH B3aNMOAEHCTBUH C DIEKTPOHAMHU.

s mosmyueHus: CrieKTpoB CHayajda MOJEIMPYETCs paJuallMOHHBINA pasroH B
pacdeTHoi obmacTH, UMeIoIIel GpopMy yceueHHOTo KoHyca, 3aTeM pemraercs YIIN
B MHOTOTPYITIIOBOM NpHONMKeHUH. PacdeTsl moka3aim, YTO JaBleHHE U3ITydeHUs!
CIOCOOHO TEPEeBOANUTh HAYANBHBIA CYOpENsSTHBHCTKUI MOTOK B PENSTHBUCTCKHUNA
pexxuM. B kaname oOpa3yloTcst IBe yAapHbIe BOJHBL. B CBSI3U ¢ HampaBIeHHOCTHIO
KOMITTOHOBCKOYW MHIMKATPUCHI PAcCEsHUs, TaMMa-BCIUIECK HAOIIOJaeTCs MpH Ma-
JIOM OTKJIOHEHHH TTOJIOKEHHS HaOIFOIaTeNs OT HAalpaBJIeHHsI BEIOpoca.

3aknmouenue. IlpencraBneHa opuUrHHANBHAs TpEeXMEpHas pPeNATUBUCTCKAS
paananyoHHAas Ta30MHAMUYeCKasi MOJIENb YCKOPEHUSI CTPYU B CTAI[IOHAPHOM Ka-
Hajie BHYTpU O0JIaka KOMOTOHU3WPOBAaHHOW IUIa3Mbl BOKPYT CBEpPXHOBOHW. Pac-
CMOTPEHO YCKOpEHHE IUIa3Mbl B CTAllMOHAPHOM KOHMUYECKOM KaHajie T0J] BO3JIeH-
CTBHEM HU3TY4YEeHHs B XOJle TaMMa-BbIOpoca. PaccunTanbl CIEKTPHI IS pa3iIndHbIX
TOUeK HaOIIofaTens, MoKa3aHa 3aBUCHUMOCTh SHEPruu (DOTOHOB OT HAIpPaBIICHUS
pactpocTpaHeHHS U3TyUYeHHs.
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Abstract. The model of gamma-ray burst (GRB) formation during a relativistic outflow
from a Compton plasma cloud surrounding a magnetorotational supernova. The shift of
photon energies into the high-energy range is interpret to the scattering of photons emitted
by the stellar photosphere on a relativistic flow of hydrogen-ionized plasma. A three-
dimensional model of radiative relativistic hydrodynamics (RadRHD) is used to describe
the GRB process, which includes a complete radiative transfer equation (RTE) with a scat-
tering integral. To modeling the redistribution of photon energies across the spectrum the
Compton differential scattering cross-section is used. To obtain numerical solution of Ra-
dRHD equations the explicit splitting method is used. For the radiative transfer equation
with scattering the short characteristics method is used, and for the relativistic hydrodynam-
ics the Godunov-type one. The evolution of a relativistic jet in the interstellar space and the
spectral redistribution of photon energy as a result of Compton scattering on a relativistic
flow are obtained.

Keywords: gamma-ray bursts, radiative relativistic hydrodynamics, radiative transfer,
Compton scattering

Introduction. The formation of a gamma-ray emission is an unexplored process
that combines many physical laws. The long GRBs is proposed to be associated
with supernovae of Ic type (collapsar model) [1, 2], where the progenitor star is
assumed to leave a central remnant surrounded by a cloud of heated matter. Accret-
ing process leads to formation of collimated channel is assumed where astrophysi-
cal jet evolves [3].

The appearance of a hard emission in the spectra observations is assumed con-
nect with the radiation of the Compton cloud and the scattering of photons emitted
by the photosphere by a relativistic stream [1].

This paper aim is to obtain spectra of a gamma-ray burst. This requires model-
ing the process of radiation transfer in a relativistic flow [4] and consider photon
scattering on ultra-relativistic electrons [5].

Methods and materials; results. The mathematical model includes the set of
radiation relativistic hydrodynamics equations (RadRHD) for ideal (inviscid) hy-
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drogen gas including the quasi-stationary radiation transfer equation. The problem
of matter acceleration is solved by the grey matter approximation with a Thomson
indicatrix scattering [5].

To compute spectra, a multi-group approximation with the Compton scattering
cross-section is used. This approach allows take into account the effect of lower-
ing/increasing the frequency when colliding with electrons.

To obtain the spectra, firstly, acceleration by radiation is modeled in the com-
putational domain which has form of a truncated cone, then the RTE with a mul-
tigroup approximation is solved.

The results of the gas-dynamic simulation showed that the radiation pressure
transforms the initial subrelativistic flow into a relativistic mode. Two shock waves
form in the channel. Due to the directionality of the Compton scattering indicatrix,
a gamma-ray burst is observed with a small deviation of the observer's position
from the flow direction.

Conclusion. The original three-dimensional radiative relativistic hydrodynam-
ic model of jet acceleration in a stationary channel inside the Compton cloud sur-
rounding a supernova is presented.

Plasma acceleration in a stationary conical channel, taking into account the ef-
fect of radiation during the gamma-ray burst is considered. The spectra for obser-
vator different points of view are calculated. The dependence of the photon energy
on the direction of radiation propagation is shown.

References

[1] Titarchuk L., Farinelli R., Frontera F., Amati L. An upscattering spectral formation model for
the prompt emission of gamma-ray bursts. The Astrophysical Journal, 2012, vol. 752, pp. 166—
128. https://doi.org/10.1088/0004-637X/752/2/116

[2] Kelly P.L., Kirshner R.P., Pahre M. Long y-Ray Bursts and Type Ic Core-Collapse Supernovae
Have Similar Locations in Hosts. The Astrophysical Journal, 2008, vol. 687, pp. 1201-1207.
https://doi.org/10.1086/591925

[3] Moiseenko S.G., Bisnovatyi-Kogan G. S., Ardeljan N.V. A magnetorotational core-collapse
model with jets. Monthly Notices of the Royal Astronomical Society, 2006, vol. 370, pp. 501—
512. https://doi.org/10.48550/arXiv.astro-ph/0511173

[4] Kato S., Fukue J. Fundamentals of Astrophysical Fluid Dynamics. Astronomy and Astrophysics
Library. Osaka, Springer, 2020, 652 p.

[5] Pomraning G. The equations of radiation hydrodynamics. Oxford, New York, Pergamon Press,
1973, vol. 54, 298 p.


https://doi.org/10.48550/arXiv.astro-ph/0511173

218 Mocksa, MITY um. H.3. baymaHa, 7-10 utons 2025 2.

YK 524.834
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AnHotanusi. [Ipoananu3upoBaHa KupanbHas camorpaButupytomas monaeiab (KCI'M) cre-
OUAIFHOTO BHIA B CHEPUICCKUA-CHMMETPUYHOM CTaTHYECKOM IPOCTPAHCTBE-BPEMEHH B
KOHTEKCTe SWHIMTeHHOBCKONW KapTwHBI. Mccnenyemas KCI'M cOOTBETCTBYeT MOIU(DHITH-
posannoit rpasutamuu f (R, (VR)?,0OR) crenmansHOro BuAa. PaccMmarpuBas chepryecku-
CHUMMETPHYHYIO METPHUKY B TApMOHHYECKHAX KOOPAWHATAX, HOIYICHBI IPUMEPHI PEIICHUH,
CBSI3aHHBIX C HYJIEBBIM ITOTCHIHAJIOM.

KaioueBble ciioBa: MoaM(pUIMPOBaHHAS TPABUTALINS C BBICIIUMHU POU3BOIHBIMHE, Chepu-
YECKU-CUMMETPUYHBIE PEUICHMS], KUPAIbHbIE CAMOIPAaBUTHUPYIOLIUE MOJENIH

BBenenue. B paGorax [1, 2] paccmarpuBarotcsi chepruaecKu-CHMMETPUIHBIE pe-
IIeHUs B TEOPHHU TPaBUTALMH C BhICIIMMH TpoussoanbivMu Buaa f (R, (VR)?Z,0OR).

9? o
B ykazaHHBIX paboTax fpg = a—B];, rae B = OR, otnu4Ha ot Hyns. B Hamieli padorte

paccMOTpeH ciydal, Koraa fpp paBHO HYJIO, YTO COOTBETCTBYET MOJEIH
f(R,(VR)?,OR) = f1(R,(VR)*) + f>(R, (VR)*)OR.

MeTtoabl M MaTepuaibl; pe3yjbTaTbl. lcmomp3yercss MeTon CBeOSHUS
f(R, (VR)?,0OR) — rpaBuTanuu K KUpaabHON caMo-TpaBUTHpYIomei Mojemu [2].
B kauectBe cooTrBercTByrouiel moaenu nocrtpoeHa KCI'M, kupanbHas MeTpuka
KOTOpPOM UMEET BUJL:

ds? = dx* +5Y (x, $)de?, (M

X IMMOTCHIIUAJI:

W, ) = —ie‘zﬁ%(x. ¢) + ieﬁxcﬁ. 2)

PaccmarpuBasi chepruvecKu-CHMMETPHYHYIO METPHKY B TapMOHHYECKUX KO-
OpJMHATAX, MBI TIOJIy4aeM ypaBHEHUS TPABUTAIIMOHHOTO TIOJISl C U3MEHEHHBIMH, I10
cpaBHEeHUIO C [1,2], KOMITOHEHTaMH TEH30pa YHEPTHUU UMITYJIbCA!

e 4Py" = e?VW, 3)
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XIZ +\/§X,¢, +%Y(¢)¢,2 + eZ}\W — _ZBH —V'+ 28/2 + 4’8,\}7 (4)

1—e 2-2vpn = e2PW. (5)
U YpaBHEHUS KUPAJIBHBIX MOJIEH:

no__ Zva_w
X'= e, (©)
1 ’ 27\ ow
Craer) = e @)
Crnydaii paBeHCTBa MOTEHITHANA (2) HYJIIO TMO3BOJSET ONPEACTUTHh (HYHKITHUIO
K; Takum oOpazom:

K, = e\EX . (8)
B 3TOM cityyae noay4yeHbl IpUMEPhI PELLICHUNA:
v =A;u+ A,,A,,A, — const; &)
f1 = —In(w) — Aju — Ay; (10)
X = Byu + B,, B4, B, — const; (11)
¢ (W) = au+ . (12)
¢, (w) = B.thAw); (13)
1Y(q>)a* =Y,; Y(¢) = const; (14)
Ok chz(l D = Y Y0 ® 5aa ch(A W' (15)

3axiouenue. B nannoit pabore nonyuens! ypasuenust KI'CM B cdepruecku-
CUMMETPHUYHOM TPOCTPAHCTBE-BPEMEHH M TPEJICTABICHBI MTPUMEPHI PEIIeHHUH, CO-
OTBETCTBYIOIINE HYJIEBOMY ITOTEHIIAATY.
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Abstract. We are analyzing a chiral self-gravitating model (CSGM) of a specific type in
spherically symmetric static spacetime in the context of the Einsteinian framework. The
CSGM under investigation corresponds to modified gravity f(R, (VR)?,0OR) of a specific
type. By considering spherically symmetric solutions in harmonic coordinates, we obtain
examples of solutions related to a zero potential.

Keywords: modified gravity with higher derivatives, spherically symmetric solutions, chi-
ral self-gravitating models

Introduction. In works [1, 2], spherically symmetric solutions are considered in
the theory of gravity with higher derivatives of the form f(R, (VR)?,OR). In the

a_B};’ where B = OR, does not equal to zero. In our work,
we consider the case when fgp equal to zero, corresponding to the model
f(R,(VR)%,0OR) = f1(R, (VR)?) + f>(R, (VR)*)OR.

Methods and materials; results. The method of reducing f(R, (VR)?,0R)
gravity to a chiral self-gravitating model [2] is employed. As the corresponding

model, a CSGM is constructed, with the chiral metric:

ds? = dx* +3Y (. 9)de?, )

. 92
mentioned works fgp =

and potential:

W(x ) = —ie‘zﬁxmo@ ) + ieﬁxcp. @)

By considering a spherically symmetric metric in harmonic coordinates, we
obtain the gravitational field equations with modified components of the energy-
momentum tensor compared to those in [1, 2]:

e 4By = e?W, 3)

XIZ +\/§X,¢, _I_%Y(q))q)/Z +e2XW= _ZBH_Vu_l_ZBIZ +4B,V9 (4)

1—e 2-2vp" = e2PW. (5)
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and the equations of chiral fields:

n_ L2V 6_W
1 ’ 27\ ow
Craer) = e @)
The case where the potential (2) is equal to zero allows us to define the func-
tion K, in the following way:

K= el ®)
In this case, examples of solutions have been obtained:
v=Au+ A, A4, A, — const; )
B1 = —1In(w) — Aju — Ay; (10)
X = Byu + B, By, B, — const; (11)
¢ (W) = ou+ d; (12)
¢ (w) =B, th(Aw); (13)
%Y(d))a* =Y,;Y(¢d) = const; (14)
SV () 75 = Vi V() & s, (15)

Conclusion. In this work, the equations of the CSGM for a spherically sym-
metric spacetime have been obtained, and examples of solutions corresponding to
zero potential are presented.
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AHHoTanusi. PaccMoTpeHa 3ajada CTpyKTYpHO-ITapaMeTpHUIECKON NACHTH(UKAIINN MOJIe-
JIM IIKaJIbl KOCMOJIOTHYECKUX PACCTOSHHUM Ha OCHOBE KPACHOTO CMEILICHHUS B CHEKTpax U3-
JIy4eHHs CBEpXHOBBIX 3Be3/1 Tuna SN la mo gaHHBIM, HA OCHOBaHMM KOTODBIX OBUI CAETaH
BBIBOJI O CYIIECTBOBAHWHN YCKOpPEHHUs pacimnpenus Beenennoi. [Tokasano, 94To BO3MOXHON
MIPUYMHOM TaKOro BBIBOAA OBUIO OIIMOOYHOE BOCTIPHATHE Pa3iaJOK M PAHTOBBIX HHBEPCHH
9THX AAHHBIX KaK MPOSBICHUH HEKOTOPOTO «KOCMHYIECKOTO TOJTYKA.

KiroueBble cioBa: KpaCHOC CMCIICHUC, IIKaJla KOCMOJOTMYCCKUX paCCTOﬂHHfI, I'paBUTa-
ITUOHHBIC TUIIOJIN prHHOMaCH.ITa6HOI71 HCOAHOPOAHOCTH, pa3jiaIKh, paHTOBass HHBCPCHUA

Bgenenue. B 1998 rony Obiia oOHapy»eHa pa3HOHAIIPABICHHAS AUTIONbHAS aHN30-
TPONHS KPACHOTO CMEIICHUS B CTIIEKTPax M3ITyYeHHs PaJloTaakTHK M KBa3apos [1],
a JUId THIOTE3bl 00 «YCKOPEHHH paciiupeHusi BeeneHHoi» BiusiHue MecTHOU M-
crotsl (Local void) Obi10 omeHeHO Kak OTHOCHTENBLHO HeBenrkoe [2]. B 2005 roxy
rpymna WM. JI. KapauenueBa (CneumansHast Actpodusndeckas OOcepBaTopus
PAH) nnenrudunuposana moie NeKyJIsapHBIX cKopocTeil 2724 ranakTuk B 00beme
100 Mk ¢ MUHUMYMOM B 30HaxX TMraHTCKuX MyctoT Bootes void u Local void
¥ MakCUMyMOM — B co3Be3iusix [ uper u LlenTaBpa. DTH 00CTOSATENBCTBA OKA3aIHUCh
CBSI3aHHBIMH C A((EKTOM TPABUTAIMOHHBIX JTUIONEH KPYIMHOMACIITAOHOW HEOIHO-
poaHocti BeeneHHoi, korja B mapax «THTAHTCKas IyCTOTa — CBEPXCKOIUICHUE Ta-
TakTHK» (supervoid — supercluster) Ha IPOTUBOTIONIOKHBIX 00JIACTSIX HEOECHOU cde-
pBl HE YPaBHOBEIICHHOE TIPaBUTALIMOHHOE BO3JCHCTBUE TIPOSBIAETCA  Kak
JIOTIOJTHUTENILHOE OTTAJIKUBaHUE CO cTOpOHHI supervoid. K 2016 romy crimcok aumnosnei
O/TOOHOTO poja yBeTmdawiIcs 1o 4eTipex [3]. A B 2017 roay, Moaenupyst mojie Tpa-
BUTAIMOHHBIX CKOpocTel mo 0aze maHHbIX «Cosmicflows-3» o 17966 ramakrtukax,
rpyrma B. Tully mokazana [4], 4To B JOKaJbHOM TOTOKE JOMUHHPYET aTTPAKTOP
Shaply supercluster u «orrankusarenb» (Dipole Repeller) Aquarius supervoid. Tak
nannble [1, 3] momyunnm HezaBucuMoe noATBepkaeHne. B 2022 rogy crimcok Kpym-
HOMACIITAOHBIX TPABUTAIMOHHBIX JTUTIOJICH JOTTOHII AUTONE Xab0ma [S].

O¢ddexTuBHBIN aHANU3 TUMOTE3bl O TPABUTAIMOHHBIX JUTOSIX KpyHMHOMAc-
mMTa0HOW HEOTHOPOAHOCTH KaK aJIbTEPHATHUBBI TUIIOTE3€ 00 «yCKOPEHHWU PaCIIH-
penust BeenenHo#» okazascsi BO3SMOXKHBIM OJiaroaps HOBOMY METOAY CTPYKTYp-
HO-TIApaMETPUYECKON HICHTU(GHUKAIIMA MaTeMaTHYeCKUX Mojeield 0O0bEeKTOB
M3MEPEHHU — MeTOoay MakcumyMa koMmakTHoctd (MMK) [6-8].
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MeTtoabl M MaTepuasbl; pe3yJbTaTbl. AHaIM3y MOABEPraINUCH JAHHBIEC,
Ha OCHOBaHHMH KOTOPHIX B TpeX BBIOOpKax u3 pabot [9, 10] Obl1 caenaH BBIBOA O
HaJIMYUHN «yCKOpPEHHS pacuiupeHusi BeemeHnHoii», a Taxoke padora [11]. Ilpu stom
Ul KQKIOW BBIOOPKM AAHHBIX M MX COYETAaHWUH OBIIM HMOCTPOCHBI MOJEIH H30-
TPON-HOW ¥ aHU30TPOIHOM IIIKaJl KOCMOJIOTHYECKUX PAcCTOSIHUI Ha OCHOBE Kpac-
HOTO CMEUICHHUS B CIEKTpax M3MydeHus: cBepxHOBbIX TuHa SN la cooTBeTCTBEHHO
o miporpammaM «MMK—ctat» 1 « MMK—ctat M» [6]. CtatucTideckoit mpoBepke
B KJIACCE MHOTOMEPHBIX CTENEHHBIX PAJIOB MOJIBEPrajiCh TUIOTE3bl BHIPOKIECHHO-
CTH, HENPEPHIBHOCTH M KOMIO3WIMOHHON OJHOPOIHOCTH MOJENEH, a TakkKe —
JIbTEepHATHBHBIE T'UIIOTE3bl. Bce BBIOOPKHM KOMIO3UIIMOHHO OJHOPOAHYIO COBO-
KyIHOCTb HE 00pa30BbIBaM. JIydieil o KpUTEpHI0O MUHUMYMa CPEAHEr0 MOIYJIS
MOTPEIIHOCTH HEa/IeKBATHOCTU U MPH OTCYTCTBUU «HYJIb»-ITYHKTA OKa3allach aHU-
30TPOIHAs] MOJIENb HIKABI PACCTOSIHUN 2-TO MOPSAIKa ISt BEIOOpKH 00beMoM N =
=79 SN Ia [9, 10]. Haubonpmmit mHTEpEC BHI3BAIH PA3NalKy U PAHTOBBIE MHBEP-
CHH 3TOH MOJIENH, KOTOPBIE COBMAHM HE TOJNBKO C KOOPIUHATAMH BCEX TSITH IPaBH-
TaOHHBIX JMIIOJNEH KpymHOMAacTabHOW HEOJHOPOTHOCTH, HO U C MpeAcKa3aH-
HbIMH [9, 10] XapakTepuCTHKaMU T. H. KKOCMHYECKOTO Torukay [12].

3axiroyenue. 1o KpuTepr0 MUHMMYMa MOTPELIHOCTH HEAJeKBAaTHOCTU MO-
JIeNTd TIKaJbl KOCMOJIOTUYECKUX PACCTOSIHUH Ha OCHOBE KPAaCHOTO CMEICHHS B
KJIacCe MHOTOMEPHBIX CTENEHHBIX PsIOB OoJiee MpaBIONOA00HBIM SIBIISETCS Mpe-
MOJIOKEHHE O TOM, 4TO B paborax 1998—-1999 romor [9, 10] pasmaaku «3akoHa
KpPacHOro CMENIEHHs» ObLIM OMMOOYHO BOCIPUHSTHI KaK CBHJIETEIBCTBA O CYyIIIe-
CTBOBaHHMH «yCKOpPEHHs pacIiupeHust BceneHHoi». DTo 00CTOSATENBCTBO B HEKO-
TOpOH cTerneHu OOBsICHAET NpUuMHEL, noOynusimue B. dpunman, nuaepa npoexTa
«Kocmuueckwuii Teneckon uMeHn J. Xabb6mna», 3asSBUTh O TYNHKOBOW CHUTYallMd B
KOCMOJIOTHH.
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Gravitational dipoles of inhomogeneities
in the large-scale structure of the Universe
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Abstract. The problem of structural-parametric identification of a model of the cosmologi-
cal distance scale based on the redshift in the emission spectra of SN Ia type supernovae is
considered based on the data on the basis of which it was concluded that there is an acceler-
ation of the expansion of the Universe. It is shown that the possible reason for this conclu-
sion was the erroneous perception of the disruptions and rank inversions of these data as
phenomena of some kind of «cosmic shocky.

Keywords: supernovae of type SN Ia, redshift, scale of cosmological distances, gravita-
tional dipoles of large-scale inhomogeneity, variations, rank inversion

Introduction. In 1998, a multidirectional dipole redshift anisotropy was discov-
ered in the emission spectra of radio galaxies and quasars [1], and for the hypothe-
sis of «accelerating the expansion of the Uni-verse», the influence of the Local
void was estimated as relatively small [2]. In 2005, I. D. Karachentsev's group
(Special Astrophysical Observatory of the Russian Academy of Sciences) identi-
fied the field of peculiar velocities of 2724 galaxies in a volume of 100 Mpc with a
mini-mum in the zones of giant voids Boots void and Local void and a maximum
in the constellations Hydra and Centaurus. These circumstances turned out to be
related to the effect of gravitational dipoles of the large-scale inhomogeneity of the
Universe, when in pairs of «supervoid — super-cluster» on opposite regions of the
celestial sphere, an unbalanced gravitational effect manifests itself as additional
repulsion from the supervoid. By 2016, the list of dipoles of this kind had in-
creased to four [3]. And in 2017, by modeling the gravitational velocity field using
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«Cos-micflows-3» database on 17966 galaxies, B. Tully group showed [4] that the
local flow is domi-nated by Shaply supercluster attractor and Aquarius supervoid
(Repeller). Thus, the data [1, 3] received independent confirmation. In 2022, the
Hubble dipole was added to the list of large-scale gravitational dipoles [5].

An effective analysis of the hypothesis of gravitational dipoles of large-scale
heterogeneity as an alternative to the hypothesis of «accelerating the expansion of
the Universe» turned out to be possible thanks to a new method of structural-
parametric identification of mathematical mod-els of measurement objects — the
maximum compactness method [6-8].

Methods and materials; results. The data was analyzed, on the basis of
which, in three samples from the works [9, 10], it was concluded that there was an
«acceleration of the expansion of the Universe», as well as the work [11]. At the
same time, for each data sample and their combinations, models of isotropic and
ani-sotropic scales of cosmological states were constructed based on the redshift in
the emission spectra of supernovae of type SN la, respectively, according to
«MMK-staty and «MMK-stat M» programs [6]. The hypotheses of degeneracy,
continuity, and compositional uniformity of models, as well as alternative hypothe-
ses, were subjected to statistical verification in the class of multidimensional power
series. All samples did not form a compositionally homogeneous set. The aniso-
tropic model of the 2nd order distance scale for a sample of N = 79 SN Ia turned
out to be the best by the criterion of the minimum of the average error modulus of
inadequacy and in the absence of a «zero»—point [9, 10]. The greatest interest was
aroused by the dislocations and rank inversions of this model, which coincided not
only with the coordinates of all five gravitational dipoles of large-scale inhomoge-
neity, but also with the predicted [9, 10] characteristics of the so-called «cosmic
shock» [12].

Conclusion. According to the criterion of the minimum error of the inadequa-
cy of the model of the scale of cosmological distances based on redshift in the class
of multidimensional power series, it is more plausible to assume that in the works
of 1998-1999 [9, 10] the decomposition of the «law of red-shift» was mistakenly
perceived as evidence of the existence of an «acceleration of the expansion of the
Universe». This fact explains to the reasons that prompted V. Friedman, the leader
of the Hubble Space Telescope project, to declare a deadlock in cosmology.
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Annotanus. B Hauane XXI Beka cTano o4eBUIHBIM, YTO IPUMEHEHNE POOOTH3NPOBAHHBIX
oOcepBaTropuii B aCTPOHOMHH TTO3BOJISIET COBEPILUTH MPOPBIB B HCCIEIOBAHUU PE3KO He-
CTallMOHAPHBIX M KOPOTKOXKMBYILIHMX sIBJIeHHH Bo BcenenHoi. C moMolnsio poOOTH3UpO-
BaHHBIX 00CEPBATOPHUI, MOCTPOCHHBIX B PAa3BHUTHIX CTPaHAaX, YAAIOCh OTKPHITH COOCTBEH-
HOC ONITUYCCKOC U3JTYUCHHUE CaMbIX MOIIHBIX B3PHIBOB BO BcenenHoit — rammMa-BCIIIIECKOB.
OTKpBITHE AECATKOB U COTEH CBEPXHOBBIX 3BE3] MO3BOJIMIO 3aMOA03PHUThH CYIIECTBOBAHUE
TaK Ha3bIBAEMOH «TEMHOIDY YHEPTHU WM SHEPIHHM KOCMHYECKOrO Bakyyma. OTHOCHUTEIb-
Hasl JOCTYITHOCTh MAaJIBIX TEJIECKOIIOB JaeT BO3MOKHOCTH MOBBIIATH 3(P(PEeKTUBHOCTH
HaOTIONICHUH, YBEIMUMBAst MX YUCIIO M Pa3MeIasi UX B pa3HbIX reorpaguIecKux TOuKax.

Poccust, xak camast poTshKeHHAs 110 JOJATOTE CTpaHa B MUpE, SIBISIETCS HE3aMEHU-
MBIM MECTOM I TOJNOOHBIX wuccienoBanmid. llepBeiii poccuiickuii  poOOT-
teneckorrt MACTEP 6b11 co3gan B 2002 roxy u ycraHoBieH moa Mocksoit (B.M.
JluntynoB ap. 2007).

Hanmpaeitmee pazsutue cetb MACTEP nmomyumna 8 20082010 rr., Korja ObI-
JI 3aIyIueHsl B cTpoit 4 oOcepBaTopuu, ocHatieHHble Teneckonamu MACTEP 11 u
KaMepaMH CBEpX IIMPOKOTO ToJist 3peHus. A, HaumHast ¢ 2012 roga, cetb MACTEP
CTaHOBHTCS TIIO0ANBHOM, U yke B 2016 T. MBI YCTAaHOBHJIM TPU 3arpaHUYHBIX 00-
cepBatopuu B lOxHol Adpuke, Ha Kanapax u B Aprearune. B xonne 2021 roga
ObUI yCTAaHOBJIEH aHAJOTM4YHbI KoMmiulekc B Mekcuke. [lonoxenue ysnos I'yo-
oanbHoi cett MACTEP Ha Havasno 2022 roaa moka3aHo Ha PUCYHKE.
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Cetp TeneckomroB MACTEP II (Lipunov et al., 2010) otkpsiBaeT 601ee 10 Tn-
noB actpoHoMuueckux o0bekToB. Cetb MACTEP ucnonesyercss s pelieHHs
CJIEAYIOIIMX HAaOJIIOJATENbHBIX 3a7ay: JOKAIW3alus 1 CUHXPOHHBIE IMOJISPU3aLH-
OHHbIE HAOJIONEHUs TaMMa-BCIUIECKOB; JIOKAJIM3aLUs I'PaBUTALMOHHO-BOJIHOBBIX
BCIUIECKOB; ONEPaTUBHBIC HAOMIOCHHUS M IOUCK UCTOYHHUKA HEHTPUHO BBHICOKUX H
CBEPXBBICOKUX JHEPTHii; HAOMIOACHUS W JIOKAIM3alusl UCTOUHUKOB OBICTPBHIX pa-
nuo-seruieckoB (FRB); monck cBepXHOBBIX, HOBBIX U B3PBIBHBIX IEPEMEHHBIX; OT-
KPBITHE OIIACHBIX aCTEPOUJIOB, KOMET; PErUCTPALAs BCILIECKOB-CUPOT.
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AnHoTanusi. PaboTa mocBsIeHa TEOPETHIECKOMY HCCIIEAOBAHHIO BO3MOXKHOCTH SKCIIEPH-
MEHTaJIBHOI NpoBepkH o01el Teopun otHocuTenbHOCTH (OTO) 1 SHHINTEHHOBCKOTO TPHH-
mumna skBuBanieHTHOCTH (DI13) ¢ Mcnoip30BaHNEM aTOMHBIX YacoB, Pa3MEIIaeMbIX Ha KOC-
MHYECKHX ammaparax. l[locTpoeHa Mopens mpeoOpa3oBaHMSI YAcTOTHl CHTHAJIOB B
SKCTICPIMEHTAaX C KOMIICHCAMEeH HEepersITUBHCTCKOTO 3¢dekra Jlommepa, ydnThIBaromas
PEIATUBHUCTCKHE TTONIPABKH BTOPOTO MOPSIKA MO TPAaBUTAIIOHHOMY MOTEHIHATY ¥ Y€TBEPTO-
TO TOpsi/iKa IO CKOpocTH ammapara. IlokasaHo, 4TO ¢ TOMOIIpI0 KOCMHYECKHX allapaTos,
OCHAIIIEHHBIX BBICOKOCTAOMIBHBIMH aTOMHBIMH YacaMH, MOXXHO JOCTHYb CYIIECTBEHHOTO
MIOBBIIIIEHNS] TOYHOCTH U3MEPEHHUS TOCTHBIOTOHOBCKHUX ITapamMeTpoB. Takke paccMaTpuBaeT-
¢Sl TOTEHIHAJT TTOOOHBIX 3KCIEPUMEHTOB JUI M3MepeHust ciuHa CoJTHIa ¥ MOMCKa TeMHOU
Matepuu. [IpeanoxeHs! onTuMasbHbIe OpOUTANBHBIE KOH(DUTYpAIUH JUIS psia CLIEHAPHEB.

KuroueBble ciioBa: rpaBUTAIIMOHHOC 3aMCJICHUE BPEMEHHU, aTOMHBIC YacChbl, TCMHAsA MaTCpusd

Beenenme. [louck OTKIIOHEHUH OT 3HHIITEHHOBCKOIO MPHUHIIMIA YKBUBAJICHTHOCTH
u oc-HoBaHHOW Ha HeM OTO umMeer orpoMHOe 3HaYeHUE Kak Al QyHIaMEHTaTBHOM
(bm3uKY, TaK ¥ I 331291 TTOCTPOSHISI TTI00ATBHBIX HABUTAITMOHHBIX CITyTHUKOBBIX
CUCTEM HOBOrO nokoyieHus [1]. OqHuM U3 caeACTBUN MPUHLIMIA 3KBUBAJIEHTHOCTH
siBsieTcst 3((EKT rPaBUTALMOHHOTO 3aMEICHUS BPEMEHH, WM I'PABUTAIIOHHOIO
CMENICHUST YaCTOThI, KOTOPBIH MMEET MPaKTHIECKOe 3HAYCHUE W IS CYIIECTBYIO-
mux HaBurauoHHbeIX cucteM I'JIOHACC, GPS, Galileo, Beidou. OTkinonenue Be-
JIMYUHBI TPAaBUTALIMOHHOIO 3aMEJUICHUS BPEMEHHU OT NPEJCKa3bIBAEMOM B paMKax
OTO sBusiercs HEM30EKHBIM CIIECJICTBHEM OOJBITUHCTBA TEOpUH OOBEAMHEHHBIX
B3aMMOJICHCTBHUI, BCIEACTBHE 4YEro IMPELU3MOHHOE M3MEpeHue JaHHoro 3¢ddekra
sBIsIeTCA CPepoil aKTUBHOTO SKCIIEPUMEHTATILHOTO HCCIIeI0BaHu [2].

MeToabl 1 MaTepUabl; pe3yJabTaTbl. ATOMHBIE Yachl SBIISIOTCS HEOOXO0IH-
MBIM 3JIEMEHTOM 3HAYUTEIHLHOI'O YHWCIIA IKCIEPUMEHTOB IO MOUCKY OTKJIOHEHUMH
ot OTO. B cBsi3u ¢ HETABHUM MPOTPECCOM B TEXHUKE MX CO3/IaHUs (POCTOM CTa-
OounpHOCTH 1 ToyHOCTH 10 10" {—18} 1 BbIIIE, B TEpPMHUHAX OTHOCHTEIBHOM 4acTo-
THI) B OJIDKalIee AECITIIICTHE OKHUIIASTCS YBEIMYCHUE Ha HECKOJBKO IMOPSIIKOB
TOYHOCTU Y>K€ M3BECTHBIX IKCIIEPUMEHTOB, a TAKXKE MOSBISETCS BO3MOXKHOCTDH
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IIPOBEIEHNUS U3MEPEHNUI KaueCTBEHHO HOBOro Tuma. Pa3paboTka TeopeTnieckoro
0azuca A TIAHUPOBAHHUS M WHTEPIPETALUMN Pe3yJbTaTOB MOJOOHBIX SKCIEPH-
MEHTOB, UCCIIEIOBaHUE JOCTYIHBIX UL u3MepeHus 3(p(pexkToB u oleHkKa npeness-
HOW TOYHOCTHU MX MU3MEPEHUs SABIISIIOTCS IOTOMY KpaliHe BaXKHBIMH 3aJadyaMH.

B pabote pa3zpaboTtana TeopeTryeckas MoJIellb, ONKUCHIBAIOLIAs IPeoOpazoBa-
HUE YaCTOTHl CUTHAJIOB B KOCMMYECKUX 3KCIIEPUMEHTAX C MCIONb30BAHUEM CXEMBI
KOMIIEHCAIINHA HepelaTUBUCTCKOTO 3ddexTta Jlomiepa u yunTteiBaromas 3h(exTsr
2-ro mopsiika o rpaBUTALIMOHHOMY IOJIO U 4-ro MopsiiKa MO0 CKOPOCTU KOCMUYe-
ckux anmaparoB. C ee OMOIIBI0O 000CHOBaHA BO3MOYKHOCTh M OLICHEHa TOYHOCTD
HU3MEPEHHUsI psfla NapaMeTpPOB, XapaKkTepusyromux oTkiaoHeHus or OTO B pamkax
METPUYECKUX M HEMETPHUYECKUX TEOPUH I'PaBUTALUH, C IOMOLIbI0 KOCMHUYECKUX
anmnapaToB, OCHAIEHHBIX Pa3IMYHBIMM TUIIAMH aTOMHBIX dacoB. Hampumep, ma-
pameTp epslion, xapakrepusyromuii oTkiaoHeHHe oT D113, B rpaBUTAIIMOHHOM IT0JIe
3emMi MOXKET OBITh H3MepeH ¢ TOUHOCThIO ~107{—10}, 4TO Ha 5 MOPAIKOB JydIIe
pesynbrata GREAT [3], a MOCTHPIOTOHOBCKHI MapaMeTp gamma — C TOYHOCTBIO
~10"{-8}, uro Ha 3 mopsaka jdydire pe3yinbrata Cassini [4]. Taxxke mosBIISETCS
BO3MOXHOCTb IIPOBEACHUsS NPUHLUINAIBHO HOBOIO THIIAa H3MEPEHHUs CIIMHA
ConHna [5] v IEeTEKTUPOBAHUS TEMHOW MAaTEpHUH, COCTOSIIEH W3 JISTKUX CKAISp-
HbIX "actuil [6]. g HEKOTOPBIX U3 ATUX IKCIEPUMEHTOB HAMU HaWJEHBI ONTHU-
MaJIbHbIE KOHQUTYpayi opOUT KOCMHUYECKHX aIllapaToB.

3axiouenue. IlpoBenenHoe uccienoBaHue AEMOHCTPUPYET BBICOKYIO 3Ha-
YUMOCTh M TIE€PCIEKTHBHOCTh HCIIOJIb30BAaHUS COBPEMEHHBIX AaTOMHBIX YacoB
B KOCMHYECKHX KCIIEPUMEHTaX MO TECTUPOBaHHIO (DyHJaMEHTATBHBIX TPUHIUIIOB
rpaBUTalMOHHON (u3uku. IlocTpoeHHass HaMH MOJENb IO3BOJSIET HE TOJBKO
YTOYHHUTH CyLIeCTBYIOIIHE olleHKH oTkiIoHeHuH oT OTO, HO u mpearaeT HOBbIE
METOBI U3MEPEHHS KITFOUEBhIX (PU3UUECKUX MTApaMeTPOB ¢ OecIpelieIEHTHON Tou-
HocThI0. [lomydeHHble pe3ynbTaThl MOTYT CIYXXHTh OCHOBOH ISl TPOEKTHUPOBAHUS
OyAylIMX MHCCHH, HAalPaBIEHHBIX HAa MPOBEPKY METPUYECKUX M HEMETPUUYECKUX
TEOpHi TpaBUTAIlNH, UccienoBanne ciimHa CoJHIIa ¥ TIOMCK TPOSBICHUN TEMHOM
MaTepuu. Bce 3T0 nenmaer momoOHBIE SKCIIEPUMEHTHI Ba)KHBIM HaIlPaBJICHUEM
B Pa3sBUTUM KaK (pyHIaMEHTAIILHON HAYKH, TaK U MIPHUKJIAJHBIX TEXHOJIOTHH, BKIIIO-
Yasi CHCTEMBI HAaBUT AU HOBOTO TTOKOJIEHHSI.
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Exploring gravitational effects of second-order in the gravitational potential and
the possibility of dark matter detection
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Abstract. The paper is devoted to a theoretical study of the possibility of experimental veri-
fication of the general theory of relativity (GR) and the Einstein equivalence principle
(EEP) using atomic clocks placed on spacecraft. A model of signal frequency conversion in
experiments with compensation for the nonrelativistic Doppler effect is constructed, taking
into account relativistic corrections of the second order in the gravitational potential and the
fourth order in the velocity of the spacecraft. It is shown that using spacecraft equipped
with highly stable atomic clocks, it is possible to achieve a significant increase in the accu-
racy of measuring post-Newtonian parameters. The potential of such experiments for meas-
uring the spin of the Sun and searching for dark matter is also considered. Optimal orbital
configurations are proposed for a number of scenarios.

Keywords: gravitational time dilation, atomic clocks, dark matter

Introduction. The search for deviations from Einstein's equivalence principle
(EEP) and general relativity (GR) based on it is of great importance both for fun-
damental physics and for the task of constructing a new generation of global navi-
gation satellite systems [1]. One of the consequences of the equivalence principle is
the effect of gravitational time dilation, or gravitational frequency shift, which is of
practical importance for the existing navigation systems GLONASS, GPS, Galileo,
Beidou. The deviation of the magnitude of gravitational time dilation from that
predicted within the framework of GR is an inevitable consequence of most theo-
ries of unified interactions, as a result of which the precision measurement of this
effect is an area of active experimental research [2].

Methods and materials; results. Atomic clocks are an essential element of a
significant number of experiments searching for deviations from GR. Due to recent
progress in the technology of their creation (increased stability and accuracy up to
107{—18} and higher, in terms of relative frequency), an increase in the accuracy of
already known experiments by several orders of magnitude is expected in the next
decade, and the possibility of conducting qualitatively new types of measurements
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will also appear. Laying a theoretical basis for planning and interpreting the results
of such experiments, studying the effects accessible for measurement and assessing
the ultimate accuracy of their measurement are therefore extremely important
tasks. We have constructed a theoretical model describing the conversion of signal
frequencies in space experiments using a compensation scheme for the nonrelativ-
istic Doppler effect and taking into account the effects of the 2nd order in the
gravitational field and the 4th order in the velocity of spacecraft. With its help, the
possibility is substantiated and the accuracy of measuring a number of parameters
characterizing deviations from GR within the framework of metric and nonmetric
theories of gravitation, using spacecraft equipped with various types of atomic
clocks. For example, the parameter epslion, which characterizes the deviation from
EEP, in the gravitational field of the Earth can be measured with an accuracy of
~10"{-10}, which is 5 orders of magnitude better than the GREAT result [3], and
the post-Newtonian parameter gamma — with an accuracy of ~10"{-8}, which is 3
orders of magnitude better than the Cassini result [4]. It also becomes possible to
conduct a fundamentally new type of measurement of the Sun's spin [5] and detect
dark matter consisting of light scalar particles [6]. For some of these experiments,
we have found optimal configurations of spacecraft orbits.

Conclusion. The conducted research demonstrates the high significance and
prospects of using modern atomic clocks in space experiments to test the funda-
mental principles of gravitational physics. The model we have constructed allows
us not only to refine the existing estimates of deviations from the general theory of
relativity, but also offers new methods for measuring key physical parameters with
unprecedented accuracy. The results obtained can serve as a basis for designing
future missions aimed at testing metric and non-metric theories of gravity, studying
the spin of the Sun and searching for manifestations of dark matter. All this makes
such experiments an important direction in the development of both fundamental
science and applied technologies, including new-generation navigation systems.
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O cmbicne runoTtesbl INUHLWTEAHA HA NPUMeEpPe MeTPUKHU
LBapuwunabaa U CUHXPOHHOW METPUKKU
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AnHoTanus. IIpy OTHOCUTENBHOM CpaBHEHHM CBOWMCTB MeTpuku IlIBapummmibaa U CHH-
XPOHHOM METPUKH MPOSABIAETCA TITyOOKUI CMBICH THIOTE3bl DiHIITEHHa 0 BBIOOpE cHUCTe-
MBI KOOpAMHAT. B CHHXPOHHOM cHcTeMe OTcueTa MaTepHsl MOXKET HaXOAUTHCS B CTaTHYe-
CKOM COCTOSIHMH, HO TOJIbKO OYyJy4M CXKaTOW COOCTBEHHBIM I'DAaBHTAI[MOHHBIM IOJEM [0
YIBTPApEIITUBUCTCKOTO Tpeaena p = —e /3. CraTUdecKoe COCTOSHHE IPEASIbHO CHKATOM
MaTepUH MOXKET CYIIECTBOBATh HE3aBUCHMO OT €€ BHYTPEHHETO CTPOCHHUS.

KaioueBble cj10Ba: rpaBUTAMOHHOE T10JI€, METPHUYECKUI TEH30D, JETCPMHHAHT, CHHXPOH-
Hasl CUCTEMa KOOpJMHAT, ypaBHEHU DMHINTETHA

BBenenue, MeToabl M MaTepuaJbl; pe3yJbTaThl. B rpaBUTAIIIOHHOM ITOJIE CTa-
THYECKOTO  CPEpUYECKH CUMMETPHYHOTO OOBEKTa, COIIACHO  PEIICHHIO
[IBapummibaa [1], Ha THIEPIOBEPXHOCTH T = Ty KOMIIOHEHTHI METPHYECKOrO
TEH30pa Joo U Jrr «MEHSIOTCS 3HaKamu». B pemenun HIBaprmmibna umeer me-
CTO CHHTYJSIPHOCTHh B IIEHTPE. DTO OOCTOSATENHCTBO HE OCTAIOCH HE3aMEUCHHBIM
OiinireiHoM. BoT nurara u3 ero crateu [2]: «Eciau okaxercs, 4To B KaKOM-TO
MeCTe YeThIPEeXMEpPHOro KoHTuHyyMa det g;;, oOpaiaercsi B HyJb, TO 9TO O3HaYa-
€T, YTO B 9TOM MecTe OECKOHEYHO MaJblil «eCTECTBEHHBI» 00BEM COOTBETCTBYET
KOHEYHOMY KOOPAMHATHOMY 00bheMy. MBI TojlaraeM, 4To 3TOTO HHT/E HEeT. B aTom
ciyuae det g;;, HE MOXKET M3MEHUTH CBOM 3HAK; MBI IIPUMEM, B COOTBETCTBHUHU CO
CHECIUAILHOW TEOpUEH OTHOCUTEIBHOCTH, 4TO det g;;, Bcerma MMeeT KOHEYHOE
U OTPHUILIATEJIFHOE 3HAYEHUE. DTO MPEAOIOKEHHE SIBISIETCS TUIIOTE30M 0 Bu3nye-
CKOHl NpUpO/Ie paccMaTpUBAaEMOro KOHTHHYYMa U, B TO K€ BpeMs, MPaBUIIOM, Ka-
CaIoIUMCSI BEIOOpa CHUCTEMBI KoopauHaT» (cM. [2], cpa3y 3a ypaBHeHueM (18a)).

PeanbHBIN CMBICHT THMIOTE3bI DWHINITEHHA 3aKITFOYaeTCsl B TOM, YTO TPU OTCYT-
CTBHM CHHTYJISIPHOCTH MOXHO (IaXKe >KelaTeJIbHO) BhIOpaTh CHCTEMY KOOPIMHAT,
B KOTOPO# OIpeNEUTENh U CUTHATypa METPUKKM HE MEHSIOT 3HAKOB. 3 cBOMCTBA WH-
BapHAaHTHOCTH YpaBHEHWI DUHINTEHHA BOBCE HE CIIEIYET, UYTO 3HAKM KOMITOHEHT MET-
PHUECKOT0 TeH30pa MOXKHO (PMKCHPOBATh 3apaHee MpH JI000H cucTeMe KOOPIUHAT.

Ha npotsbxkeHum cra neT, uMes B BHUAY TUIOTE3y OMHINTEHHA, MeTpHKa
[IBapumuabIa

ds? = gyavaxt =) (") =) (ar)? =2 [ (@0)} +(sin0) (d0) | (1)

TPAAUIMOHHO HCIIOJB3YETCA IJIsA aHaIu3a CBOMCTB TPaBUTUPYIOMIUX CTATUYCCKUX

cepuueckn CHUMMETPHYHBIX 00BEKTOB [l]. DKcroHeHTamm g, =e>0 n
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g, = M <o 3apaHee (PUKCHPYIOTCS 3HAKH KOMIIOHEHT METPUYECKOro TEeH30pa

g, - Komnonenroii g,, (r):—r2 [IBapummnba 3apaHee (QUKCUPYET Takylo CH-

CTeMy OTCYeTa, B KOTOPOI OTHOIICHHE JJIMHBI OKPYKHOCTH K AMaMETPy PaBHO T,
HE3aBHCHMO OT PACCTOSIHHSA I OT LieHTpa. Permenne ypasuenus Dinmreiina (100.6)

B [3] B Buze &) = 1—(K/r)_f(:TOO(x)xzdxz1—(2k/c2r)M(r) OTPaHUYMBAET
A(r)

nonHyw maccy M =M (rh). OKCIIOHEeHTa €'/ He MOXET OBITh OTPHIATEIHHOH.

INosTomy nonnas macca M < (c2 / Zk) 7, .

Bes skcrionentsl ¢) 10 ke camoe peleHue g”(r)=—1+(2k/c2r)M (r)

SIBIIIETCS] PETYJISPHBIM TIPH JIF000H 1MOHOM Macce M. BHyTpu 00BekTa ¢ ynajaeHu-
€M OT LIEHTpa g”(r) pactet. Bae oObekTa monHas macca M ocTaercsi OCTOSH-

. 2
HOM, M KommoHenTa g" (r)=—1+—FM (rh) BO3Bpamaercs oopatHo Kk —1 mpu
cr

r—o. g"”(r) umeer Makcumym npn r =r,,. Ecnn B maxcnmyme g” (1, ) macca
M(r,)<(c*/2k)y, . 10 g"(r)<O u me wmenser smak. Ecim ke
M (rm) >(c*/2k)r, ,10 g” (r) JBKIBI MEHSET 3HAK: g’ (r) =0 npu r=r, <r,
unpu r=r, >r,. B chepuueckom cnoe 7, <r<r, g" (r) >0. Paguycwl 7, u 7;,,
Ha KoTophlX g”(r)=0, Ha3bIBAIOTCA IpAaBMTALMOHHBIMH. Ha rpaHmue
M(r,)= (02 / 2k)rm PajycChl 7, =7, =1, COBIAJAIOT.

IIpuMeHnTENbHO K PELISHUIO CHUCTEMBbI ypaBHeHW# OiiHmreiiHa u Kieiina-
I'opnona metpuka llIBapimmnbsaa (1) okassiBaeTcss HenonHoW. HenmomHoTa MeTpu-
ku HIBapmmmnpaa Obuta 3amMeuena Kpyckanowm [4] eme B 1960-m roxy. ®aktuue-
CKH{ TIOYTH Ta ke camas MeTpuka (1), Ho ucronp3oBaHHas 6€3 9KCIIOHEHT, a MPOCTO

ds? = oo (r) (@) + g, (W) —r2[(d0) +(sim6) (d9)' . @

OKa3anach MOJHOW JJsl pEryJIApHOro peuieHus [5, 6] cucrtemsl ypaBHEHMH ONH-

mreiiHa u Kieitna — I'opnona. OnHako ecnu Macca M > (c2 / Zk)rm ,To detg, u

g""(r) cTaHOBATCS MOJIOKUTEILHBIMU B CHEPUIECKOM CII0€ BHYTPH TPABHTHPYIO-

mero o0wekTa. Jlo mosiBieHuss Moux crateit [5] u [6], cinemys rumorese DWHIITEH-
Ha, 001aCTh IPOCTPAHCTBA, B KoTOpoii det g, >0, couwnn He pusnueckoit. ITorpa-

HUYHBIM TPABUTALMOHHBIA paauyc 7, IOBEPXHOCTU YEPHOH MIbIpHl Ha3BaIU
TOPHU30HTOM COOBITHA.
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B neticrBurenbHoCTH 3Haku detg, W g” (1) He MHBapPUAHTHBI OTHOCUTEIIHLHO
HM3MEHEHUS CUCTEMbI KOOPAUHAT. B Kitacce peryssipHbIX pelieHUil MOKHO NEpeUTH
K METpHKe, B KoTopoil detg, u g’ (r) orpumarensHbl. CTaTHYECKOE PEryisipHOE
pelieHue cucteMsl ypaBHeHuit DiHimreiina u Kneitna — [Nopaona [5, 6] He 3aBu-
CHT OT BpeMeHH. BHyTpu nentpansHoii obnactn 0<r <r, (8 kotopoit g" (r)<0)
MeTpHYecKas KOMIOHEHTa g, OKa3alach KOHCTAHTOM, HE 3aBUCSIIEH OT paanyca
7. IloaToMy OBLTO €cTECTBEHHO MEPEHTH K CHHXPOHHOM cucTeMe oTcuera. To ecTb
TONOKHTh gy =1, @ BMECTO (DHKCHPOBAHHOIO 3apaHee B (2) g, (r)=—-r" ocra-

BUTH IIPOCTO g5, ( r) :

ds? = (dx0)2 + g, (r)(dr) +gx(r) [(de)z +(sin6)” (dd))z]' )

CuuTtaercs, 4TO «MaTepusi B MPOCTPAHCTBE HE MOXKET, BOOOIIE TOBOPSI, TTOKO-
WTHCS B CHHXPOHHOHU crucTeMe orcderay [3, §97]. MckimroueHneM sBIseTcs cirydait
«IBUIEBUIHON» MaTEPUM, KOTAA YaCTHUIbl HE B3aHUMOJEHCTBYIOT NIPYT C JIPYTOM.
VY Hac 3TO KakK pa3 UMEHHO 3TOT CiIy4aid, 0O B MAKCUMAJILHO CXKaTOM COCTOSIHUU
TpaBHUTAIUS TOMUHHPYET HaJl BCEMU IPYTUMH B3aMMOICHCTBUSIMH YaCTHII.

B craTuueckoM rpaBUTAIMOHHOM TIOJIE B CHHXPOHHOW CHCTEME OTCYETa KOM-

nonenta Tensopa Puuum R) =0. TlostoMy ymo6HO paBoTaTh ¢ ypaBHEHHSMH
1 8

OHHINTEWHA B BUJE! Rl.k :K(Tik —565‘ T] , K= —Tk. Kak u3Bectno ([3, popmyna
c

(94.9)), TeH30p IHEPTUU-UMITYIIbCA 7;1‘ =(p+ g)uiuk — pgik . B coctossHum nokos 4-

CKOpOCTh u; =0,,. Tak 4ro 7—(')0—%]—':%(84—3[?). IIpu Rg =0 u3 ypaBHEHHA

N . 1 .
OHHIITEeiHA RO = 5K(8+3p) CICAyCT, YTO B CMHXPOHHOM CHCTEMC OTCUCTA Ma-

TEpUsT MOKET HAXOJAUTHCS B CTATUYECKOM COCTOSIHUHU TOJIBKO OYAy4H CxKaToi coO-
CTBEHHBIM TPAaBUTALMOHHBIM TMOJIEM JO YJIBTPapeIsTUBHCTCKOrO Ipeaena
p=—¢/3. O06paTute BHUMaHUE, KOTAa MaTepPHsl CTPEMUTCS K PACIIMPEHUIO J1aB-

nenne p >0. A eciii MaTepusi CTPEMHTCS K CKaTHIO, TO naBieHue p < (0. B cuH-

XPOHHBIX KOOpAHWHATaX IrpaBUTAlMOHHBIC paJnyChl I"g u 7, , TaK )X€ KaK M B MCT-

puke llIBapumuiabaa, BBAEISAIOTCS TEM, YTO B PEHICHUSIX CUCTEMBI ypaBHEHHM
Oitamreiina u Kieiitna — ['op/ioHa ¢ TpaHUYHBIMA YCIIOBUSIMA Ha pajuycax » = Ty

U 7 =7, HapylmaeTcs TeopeMa CylECTBOBAHN U €AUHCTBCHHOCTH. B oTiuuue ot

merpuky [lIBaprmmibia, B CHHXPOHHBIX KOOPAMHATAX NIPH 7'=7, U I =7, MeT-

puyeckas KoMroneHTa g’ () B HyJb He oOparnaercs.
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IozncraHoBko# dx =/—g,, (r)dr, x(r) =J.;‘1/—g,,(r)dr, 22 (%) = gx (r(x))

HUHTCPBal (3) CTaHOBHUTCA 3aBUCHMBIM TOJBKO OT OI[HOﬁ MeTpH‘{CCKOfI KOMITIOHCH-

THl g5, (X):
ds* =[x} ()" + g (){(d6)” +(sin6 o)’} @)

MeTtpuueckas GyHKIUS grr(r) <0 ocraercss MPOU3BOIBHON. DTOT MPOU3BOI

03HAYaeT, YTO CTATHUYECKOE COCTOSHHE MAaTEPHH, CHKATOH COOCTBEHHBIM I'PAaBHUTa-
LIMOHHBIM TIOJIEM JI0 YJBTPApENSTUBUCTCKOTO IMpeesa, MOXKET CYILIeCTBOBaTh
HE3aBUCHMO OT BHYTPEHHETO cocTaBa 00bekTa. MiMes B BUAY YEpHYIO ABIPY, CO-
CTOSIILIYIO U3 OJHOPOAHOU cpedbl KoHAeHcaTa boze — DHHIITEHA, pelIeHue CH-
cTeMbl ypaBHeHUl DifHiuTeliHa U KnelitHa — ['opoHa B CUHXPOHHBIX KOOPAMHA-
TaX U3JI0KEHO B cTaThe [7].

3akawuenue. [lornmanne TiryOOKOTO CMBICTA THIOTE3BI DWHIITEWHA TT03BO-
JIUJIO BBISICHUTB, YTO B CHHXPOHHOH CHCTEME OTCUEeTa MaTepus MOKET HaXOAUTHCS
B CTaTUYECKOM COCTOSIHUH, HO TOJNBKO OyIy4YH CXKaToOW COOCTBEHHBIM IpaBUTAIIU-
OHHBIM TIOJIEM J0 YJbTPapeNsITUBUCTCKOro Impezaena. Takoe cOCTOSIHHE MaTepuu
MOJKET CYLIECTBOBATh HE3aBUCHMO OT BHYTPEHHETO COCTaBa.
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On the Meaning of Einstein's Hypothesis Considering
the Schwarzschild Metric and the Synchronous Metric the Example
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Abstract. Comparing the properties of the Schwarzschild metric and the synchronous met-
ric, the real meaning of Einstein's hypothesis on the choice of a coordinate system is re-
vealed. In a synchronous reference system, matter can be in a static state, but only when
compressed by its own gravitational field to the ultrarelativistic limit. The static state of
extremely compressed matter can exist regardless of its internal structure.

Keywords: metric tensor, determinant, synchronous coordinate system, Einstein equations

Introduction, methods and materials; results. In the gravitational field of a static
spherically symmetric object, according to the Schwarzschild solution [1], the
components of the metric tensor g, and g, “change signs” on the hypersurface

r=r, . In the Schwarzschild solution there is a singularity at the center. This cir-

cumstance did not go unnoticed by Einstein. Here is a quote from his article [2]: “If
it turns out that in some place of the four-dimensional continuum det g, vanishes,

then it means that at this place the infinite small “natural” volume corresponds to
the finite coordinate volume. We assume that this is nowhere to be found. In this
case, detg, cannot change its sign; we will accept, in accordance with the special

theory of relativity, that detg, always has a finite and negative value. This as-

sumption is a hypothesis about the physical nature of the considered continuum
and, at the same time, a rule concerning the choice of a coordinate system.” (see
[2], under the equation (18a)). The real meaning of Einstein's hypothesis is that in
the absence of singularity it is possible (even desirable) to choose a coordinate sys-
tem in which the determinant and signature of the metric do not change signs. It
does not follow from the invariance property of Einstein's equations that the signs
of the components of the metric tensor can be fixed in advance for any coordinate
system.

For a hundred years, bearing in mind Einstein's hypothesis, the Schwarzschild
metric

ds* = g, dx'dx* = M (dxo )2 — M) (dr)* —r? [(d@)z + (sine)2 (dd))z} (1)

has traditionally been used to analyze the properties of gravitating static spherically
symmetric objects [1]. The signs of the components of the metric tensor g, are

I

fixed in advance by the exponents g, = >0 u g, = ~ <o. By the com-

ponent g,,(r)=—r> Schwarzschild fixes in advance such a frame of reference in
which the ratio of the circumference to the diameter is equal to 7, regardless of the
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distance » from the center. The solution to the Einstein equation (100.6) in [3] in
the form ex(r)=1—(1</r)J.OrT;)O(x)xzdx:1—(2k/c2r)M(r) limits the total mass
M=M (rh). The exponent ") cannot be negative. Therefore, the total mass is
MS(cz/Zk)rh.

Without the exponent ¢, the same solution is g ()= —1+ (Zk / czr)M (r)
regular for any total mass of M. It grows inside the object with distance from

g” (r) the center. Outside the object, the total mass M remains constant, and the

2 .
component g" (r)=—1+ TkM (rh) returns back—1 to at » — oo. Without the ex-
cr

ponent ek(r), the same solution g” (r)=-1+ (2k / czr)M (r) is regular for any to-

tal mass M. Inside the object, with distance from the center, g" (r) increases. Out-
side the object, the total mass M remains constant, and the component

2k .
g"(r) :—1+EM(rh) returns back to—1 at » — 0. g”(r) has a maximum at

r=r, . If in the maximum g" (rm) the mass M(rm) <(c*/2k)r, , then g” (r) <0
and does not change sign. If M (rm) >(c*/2k)r, , then g (r) changes sign twice
g" (r) =0 npu r=r,<r, and at r=r>r,. In a spherical layer
r,<r<r, g"(r)>0.Theradii r, and 7,, on which g" (r)=0, are called gravi-
tational. At the boundary M (rm) = (c2 / Zk) r,, theradii r, =7, =r, coincide.

For the solution to Einstein and Klein — Gordon equations, the Schwarzschild
metric (1) turns out to be incomplete. The incompleteness had been noticed by
Kruskal [4] back in 1960. In fact, almost the same metric (1), but used without ex-
ponents, just simply

ds? = oo ()(x") +,, ()@ =7 (@0) +(sin0)’ (d0)° |, @

turned out to be complete for the regular solution to the set of Einstein and Klein-
Gordon equations [5]-[6]. However, if the mass M > (c2 / 2k)rm , then detg, and

g" (r) become positive in a spherical layer r, <r <7, inside a gravitating object.

Before my articles [5] and [6] appeared, the region of space in which detg, >0,
was considered as non-physical. The gravitational radius 7, of a black hole surface
was called the event horizon.
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The signs of detg, and g” (r) are not invariant with respect to changes of a
coordinate system. In the class of regular solutions, one can change to a metric in
which detg, u g’ (r) are negative. A static regular solution to the Einstein and
Klein — Gordon equations [5, 6] is independent of time. Inside the central region
0<r<r, (in which g"(r)<0), the metric component g, turned out to be a con-
stant independent of the radius r. Therefore, it was natural to move to a synchro-
nous reference system. That is, to put gy, =1, and instead of g,,(r)=—r> in (2),

simply leave gzz(r)Z
ds? = (dx0)2 + g, (P(dr)* + g (r) [(de)z +(sin6)” (dd))z]' ®)

It is believed that "matter in space cannot, generally speaking, be at rest in a
synchronous frame of reference" [3], §97. An exception is the case of “dust-like”
matter, when particles do not interact with each other. In our case, this is precisely
the case, since in the maximally compressed state, gravity dominates over all other
particle interactions.

In a static gravitational field in a synchronous frame of reference, the Ricci

tensor component is R(()) =0. Therefore, it is convenient to work with Einstein's

equations in the form: Rf = K(Y}k 81/ 2) . As is known ([3, formula (94.9)), the
energy-momentum tensor is 7;1‘ =(p+ g)uiuk — pgik . At rest, 4-velocity u; =9;,.
So T -T/2= (8 +3 p) /2. At Rg =0, it follows from the Einstein equation

Ry =x(e+3p)/2 that in a synchronous frame of reference, matter can be in the

static state only when compressed by its own gravitational field to the ultrarelativ-
istic limit p =—¢/3. Note that when matter tends to expand, the pressure p > 0.

And if matter tends to contract, then the pressure p <0. In synchronous coordi-
nates, the gravitational radii Ky M0, like in the Schwarzschild metric, are distin-

guished by the fact that in solutions of the Einstein and Klein — Gordon equations
with boundary conditions on the radii »=r, n r=r, the theorem of existence and

uniqueness is violated. Unlike the Schwarzschild metric, in synchronous coordi-
nates, for »=r, u r=r,, the metric component g" () does not vanish. By substi-

tution dx =g, (r)dr, x(r) =.|‘(:1/—grr(r)dr, 25 (x) = g2 (r(x)), interval (3)

becomes dependent on only one metric component g,, (x) :

ds* = (dx°)2 —(dx)’ + g5, (x){(d6)2 +(sin® d¢)2} )
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The metric function g,, (r) < 0 remains arbitrary. This arbitrariness means that

the static state of matter compressed by its own gravitational field to the ultrarela-
tivistic limit can exist independently of the internal composition of the object. With
a black hole in mind, consisting of a homogeneous medium of Bose-Einstein con-
densate, the solution to the system of Einstein and Klein-Gordon equations in syn-
chronous coordinates is presented in the article [7].

Conclusion. Understanding the deep meaning of Einstein's hypothesis made it
possible to find out that in a synchronous frame of reference, matter can be in a
static state, but only when compressed by its own gravitational field to the ultrarel-
ativistic limit. Such a state of matter can exist regardless of its internal composi-
tion. Understanding the deep meaning of Einstein's hypothesis allowed us to find
out the state, but only when compressed by its own gravitational field to the ul-
trarelativistic limit. Such a state of matter can exist regardless of its internal com-
position.
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AnHoTtanust. TianQin — 3TO KOCMUYECKHHA JIETEKTOP TPaBUTAIMOHHBIX BOJIH, 3aITyCK KO-
Toporo oxugaercs okosio 2035 roga. OH OyAeT perucTPUPOBATh TPABUTAIIMOHHBIC BOJHBI B
muana3one yactot 0,1 MI'm — 1 I', 9TO MacT BO3MOKHOCTH OOHAPYKUThH TPABUTAIIHOHHBIC
BOJHBI OT OOJIBIIIOrO KOJWUYECTBA MCTOYHUKOB, TAKUX KaK CIUSHHE MACCHBHBIX UYCPHBIX
JIBIP, TAJIAKTUYECKHE KOMIIAKTHBIC JBOIMHBIC CHCTEMBI U Ipyrue. Muccus Obuia oduIuaib-
HO mpeasiokeHa B 2014 rogy u yxe npoliia HeCKOJIbKO BaKHBIX ITAIOB.

KiiloueBble ¢€JI0Ba: TPaBUTAIMOHHBIE BOJIHBI, KOCMHUYECKHUU TPaBUTAIIMOHHO-BOJIHOBON
JIeTeKTop, mpoekT TianQin

BBenenue. TianQin — 3T0 KUTAWCKHII HAIIMOHAIBHBIA MPOEKT KOCMUYECKOTO Jie-
TEKTOpa TPaBUTAIMOHHBIX BOJH C MEXIYHapOIHBIM cOTpymHuuYecTBoM. LlTad-
KBapTHpa npoekrta, MccnenoBarensckuid eHTp TianQin, HaxonuTcs B YHUBEPCH-
tere Cynp At Cena (I'yanwxoy-Uxyxait). Jerekrop ['B 6yner moctpoen Ha Tpex
UACHTHUYHBIX KOCMHYECKHX alapaTax, o0pa3yrolluX T'MIaHTCKUH Ja3epHbId WH-
TepdepomeTp Ha BBICOKOH T'€OICHTPUYECKOH opOuTe, U HallelleH Ha PErHCTPAaIHIO
I'B-uznyuenus B quanasone yactot 0,1 MI'u — 1 T’ [1].

Peanuzanus npoekra BKIItOYaeT B ce0s pa3padOTKy HOBBIX BBICOKOTOYHBIX Me-
TOJIOB M3MEPEHHS MEXCITyTHUKOBOH JambHOCTH (JIa3epHass HWHTEephepOoMeTpus
TPAHCIIOHAEPHOTO THIA) W KOMIICHCAIIMM HETPaBUTAIIIOHHBIX BO3MYIICHHH
(«cmyTHHK, CBOOOIHBIN OT CHOCa»), a TAKXKE CO3/laHHE MHHOBAIL[MOHHBIX aHAJINTH-
YECKUX METOOB UIsl MOJIEIHPOBAaHUS OPOUT KOCMHUYECKHX aIlapaToB, YIIpaBiie-
HUS KOCMHYECKOW TpyNIHPOBKOW, 0OpaOOTKM W aHaiW3a JAaHHBIX. Peammzarus
muccun TianQin mpoIa HECKOIBKO BasKHBIX TAIIOB.

MeTtoasl M MaTepHaibl; Pe3yJabTAThbl. DTalbl pPEaln3allUd NPOEKTa; TEKY-
it porpecc. Kocmuueckwuii nerekrop I'B TianQin, 3amyck KOTOpPOro 0KuaaeTcst
okouio 2035 roza, npeaHasHaueH 1y oOHapyxkenus I'B B quanasone yacror 1074 ~
~1 I'u. Herexrop TianQin nomkeH ObITH pealn30BaH HAa TPEX MIESHTHYHBIX KOC-
MHYECKHX amlapaTax, pasMEIICHHBIX HAa IOYTH WACHTUYHBIX T'€OLCHTPUYECKHUX
opbuTax ¢ 60NBIION MOIMyochio ~10° KM ¥ (OPMHPYIOIIUX ITOYTH PABHOCTOPOHHMI
TpeyronsHUK. KA OyayT OCHAIIEeHBI Ja3epHBIMU CHCTEMaMH, O0pa3yIOIIUMHU Jia-
3epHbBIA HHTEPPEPOMETD ¢ JUTMHAMU Tuied, nopsaka 10° kM. OmopHble TOYKU UH-
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Tepdepomerpa coBMmemeHbl ¢ mpoOoHbpIMU Maccamu (IIM) cructemsl pemyKiun He-
IPAaBUTALMOHHBIX BO3MYILIEHHUH, TAKMM 00pa3oM, uHTepdepomeTp OyaeT u3MepsTh
paccrosiaue Mexay 3TuMu [IM, HaxoasmuMIucs B CBOOOAHOM TTaIEHUH.

IInockocts metexTopa TianQin MoYTH MEPHEHIUKYISPHA TUIOCKOCTH JKIIHII-
Tuku, u ConHie OyAeT MPOXOAMTH Yepe3 (PUKCHPOBaHHYIO OpOUTAIBHYIO ILIOC-
kocth TianQin kaxzapie monrofa. YUToObl 3alIUTUTH YyBCTBUTEIBHBIE MPUOOPEI
ot npsimoro ocBenieHust Comanem, Ha TianQin OyzaeTr ncmoik30BaHa cXeMa Iocie-
JIOBaTeNbHBIX TPEXMECSYHBIX OKOH HaOmrolieHuid (HempepbiBHbIC HaOMIOCHHS B
TEUYEeHHE TPEX MECALEB, 3aTeM Iepexo]l B Oe30MacHbId PeXUM Ha TPU Mecsla 0
BO300HOBIICHUS CIEeAyOmnX HaOmoaeHwit). [lpu Takoi cxeme oOIIast mpoaomKu-
TENBHOCTH cOOpa JAHHBIX COCTABHT 2,5 TOAa B TEUEHHE S5-JIETHETO CYIIECTBOBAHUS
muccud. TianQin HaresieH Ha OOHAPYKEHHUE PA3NIUYHBIX aCTPOPUINIESCKUX U KOC-
MOJIOTHYECKUX UCTOYHUKOB |'B, Takmx Kak CBEpXKOMITAKTHEIE TaJJAKTHIECKHE OU-
HapHBIE 3BE3[Ibl, CIHUSHUS MACCHBHBIX UEPHBIX ABIP, 3aXBaT 3BE3JHBIX OOBEKTOB
MAaCCHBHOW 4YepHOW IBIpOi M Ipyrux. B kauecTBe KaauOpPOBOYHOTO HCTOYHHUKA
BbIOpaHa nBoiiHas 3Be3aa JO806 (kaHAMIAT B YJIBTPAKOMIIAKTHYIO JABOWHYIO CHU-
cTeMy OenbIx KapiukoB). [Ipu HOCTIDKEHUN IIAaHUPYEMO# YyBCTBHTEIHHOCTH OC-
HOBHOW M3MEPHUTENBHOHN ammaparypsl, I B, m3nmydaeMeie KamuOpOBOYHBIM HCTOY-
HUKOM, OyIyT 3aperucTPUPOBAHbBI B MEPBBI TPEXMECSUHBIH IUKII HAOMIOICHUHN C
otHomeHueM curHan/myM (SNR) oxomo 10 [1].

Hns peanmmzanmu mpoekta TianQin ObuTa cocTaBlieHa TEXHOJIOTHYECKAs J0-
poxkHas kapta «0123», npeanonararorias 4 3Tama peaau3ainuy MPOEKTa, KaK bl
W3 KOTOPBIX JIOJDKEH 3aKaHYMBAThCS COOTBETCTBYIOIIMM HAayYHBIM W TpaKTHYe-
CKHM BBIXOJIOM.

Oran «0»: CTPOUTENBCTBO 00CEPBATOPUH JIYHHOH JIa3epHOI JaTbHOMETPHH, C
MOMOIIBI0 KOTOPOH MOXHO OYJIeT MOJTydaTh BBICOKOTOYHYIO HHPOPMAIHIO 00 op-
Ooutax KocMu4eckux amnmaparoB TianQin.

Oran «1»: 3amyck onuHouHOro KA (amamor LISA Pathfinder) Ha okomozem-
HYIO OpOHTY JUIs IPOBEPKU pabOTHI CUCTEMbI PEIYKIIMU HETPaBUTAIUOHHBIX BO3-
myienuii (drag free control) u ONTHYECKO# CHCTEMBI PETHCTPAIIHY.

Oran «2»: 3amyck aByx KA Ha kpyrosywoo opbuty BeicoTOil ~400...450 kM
(amamor GRACE-FO). TexHoiornueckas 1nejib MUCCHH — TPOBEpPKa Jla3epHOH CH-
CTeMbl aKTUBHOTO THIIA JUIS M3MEPEHUN MEXCITyTHUKOBBIX paccTosiHuid. Hayunas
LeJIb MUCCUU — CO3JJaHHe TI00aJbHBIX U PETHOHAIBHBIX MOJEINEH rpaBUTALMOH-
HOTO TT0JIS 3eMJTH.

Oran «TQ-3»: 3amyck rpynmUpOBKY W3 TPEX CIYTHUKOB IS (DOPMHUPOBAHUS
kocmuyeckoro nerekropa I'B TianQin u nposenenue nerextuposanust ['B B koc-
MocCe.

Otan «0» u 3Tan «1» ObUIM yCTENTHO BBITIOIHEHBI, YTO MO3BOJIMIO TOATOTO-
BuTh TianQin K TOYHOMY OINpEeNICHHIO JalbHOCTH A0 CIyTHUKOB TianQin ¢ mo-
MOIIBIO JIA3EPHON JIOKAIIMM M MPOJAEMOHCTPUPOBATH NMPUHLIMIHAILHYIO BO3MOXK-
HOCTh KOMIICHCHPOBATh HeTpaBUTAMOHHEIE Bo3MmymieHUs ;s KA TianQin [2—4].
Oran «2» ObuU1 odunmaabHO yTBepkaeH B 2021 roay, a 3amyck mapbl CITyTHHUKOB
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TianQin-2 oxumaercs npumepHo B 2026 roxy. Taxke ObLTH TPOBEACHBI paszind-
HBIC MTOATOTOBUTEIILHBIC PA0OTHI JUIs 3Tamna «3», BKIOYas HAyYHBIC NCCIICOBAHNS,
M3Yy4YeHHE MICCHH U pa3pabOTKy TEXHOIOTHH [5].

3akmouenne. PopManbHO TPOWJICHO MOJIOBHHA MYTH pealii3alliy MPOeKTa
TianQin. Peanm3oBansbl 1Ba 3Tana Muccuu. 3a nporreamue 10 JeT J0CTUTHYT 3Ha-
YUTEIBHBIA MPOTPEecC, KaK B pa3pa00TKe HAYYHBIX 3ajJa4 MUCCHH, TaK U B CO3J1a-
HUM HEOOXOIUMBIX TexHONOTHil. [IpeacTouT BTopas mojJoBuHa paboThI IO pealu-
3anmu muccun TianQin, KOTOpas MOXKET OKaszaThcsi HamOojee cliokHoi. OmHako
YK€ BBIIMOJIHCHHBIC Pa0OThI, a TAKXKE TEMITbl UX pealH3allii JAl0T YBEPEHHOCTh
B ToM, uTo MuccHs TianQin OyJeT ycnemHo peaiM3oBaHa ¥ HAyYHBIEC [IETH MHC-
CHH OYAyT JOCTUTHYTHI.
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Abstract. TianQin is a space-based gravitational wave detector expected to launch around
2035. It will detect gravitational waves in the frequency band 0.1 mHz 1 Hz, offering the
chance to detect gravitational waves from a large variety of sources, such as merging mas-
sive black holes, galactic compact binary systems, and so on. The mission was officially
proposed in 2014 and has passed a couple of major milestones.
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Introduction. TianQin is a Chinese national project of a space-based gravitational
wave (GW) detector with international collaboration. The project headquarters, the
TianQin Research Center, is located at Sun Yat Sen University (Guangzhou-
Zhuhai). The GW detector will be constructed on three identical spacecraft, form-
ing a giant laser interferometer in a high geocentric orbit, and aiming to record GW
radiation in the 0.1 MHz — 1Hz frequency band [1].

The project implementation involves the development of novel precision tech-
niques for inter-satellite range measurements (transponder-type laser interferome-
try) and compensating non-gravitational disturbances (’drag-free satellite”), along-
side the creation of innovative analytical methods for modeling spacecraft orbits,
space constellation control, data processing and analysis. The TianQin mission im-
plementation has passed a couple of major milestones.

Methods and materials; results. Stages of the project implementation; cur-
rent progress. Expected to be launched around 2035, the space-based GW detector
TianQin aims to detect GW in the frequency range 10™* ~ 1 Hz. TianQin will be an
equilateral triangle constellation consists of three drag-free satellites, orbiting the
Earth with orbital radii of about 10° km. The spacecraft will be equipped with laser
systems forming a laser interferometer with arm lengths of the order of 10° km.
The reference points of the interferometer are aligned with the test masses (TM) of
the non-gravitational disturbance reduction system, so that the interferometer will
measure the distance between these TMs in free fall. To protect the sensitive in-
struments from direct solar illumination, TianQin will use a scheme of consecutive
three-month observation windows (continuous observations for three months, then
a switch to safe mode for three months before resuming the next observations).
With this scheme, the total duration of data collection will be 2.5 years during the
5-year mission lifetime. TianQin aims to detect various astrophysical and cosmo-
logical sources of GW, including ultracompact galactic binary stars, mergers of
massive black holes, capture of stellar objects by a massive black hole, and others.
The double star JO806 (a candidate for an ultracompact binary white dwarf system)
is selected as a calibration source. When the planned sensitivity of the main in-
strumentation is reached, the GW emitted by the calibration source will be regis-
tered in the first three-month observation cycle with a signal-to-noise ratio (SNR)
of about 10 [1].

In order to realize the TianQin project, a technological roadmap, entitled
“0123”, was drawn up. This roadmap envisages four stages of project realization,
with each stage culminating in a corresponding scientific and practical output.

Phase “0”: construction of a lunar laser ranging observatory that can be used to
obtain high-precision orbital information of TianQin spacecraft.

Stage “1”: launch of a single spacecraft (analog of LISA Pathfinder) into the
Earth orbit to test the operation of non-gravitational disturbance reduction system
(drag free control) and optical readout system.

Stage “2”: launch of two satellites into the circular orbit of ~400+450 km alti-
tude (analog of GRACE-FO). The technological goal of the mission is to test the
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active type laser system for inter-satellite range measurements. The scientific goal
of the mission is to create global and regional models of the Earth's gravity field.

Stage “3”: launch of a constellation of three satellites to form the TianQin
space GW detector and conduct GW detection in space.

Both Stage “0” and Stage “1” have been successfully carried out, which have
prepared TianQin to precisely range to the TianQin satellites with laser ranging and
have demonstrated the principle capability of drag-free control for TianQin. Stage
“2” has been officially approved in 2021 and a pair of TianQin-2 satellites are ex-
pected to be launched around 2026 to demonstrate the inter-satellite laser interfer-
ometry technology for TianQin. Various preparation work for Stage “3”, including
science study, mission study and technology development, has also been carried
out.

Conclusion. Formally, the first half of the TianQin project has been passed.
Two phases of the mission have been realized. Over the past 10 years, significant
progress has been made, both in developing the mission's science objectives and in
developing the necessary technology. The second half of the work to realize the
TianQin mission is forthcoming and may prove to be the most challenging. How-
ever, the work that has already been completed, along with the rate at which it has
been implemented, provides assurance that the TianQin mission will be accom-
plished and that the scientific objectives of the mission will be achieved.
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Abstract. Isotropic cosmology built in the frame of the gauge gravitation theory in Rie-
mann-Cartan space-time is investigated. It is shown that all cosmological models of flat,
closed and open types are regular by certain restrictions on indefinite parameters of gravita-
tional Lagrangian due to the conclusion about the possible existence of a limiting energy
density in the nature. Physical processes at the beginning of cosmological expansion in de-
pendence of limiting energy density and corresponding changes in the history of the early
Universe compared to the Big Bang model are discussed. It is shown that gravitational in-
teraction in astrophysics in dependence of space-time torsion is corrected in comparison
with general relativity theory.
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Introduction. Satisfying the correspondence principle with the general relativity
theory (GR), the gauge gravitation theory in Riemann-Cartan space-time (GTRC)
opens up possibilities for solving some fundamental problems of GR. Having as a
gauge group the direct product of the 4-parametric group of space-time translations
and the 6-parametric group of tetrad Lorentz transformations, GTRC is a theory of
the gravitational field generated by Noether invariants corresponding to two sub-
groups of the gauge group, namely, by canonical energy-momentum tensor and
tetrad spin moment tensor of gravitating matter [1, 2]. Unlike GR, in the frame of
which the gravitational interaction in the case of ordinary gravitating matter with
positive energy density and non-negative pressure always has the character of at-
traction, which increases with increasing energy density, the gravitational interac-
tion in the frame of GTRC in certain situations can have the character of repulsion
[1, 2]. This physical result was obtained on the basis of isotropic cosmology, con-
structed within the framework of GTRC using a general expression for the gravita-
tional Lagrangian, which contains, in addition to scalar curvature, various quadratic
in the curvature and the torsion invariants [3, 5]. Gravitational repulsion occurs in
extreme conditions by extremely high energy density [3], as well as on a cosmolog-
ical scale when the energy density is low and the vacuum effect of gravitational
repulsion becomes significant [5].

Within the framework of the Big Bang cosmological model, gravitational singu-
larity, which occurs at the beginning of the cosmological expansion, leads to cosmo-
logical problem related to the time limitation of the Universe's existence in the past.
Solving this problem, in addition to obtaining regular cosmological solutions, means
excluding singular solutions from the physical foundations. The GTRC opens up
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ways to solve the cosmological problem due to the conclusion about the possible ex-
istence of a limiting (the maximum allowed) energy density in the nature.

Methods and materials; results. As a result of studies of the equations of iso-
tropic cosmology of the GTRC [4] , the following results have been obtained:
1. Numerical solutions of cosmological equations near the limiting energy density
by transition from gravitational compression to expansion in dependence on energy
density in the case of flat, closed and open models are obtained. 2. The physical
processes at the beginning of cosmological expansion, described on the basis of the
theory of elementary particles, depending on the magnitude of the limiting energy
density (limiting temperature) and corresponding changes in the history of the early
Universe are discussed. 3. The constraints for indefinite parameters of the theory
under which solutions of isotropic cosmology describe a nonsingular accelerating
Universe are given. Accelerating cosmological expansion as vacuum repulsion ef-
fect without using the dark energy notion is discussed.

According to the variational formalism for media with internal degrees of
freedom in Riemann-Cartan space-time [6], the interaction of space-time torsion
with the rotational moments of astrophysical objects (star systems, galaxies, clus-
ters of galaxies) leads to the appearance of an additional force of gravitational in-
teraction in addition to the Newtonian force of attraction (see e.g. [7]). A possible
manifestation of space-time torsion in astrophysics is being considered.

Conclusion. The solution of cosmological problem and dark energy problem
in the frame of GTRC testifies that this theory which is a direct development of GR
by using methods of classical field theory opens up ways to solve fundamental
problems of the gravitation theory.
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Abstract. To address the late time cosmic acceleration issue of the universe, we have at-
tempted to study the Gauss-Bonnet gravity with curvature and torsion as an alternative ap-
proach. The modified gravity theories are examined with the cosmological datasets to con-
strain the free parameters to find the appropriate theoretical models that supports the
observational results. Also the profiles of cosmographic parameters using the model param-
eter values from the standard range to verify the intermediate epochs. Our analysis shows
that the highly promising cosmological models are feasible candidate for explaining the
current epochs. We presented a dynamical system analysis framework to examine the sta-
bility of the model. Our study identified critical points depicting various phases of the Uni-
verse and explained the evolutionary epochs.

Introduction. The quest to understand the gravitational force led to the develop-
ment of general relativity (GR) by Einstein. This theory revolutionized our under-
standing of gravity by describing it as the curvature of space—time caused by the
presence of mass and energy. Although GR has successfully passed numerous ex-
perimental tests and remains the cornerstone of modern gravitational physics, it
struggles to fully explain phenomena such as the accelerated expansion of the Uni-
verse In response to these challenges, several modified theories of gravity have
been proposed.

The interest in Gauss-Bonet gravity lies in its potential to explain the observed
late-time cosmic acceleration in the Universe. This acceleration could be caused by
a gravity modification rather than an unusual source of matter with negative pres-
sure. In recent years, significant research has been conducted into modified gravity
to understand the nature of dark energy. Modified gravity models are particularly
attractive because they align more closely with cosmological observations and lo-
cal gravity experiments than models that rely on exotic matter sources. It is sug-
gested that this theory can pass Solar system tests and may describe the most excit-
ing features of late-time cosmology, such as the transition from deceleration to
acceleration and the current acceleration of the Universe.

Methods and materials; results. We have intended to frame cosmological
models of the universe in AR,G), AT,TG) and G) gravity models to address the
late time cosmic phenomena. At the first stage we have derived the filed equations
of the gravitational theories and solved in numerically using the cosmological da-
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tasets such as H(Z), Pantheon+ and BAO. We use the MCMC method to establish
correlation between the gravity model and observational data to determine the best-
fits for the model parameters. Additionally, we present plots of various cosmologi-
cal parameters such as deceleration parameter, effective equation of state, Om di-
agnostic and state finder diagnostic.

Subsequently, we construct a dynamical system framework to analyze the crit-
ical points of the gravity model. This analysis is crucial for assessing the stability
and viability of the model and its alignment with current cosmological observa-
tions. The critical points and existing conditions for the model are obtained and the
present value for the deceleration, EoS, and density parameters. Among five criti-
cal points two are showing stable behavior whereas three are showing unstable be-
havior. During the de-Sitter phase of the Universe, stable critical points appeared,
whereas unstable behavior was observed during the radiation-dominated phase.
A signature of eigenvalues and a phase-space portrait support the behavior of criti-
cal points. The trajectory behavior indicates that the unstable critical points act as
release points while the stable ones act as attractor points. The accelerating behav-
ior of the model has been confirmed from the value of EoS (€ = —1) and decelera-
tion parameter (¢ = —1). The density parameters are obtained to be €, = 0.28, Qpg
~ 0.679, and Q. = 0.047. The evolutionary history shows the radiation dominance,
followed by matter dominance, and finally, de-Sitter dominance.

Conclusion. In this study, we explored the cosmological properties of a specif-
ic modified Gauss-Bonnet gravity models. Initially, we discussed the main features
of a gravitational action, which includes a general combination of the Ricci scalar
and the Gauss-Bonnet invariant. Then, assuming a flat FLRW cosmological back-
ground, we derived the point-like Lagrangian of the theory and the corresponding
equations of motion. However, our study does not explicitly converge to the cos-
mological constant case, making it particularly interesting as a potential alternative
to the standard ACDM model. This model shows the ability to replicate dark ener-
gy behaviour while avoiding the conceptual issues associated with A. Importantly,
we showed that the right-hand sides of the modified Friedmann equations can be
understood as effective energy density and pressure resulting from curvature.

By numerically solving the first Friedmann equation, we determined the red-
shift behaviour of the Hubble parameter. We used the ACDM model to establish
appropriate initial conditions for H(z) and its derivatives. Subsequently, we utilized
the most recent low-redshift observations to compare our theory directly with the
model-independent predictions of the cosmic expansion. Specifically, we used a
Bayesian analysis with the MCMC method, analysing using the Pantheon+ and CC
data sets separately. By assuming uniform prior distributions, we obtained con-
straints on the free parameters of the model at the 1o and 20 confidence levels.
This enabled us to reconstruct the cosmological evolution of the Hubble expansion
rate and the total effective EoS parameter. Our analysis identifies a notable dis-
crepancy between the HO values obtained from the CC sample and the Pantheon
data sets highlighting the ongoing HO tension in cosmology. This result emphasizes
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the necessity for further research into possible systematic errors or new physics to
resolve this issue. Addressing these discrepancies is essential for enhancing our
understanding of the expansion rate of the Universe.

In the second phase of our study, we conducted a dynamical system analysis,
which has enabled us to assess the global behaviour and stability of the cosmologi-
cal model. It provided insights into the critical points associated with the model and
their characteristics, which could be relevant to observable cosmology and the evo-
lution of the Universe. Our findings revealed stable critical points describing the
late-time cosmic accelerated phase. This indicates non-standard matter and radia-
tion-dominated eras of the Universe. Interestingly, our results align with the stand-
ard quintessence model on z > 0. We made notable preliminary discoveries regard-
ing the finite phase space of a power-law class of the Gauss — Bonnet gravity
model. Finally, the proficiency of the model in depicting the evolution of dark mat-
ter, radiation, and dark energy densities, effectively capturing the transitions
through various cosmic epochs and reinforcing the model’s robustness in explain-
ing late-time cosmic phenomena.
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Abstract. Tensor perturbations in f(T,Tg) gravity are discussed and propagation equations
for gravitational waves in an expanding FLRW background space-time are obtained.
Though modifications of Gauss-Bonnet gravity in curvature paradigm generally produces
fourth order equations of motions, in its teleparallel analogue f(T,T) which is different
from both f(T) and f(R,G) gravities, we find second order evolution equation for tensor
perturbations and find that there is no tensor excess speed to gravitation waves i.e. gravita-
tional waves propagate at speed of light. This is an important result as most of the modified
gravity theories have GW speed different from speed of light.
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Abstract. Ten years ago, in September 2015, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) detectors first detected gravitational waves from the collision and
merger of two black holes. The LIGO detectors, joined by the European Virgo detector and
the Japanese KAGRA detector, are currently in their fourth observing run. In the first three
runs, gravitational waves generated by the merger of compact space objects far from Earth
were registered 90 times. In the fourth observing run, more than 200 events have already
been identified, which after additional careful studies will be recognized with a high degree
of probability as registered gravitational waves from cosmic sources. The lecture examines
the design of modern gravitational-wave interferometers, analyzes the factors that deter-
mine their sensitivity, and examines ways and methods of increasing the sensitivity of both
currently operating and new generation more sensitive gravitational-wave detectors that are
being designed.
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Abstract. In this talk, I will discuss the properties of charged gravastars in torsion-based
f(T) gravity in the presence of noncommutative geometry. We have taken the interior from
noncommutative motivated space-time, noting that why, from a physical point of view,
such a choice is justified, then we have taken the thin shell as stiff matter and taken three
different exterior metrics (Reissner-Nordstrom (R-N), Bardeen and Ayon-Beato-Garcia
(ABG) metric) to construct the gravastar model. Also studied the physical properties like
proper length, entropy, energy, and EoS for these models, and we have also used Israel
junction conditions to study the effective pressure, energy density, and potential of the thin
shell. Finally, we comment on the stability of such a thin shell and the deflection angle-
caused by such a thin shell, which could, in principle, be tested by future radio telescopes
like the Event Horizon Telescope (EHT).
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Abstract. This paper discusses the possibility of traversable wormholes in the galactic re-
gion supported by dark matter (DM) models and global monopole charge in the context of
f(Q) gravity. To understand the features of the wormholes, we comprehensively studied
wormhole solutions with various redshift functions under different f(Q) models. We ob-
tained wormhole shape functions for Pseudo Isothermal and Navarro-Frenk-White DM
profiles under linear f(Q) gravity. In contrast, we employed an embedding class-I approach
for the non-linear f(Q) models to investigate wormholes. We noticed that our obtained
shape functions satisfy the flare-out conditions under an asymptotic background for each
DM profile. Moreover, we checked the energy conditions at the wormhole throat with a
radius 1, and noticed the influences of the global monopole's parameter 7 in the violation of
energy conditions, especially null energy conditions. Further, for the non-linear case, we

observed that wormhole solutions could not exist for f(Q) = Q@ + mQ™ and f(Q) = Q + %
under embedding class I approach. Finally, we study the amount of exotic matter via the

volume integral quantifier technique for the linear f(Q) model, and we confirm that a small
amount of exotic matter is required to sustain the traversable wormholes.
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Abstract. We explore the screening of the scalar modes of polarisation of gravitational
waves travelling across the evolving galaxies. This is done in the modified f{R) gravity
background. The observation of such modes is found to be dominantly suppressed by a
chameleon mechanism in the gas rich environment of the galaxies. We constrain the dark
matter equivalence of the scalar mode contributions. The degree of suppression is also
found to constrain the future observations which are dominated by tensor modes. It is pro-
posed that the influence on the polarisation by the varying density galactic backgrounds
serves as a new and strong approach to distinguish the ACDM model from the alternative
gravity theories. We compare our results with the current galactic observations.

Keywords: gravitational waves, scalar modes, polarisation, modified gravity, f{R) gravity,
chameleon mechanism

Introduction. The direct observation of gravitational waves (GWs) has greatly
enhanced our capability to test fundamental features of gravity beyond general
relativity predictions. Modified theories of gravity predict extra polarization
modes. Especially, in f{R) gravity models we find the presence of additional scalar
modes. Their observation would be a very strong evidence for physics beyond Ein-
stein's framework. However, the propagation of these scalar modes through relativ-
istic astrophysical environments is highly complex due to nonlinear screening
mechanisms [1, 2]. One such mechanism is the chameleon effect where scalar field
interactions are dynamically suppressed in high-density environments such as gal-
axies, thus showing results of general relativity at solar system scales.

We demonstrate that the scalar modes are heavily suppressed in gas rich galax-
ies such that their direct detection would be hard. Through the study of the extent
of the suppression, we limit the scalar mode's effective contribution to the gravita-
tional field and establish analogies with dark matter like behavior [3]. The results
indicate that the suppression of scalar modes as a function of environment may
provide a novel observation path for distinguishing ACDM from modified gravity
theories through several gravitational wave observations [4].

Methods and materials; results. Our approach involves generalizing the Ein-
stein-Hilbert action by introducing a function f(R) in place of only Ricci scalar
R. Further, by applying the principle of least action we derive the set of field equa-
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tions for f{R) gravity. We observe the additional degree of freedom in f(R) gravity
appearing from scalar field. This scalar field changes the background for GW
propagation. We study the polarization of GWs in weak field limit in f{R) gravity
background in which we obtain an additional massive polarization mode — a lon-
gitudinal mode that exists due to scalar field in the form of scalar perturbations.
The mass of scalar field quanta (scalaron mass) mg, becomes too large in galactic

regions and its Compton wavelength becomes reduced to extreme limit, where this
leads to the collapse of scalar field [5]. Thus, longitudinal polarization mode of
GWs is significantly suppressed [7].

Conclusion. Our results demonstrate that scalar modes in f{R) gravity are sig-
nificantly suppressed in dense galactic environments due to chameleon screening.
This suppression limits their detectability but provides a novel way to effectively
distinguish modified gravity from ACDM using gravitational wave polarization
signatures across astrophysical structures.
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O BMpPTYyanbHbIX pacnagax HeKOTOPbIX 3/1eMeHTapPHbIX YacTuL,
06 unno3nmK pacnaga u macce MHGopmauum
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AHHoTanusi. CyliecTBOBaHUE BUPTYaAJIbHBIX M pEalbHbIX 3JIEMEHTApHBIX YacTHULl U MpO-
IIECCOB OOBSCHACT HECTAHIAPTHBIC W HEOKUIAHHBIC MEXaHH3MBI pacialia HeHTPaTbHOTO
nuoHa, W- U Z-0030HOB. DTO BHPTyallbHbIC MPOIECCHl. BUPTyanbHbIe TPOIYKTHI pacmaa
AHHUTWINPYIOT. [IpOAyKThl aHHUTWIISILMU MEPEXOISAT U3 BUPTYAJBHOIO COCTOSIHUS B Pe-
anpHoe. Co3naeTcs WUIIO3Us paclaza 3a CUET JIEKTPOMAarHUTHOro Bzaumonenctsus. Ilo-
CKOJIbKY CBOMCTBA YaCTHUIBl MOTYT CYIIECTBOBAaTh OTAEIBHO OT CAMOM YacTHUIIbl, TO Macca
HHGOPMALIUU MOXKET CYIIECTBOBATH OTACNBHO OT MH(popMarmm. [Ipumep — KocMmonorude-
CKasl CUHTYJISIPHOCTb.

KaroueBble ciioBa: pacnajl, n’-Me30H, W- 1 Z-6030HbI, BUPTyalbHble NPOLECCH, Macca
I/IHq)OpMaLlI/II/I, MAaKCHUMOH, KOCMOJIOT'MYECKasi CUHT'YJIAPHOCTDH

BBenenue. PaccmaTpuBaroTcs Be Ha IEPBBIN B3I HE3aBUCUMBIC, HO TECHO CBSI-
3aHHBIE 337]a91 TEOPUH TOJIS: MEXaHU3MBI paciaja HEeKOTOPBIX 3JIEMEHTAPHBIX Ya-
CTHIl ¥ HAIWYHE MAcChl Y MH(POPMAINH, CYIIECTBYIOMIEH OTAENBHO OT CaMoil WH-
dopmaruu. DdupHoe noje — ocobdas Gopma cyriectsoBaHusi Marepuu [1]. OHo
IOMOTraeT OOBACHUTH Pl PU3NIEeCKUX (aKTOB, CBSI3AHHBIX C POXKICHUEM, HCUE3-
HOBEHHMEM M MILTIO3UeN pacniaga W 1 Z-6030HOB, PaclaoM T’-Me30Ha.

Metoabl M MaTepHaJbl; pe3yabTaTbl. MeTOAbl OCHOBAHBI Ha aHAIIU3E U3-
BECTHBIX CBOMCTB 3JIEMEHTapHBIX YacTull [2].

B 3¢upHOM MoJIe MOCTOSHHO POXKAAIOTCS U UCYe3aroT mapsl 6030HOB W -W*
u Z°-7°. Cpennee Bpems ux xu3Hu 0Koyo 3 + 1072 ¢. DTO MeHbIIE BPEMEHH CUJTb-
HOro B3aumojencTeus. M3BecTHO HeckonbKo MoA pacniaga W u Z. B 70 % cinydaes
OHM pacHajaroTcsi Ha aJlpoHBI [2], UTO BO3MOXHO 3@ CUYET CHIBHOIO B3aUMOJCH-
CTBUS, B KOTopoM W- 1 Z-0030HBI HE y4acTBYIOT. lIpn micue3HOBEHNH Mapbl BHUp-
TyaJIbHBIX YaCTHIl B OKPECTHOCTH 3TOW TOYKH B 3(PUPHOM TIOJE POXKIAETCS Pacxo-
JA1ascsa BOJIHA. DHEPTUsA B «TOUKE» YMEHBILIAETCS CO BPEMEHEM. DHEPrusl MOKOs
Z-6030Ha okono 91,2 B, a b-keapka 4,7 ['3B. [lapa kBapk-aHTUKBapK MOXKET
POIUTHCS M3 3TOM SHEPTUHU Ha AOCTATOYHO OOJIBIIOM PACCTOSHUU OT TOYKH MCUE3-
HOBEHUS TNapbl BUPTyalbHBIX Z-0030HOB. Eciu sHeprus B sTOH 0oOnmactu mpo-
CTPaHCTBa TOCTaTOYHO BEJIHMKA, TO BO3MOXKEH MEPEXO/ POXKACHHBIX TOUEPHHUX Ya-
cTHIl B peanbHoe cocrosHue. Cozmaercss wumosns pacnaga W u Z-0030HOB Ha
kBapku. V3BeCTHO, 4TO T’-ME30H PACHaJaeTcs 3a CUYET JJIEKTPOMATHUTHOTO B3aH-
mozeticteus. OcHoBHas Moxa n° — 2y (cpennee Bpems xwusnu 8,337 - 10717 ¢) [3].
Ectb Mompl (ux BeposaTHOCTB ~1072 %), XapaKTepHbIE I PacraoB 3a CYET caabo-
ro BzaumozeiicTeus. Urak, n°-Me30H pacnamaeTcs 3a cUeT BUPTYalbHOTO CIaboro
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B3aMMOJCHCTBUSI Ha BHUPTYalbHBIE YacTHUIIBl, KOTOpPBIE HEPEXOAAT B peajibHbIE
Y aHHUTWJIMPYIOT 3a CUET PEaIbHOI0 3JEKTPOMArHUTHOIO B3aUMOAEHCTBUS.

B kBaHTOBOI (hM3MKe CBOWCTBA YACTHIIBI MOTYT CYIIECTBOBAaTh OTAEIHHO
oT camoit gactums! [3]. Bo3MoXHO H3MEHEHHE MACChl HOCHTETST HH(POpMAITUHU TIPH
ee 3amucH WK yjaneHuu ¢ Hocutens [4, 5. Undopmauus sBisercst Gpuzndeckoit
u obnazmaet maccoit [4, 5]. MokHO TpeAnoaoKHUTh, YTO Macca HHPOPMAIH €CITH
U CYyLIECTBYET, TO OTAEIbHO OT MH(popManuu. Macca U SHEpPrus SKBUBAJICHTHBI.
3anuce uiaK yaajieHue HHGOPMAalKUu COOTBETCTBYET KaKOMY-TO SHEPreTHYECKOMY
BHEIIHEMY HJIM BHYTPEHHEMY BO3JCHCTBUIO Ha HOCHTENb MHpopmauu. IIpouc-
XO0XKJICHHE 3TOTr0 BO3EHCTBUS HE SICHO. [ OONbIIMHCTBA Hap 3JIEMEHTapHBIX Ya-
CTHL{ 3aBUCMOCTb OTHOILLIECHHS KYJIOHOBCKMX U I'PaBUTALMOHHBIX CHJI OT YAEIHHO-
ro 3apsjga JuHeWHa. VICKIIIOYEHHsS COCTaBISIIOT 7-KBApK, MakCUMOH u WIMP.
MakCHUMOH pacIoJioKeH BhILIE 3TOU npssMol, a WIMP u #-KBapk nexxat HUXKE 3TOU
psimMott [6, 7].

3axiiouenue. DPUpHOE MOJIE MO3BOISET OOBACHUT PAacabl HEKOTOPBIX Ya-
crurt (1, W, Z). MakcuMoH (KOCMOJIOTHYECKAs CHHTYJISIPHOCTB) HECET JOMOJHH-
TeIpHYI0 WHbOpMaImio, a f-kBapk 1 WIMP — sk3otudeckne wactuiel. Pacman
napbl BUPTyaJIbHBIX t-KBapkoB 1 WIMP — Bcero nuiip WUIO3Us, aHAIOIMYHAs
«pacnanam» W u Z-6030H0B [6, 7].
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Abstract. The existence of virtual and real elementary particles and processes explains the
non-standard and unexpected mechanisms of decay of the neutral pion, W- and Z-bosons.
These are virtual processes. Virtual decay products annihilate. The annihilation products
pass from the virtual state to the real one. The illusion of decay is created due to electro-
magnetic interaction. Since the properties of a particle can exist separately from the particle
itself, the mass of information can exist separately from the information. An example is
cosmological singularity.

Keywords: decay, n° meson, W and Z bosons, virtual processes, information mass, maxi-
mon, cosmological singularity

Introduction. Two seemingly independent but closely related problems of field
theory are considered: the mechanisms of decay of some elementary particles and
the presence of mass in information that exists separately from the information it-
self. The ether field is a special form of existence of matter [1]. It helps to explain a
number of physical facts related to the birth, disappearance and illusion of decay of
W and Z bosons, and the decay of the n0 meson.

Methods and materials; results. The methods are based on the analysis of
known properties of elementary particles [2].

In the ether field, pairs of W -W* and Z°-Z° bosons are constantly born and
disappear. Their average lifetime is about 3 - 1072° s. This is less than the time of
strong interaction. Several decay modes of W and Z are known. In 70 % of cases,
they decay into hadrons [2], which is possible due to strong interaction, in which W
and Z bosons do not participate. When a pair of virtual particles disappears, a di-
verging wave is born in the ether field in the vicinity of this point. The energy at
the "point" decreases with time. The rest energy of the Z boson is about 91.2 GeV,
and the b quark 4.7 GeV. A quark-antiquark pair can be born from this energy at a
sufficiently large distance from the point of disappearance of the pair of virtual Z
bosons. If the energy in this region of space is high enough, then the transition of
the produced daughter particles to a real state is possible. An illusion of decay of W
and Z bosons into quarks is created. It is known that the 70 meson decays due to
electromagnetic interaction. The main mode is n° — 2y (the average lifetime is
8.337 - 1077 ) [3]. There are modes (their probability is ~1072 %) that are charac-
teristic of decays due to weak interaction. Thus, the 70 meson decays due to virtual
weak interaction into virtual particles, which transform into real ones and annihi-
late due to real electromagnetic interaction.

In quantum physics, the properties of a particle can exist separately from the
particle itself [3]. It is possible to change the mass of an information carrier when it
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is recorded or deleted from the carrier [4, 5]. Information is physical and has mass
[4, 5]. It can be assumed that the mass of information, if it exists, is separate from
information. Mass and energy are equivalent. Recording or deleting information
corresponds to some kind of external or internal energetic impact on the infor-
mation carrier. The origin of this impact is unclear. For most pairs of elementary
particles, the dependence of the ratio of Coulomb and gravitational forces on the
specific charge is linear. Exceptions are the t-quark, maximon, and WIMP. The
maximon is located above this straight line, and the WIMP and t-quark lie below
this line [6, 7].

Conclusion. The ether field allows us to explain the decays of some particles
(n°, W, Z). The maximon (cosmological singularity) carries additional information,
and the t-quark and WIMP are exotic particles. The decay of a pair of virtual t-
quarks and WIMPs is just an illusion, similar to the “decays” of W and Z bosons
[6, 71.
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AHHOTa].ll/lﬂ. PaCCManI/IBaCTCSI JACBUallUsA TpaeKTOpI/Iﬁ B HCPCIBLITUBUCTCKOM CJIy4dac IJIAd
MIPOU3BOJBHOI'O0 HEHTPAJIbHO-CHMMCECTPUYHOI'O IIOTCHIHAIIA U ACBHALlUA I'COAC3HMYCCKUX B
HCHTPAJIBbHO-CUMMETPHUIHOM CTATUICCKOM I'PaBUTALITMOHHOM IIOJIC.

KiroueBbie ciioBa: JCBUanusg recoac3nd4cCKux, S(b(beKT H_[I/IpOKOBa, KOCMOJIOTHYECKaA I10-
CTOsAHHasA

BBenenme. MccnenoBanue OBMKEHHS B 33JaHHBIX I'PAaBUTAIIMOHHBIX MOJSAX SBIIA-
€TCsl OTHOW M3 IEHTPAIBHBIX 33]a4 HeOeCHOW MeXaHUKH. BaXHOU cocTaBIstOmIEH
YacThIO0 TAKMX 3a/ad SBJSIETCSl pacueT OTKJIOHEHMH IBIKEHHS MPOOHBIX TEN OT
3aJJaHHBIX OMIOPHBIX TPACKTOPHUA. BeIurcieHns: B JaHHOW pa0doTe MPOBOJSATCS IS
cilydasi ONOPHBIX KpyroBbix opOut. IlpeacraBineHo oOmiee pelieHue ypaBHEHHH
neuanuu [1, 2] mias paccMaTpuBaeMblX CiiydyaeB. B HEpensiTUBUCTCKOM cilydae
MIPOaHANN3UPOBAHBI CIy4ad MOTEHIMAIOB FapMOHMYECKOTO OCIIIIISATOPA, MOTEH-
Lyana MpUTSHKeHHS TOYeyHOW Macchl W napyrue. llpum paccMoTpeHnu JeBuarust
re0Ie3MYECKUX B PaMKax OOIIeH TEOPUH OTHOCHTEJILHOCTH MOSBIISIIOTCS OTIMYMS
OT HEPENATHUBUCTCKOTO ClIydasi TPaeKTOPUU B TOJIE COOTBETCTBYIOIIMX MOTEHIIMA-
noB B3anmoseictBus. [llupoko nzBecten a¢ddext npokosa [3] paznuuus 4acToT
KoJeOaHuil MPOOHBIX TEJT Ha KPYTOBBIX OpOUTax

MeTtoabsl M MaTepHaJibl; Pe3yJbTATbl. BBIUNMCIEHHS B HEPEIATHBUCTCKOM
ClTydae MPOBOJSATCS HAa OCHOBE PA3I0)KEHUS 10 TEOPHH BO3MYILEHUI CTaHIAPTHBIX
KJIACCHYECKHUX YPAaBHEHNN MEXAaHUKU. B pensTUBHCTCKOM cilydae, T. €. IIPU BBIYHC-
JICHUSIX B paMKax OOIIei TEOpUH OTHOCUTEILHOCTH, UCTIONIB3YETCS YPaBHEHUE JICBH-
armu reope3ndeckux. [lomydeHbl TO4HbIE (POPMYIBI U JEBHALMM TPACKTOPHI
B HEPEISITUBHCTCKOM Cilydae W JUIS CPEepHIeCKU-CUMMETPHUYHBIX IPOCTPAHCTB.
B pabote paccmaTtpuBaeTcs 3a1a4a 0 J€BUALMM TPASKTOPHUIA B CiTyyae MPOCTPaHCTBa
antu-ne-Currepa, neBuanys TpaekTopuii B MeTpuke KorTiepa, BIMIHHE KOCMOJIO-
THYECKON MOCTOSTHHOW Ha 3((EKTHI JeBUAllMK MPOOHBIX Tl Ha KPYyroBhIX opOUTax
1 BO3MOXKHOCTH 3KCIIEPUMEHTAIBEHOT0 HabmoaeHus 3 QeKToB.

3axiouenue. [lomyyeHHbIE OLIGHKM TMOKAa3bIBAIOT, YTO BIIHMSHUE HaOiIogae-
MOH KOCMOJIOTHYECKOW TIOCTOSHHOM Ha JCBHAITMIO TPACKTOPHWHA BOMM3W 3eMiH
u B COJIHEYHOM cUCTeME HEe3HAUUTEIIbHO.
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Abstract. The deviation of trajectories in the non-relativistic case for an arbitrary centrally
symmetric potential and the deviation of geodesics in a centrally symmetric static gravita-
tional field are considered.

Keywords: geodesic deviation, Shirokov effect, cosmological constant

Introduction. The study of movement in given gravitational fields is one of the
central problems of celestial mechanics. An important component of such problems
is the calculation of deviations of the movement of test bodies from given reference
trajectories. The calculations in this work are carried out for the case of reference
circular orbits. A general solution of the deviation equations [1, 2] is presented for
the cases under consideration. In the non-relativistic case, the harmonic oscillator
potentials, the potential of a point mass, and others are analyzed. When considering
the deviation of geodesics within the framework of the general theory of relativity,
differences appear from the non-relativistic case of corresponding interaction po-
tentials. The Shirokov effect [3] of the difference in the oscillation frequencies of
test bodies in circular orbits is widely known.

Methods and materials; results. Calculations in the non-relativistic case are
carried out on the basis of the perturbation theory of the standard classical equations.
In the relativistic case, that is, in calculations within the framework of the general
theory of relativity, the equation of deviation of geodesics is used. Exact formulas for
the deviation of trajectories in the non-relativistic case and for spherically symmetric
spaces are obtained. In the work the problem of trajectory deviation in the case of
anti de Sitter space, trajectory deviation in the Kottler metric, the influence of the
cosmological constant on the effects of deviation of test bodies in circular orbits and
the possibilities of experimental observation of the effects are considered.



XXIV MexcdyHapoOHas Hay4Has KoOH@epeHyusa «Puaudeckue uHmepnpemayuu meopuu 0mHoCUMensbHoOCmu» 263

Conclusion. The obtained estimates show that the influence of the observed
cosmological constant on the deviation of trajectories near the Earth and in the So-
lar System is insignificant.
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AnHoTamms. J[aHo TeOpeTnuecKoe ONKMcaHue TEMHOW MaTepHy B paMKax MOJIEBOH TEOPHH I'pa-
BUTalMM. TeMHON MaTepuu CTaBUTCS B COOTBETCTBHE OOIIEKOBAPUAHTHOE HealeseBo Kajno-
poBoyHoe nosie (K-mose), cuHriieTHoe CoCTOSTHHUE KOTOPOTo MpecTaBIsieT coO0M AeKTpoMar-
HHUTHOE TI0Jie. DTO KalnuOpOBOYHOE IOJIe B3aUMOJEHCTBYET TOJIBKO C TPABUTALMOHHBIM T10JIEM
U HE B3aUMOJICUCTBYET ¢ (PEpMHOHHON MaTepueil. MexaHu3M TeHepallii Macchl OOIICKOBapPH-
aHTHOTO HeabereBa KaIMOPOBOYHOTO ITOJIS MPHCYIL CAMOMY 3TOMY TOJIO M HE TpeOyeT BBezie-
HUS KaKMX-TTMOO JIOTIONMHUTENbHBIX Tonei. [TokazaHo, 4To BO3MOXXHOCTH HAOMNIONCHUS U HC-
TI0JIb30BaHMSI HOBOTO MICTOYHHKA SHEPTUH CBSA3aHBI IMIABHBIM 00pa3oM C OOIIEKOBAPHAHTHBIM
3aKOHOM COXPaHEHUsI SHEPTUH, CIIPABEIINBBIM JUIS BCEX CITyJacB.

KiroueBble cj0Ba: TeMHass Marepus, IOJIEBas TEOPUS T'PABHTAIUMH, OOIIEKOBApHAHTHOE
HeabereBo KamnOpOBOYHOE TI0JIE

BBenenne, MeToaAbI 1 MaTepUaIbl, pe3yJbTAaThl. M1es mocTpoeHrs TeOpun TpaBy-
TaIlMM Ha OCHOBE TIOJIEBBIX MPEJICTABIICHNH ObUIa BBIIBUHYTA DitHImTeiHOM. B 1913
rogy ObUIO BBEIEHO TEH30PHOE IpaBUTAIMOHHOE moiie [1], yto mo3Bommno B 1915
rogy oOBSCHUTH BpaleHue nepurenust Mepkypus. [locnenyronme uccienoBaHus
OiHIITeHa (haKTHYeCKH OBLUTH HAIpPAaBIEHBI HA TIOWCK MOJsI, KOTOPOE MOTJIO OBl
OBITh HOCUTEIIEM TPaBUTAIIMOHHOTO 3aps/ia B YEM-TO aHAIIOTHYHOTO AIIEMEHTApPHOMY
aNeKTpuyYecKkoMy 3apay. [Iouck moseBoit Teopuu rpaBUTALUH ITPOAOIIKAIICS BIJIOTh
1o 1955 roga [2] v He OBUT MOTHOCTHIO 3aBepileH. [ cpaBHEHUS OTMETHM, YTO
BO3MOXHOCTPH ITOCTPOSHHS 3JIEKTPOJMHAMHUKH Ha OCHOBE TIOJEBBIX IPEICTABICHUI
6buta otkpeiTa Hlpeauarepom n Jupakom coorBercTBeHHO B 1926 m 1928 romax
ycTaHOBJIeHHEM ypaBHeHuld Makcgeuia — lpeaunrepa u Makcseiia — Jupaka u
BBEJICHUEM COOTBETCTBYIOIIUX MOJIEH B KAUECTBE BO3MOXKHBIX HOCHUTENEH 3JIEKTpH-
yeckoro 3apsna. dakthyecku ObUIa penieHa 3ajada OMHCAHWS MPABOW CTOPOHEI
ypaBHeHHI MakcBemia B paMKax MOJEBBIX NpeacTaBieHuid. Ha ocHOBe ATHX ypas-
HEeHU# OBbLT ycrelmHo oOBsICHeH HaOJIoaeMblil CieKTp aToma Bojopona. Pa3zsurue
M0JIEBON TEOPHH JIEKTPOJUHAMUKHU (KBAaHTOBOM MEXaHHKH) Ha OCHOBE YpaBHEHUH
Makcpemra—/Iupaka nmpuBeno k cozgannio CTaHmapTHON Momenu. Maes kamuOpo-
BOYHOM WJIM BHYTPEHHEN CUMMETPHH, BIIEPBBIE BBIIBUHYTas Beiinem B 1918 rony Ha
OCHOBE OOLICKOBAPHAHTHBIX TPEICTaBICHUN Teopur OWHINTEHHA, MOMy4ywsia B
CranmapTHOH MOZAEH OCHOBOIIOJIAralomiee 3HaueHre, Ho He Halllla 9BPUCTHYECKOTO
MIPUMEHEHUS B caMolt 00I1Ie#t Teopun oTHOCUTENbHOCTU. [IpeoOpazoBanus BHyTpEH-
HEll CHMMETPHH HEOTAEIMMBI OT MOJIEBBIX MPEACTABICHUN, TaK KaK OHU KacaroTcs
(GYHKIMH MO M HE 3aTparuBaloT KoopAuHAT. TakuMm o0pa3oM, BHYTPEHHSS CHUM-
METpHUSI COOTBETCTBYET SBJICHUSM, KOTOpPHIE HE MOTYT OBITH OMHCAaHBI Ha OCHOBE
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KJIaccuueckux npeactasieHuid. Onnako CtaHmapTHasi MOJENb HE SIBISICTCS IOJHO-
CTBIO 3aBEPIIIEHHON MOJIEBOIM TeOpUeH 3JEKTPOIUHAMUKY, TaK KaK HE SICHA MPHUpoJa
KBapK-JICITOHHON CHMMETPHH, YHCIa TOKOJICHUH 1 KOH(paHHMeHTA.

3amavya ommMcaHUs MPaBON CTOPOHBI ypaBHEHU DUHINTEHA HA OCHOBE ITOJIe-
BBIX IpeJCTaBjieHUil Obula pemnieHa B padoTe [3] Ha ocHOBE OOIIEKOBapHAHTHBIX
TEOMETPUUYECKHX MPECTABICHUI U TECHO CBA3aHHOW C HUMHU OOIIEKOBAPHAHTHOM
KaMOpoBOYHOM cuMMeTpuHr. HacTosmast paborta mocBsmieHa Gu3nIecKoit HHTep-
MpeTalyy MOJYYSHHBIX B YKa3aHHOW padoTe pe3yJlbTaToB B TOM YHMCIE U B KOH-
TEKCTe MPOOJIEMBbI, TaK Ha3bIBAEMOW, TEMHON MaTepUH U TEMHOH SHEPTHH.

CymiecTBoBaHHE TEMHOW MaTepuy NPEACKa3bIBacTCsl HAOIIOACHUSIMHI Ha KOC-
MOJIOTHYeCKUX MaciTadax. OOHapyKeHHe TEeMHOW MaTepHH B JIaA0OPATOPHBIX dKC-
NEPUMEHTAaX BbIZBIBACT 6OHLIHI/IC 3aTpyaAHCHUs, B TOM YHMCJIC U 11O IIPUYHUHE CYIIEC-
CTBOBaHMS OTPOMHOTO YHCJIa BCEBO3MOXKHBIX MOJIEIIEH.

3akawuenue. Tak kak K-more He B3amMOAeHCTBYeT ¢ (JEpPMHUOHHON MaTepu-
eil, To MOYKHO 3aKJIIOYUTh, YTO Ha HEE BO3JCHCTBYET CO3/1aBa€MOE UM I'paBUTALU-
OHHOE IT0JIE U 3TO BO3JIEHCTBHE 3aMETHO MPOSIBIIAETCS KaK reo/Ie3nYecKoe JIBUXKe-
Hue. Torga ecTecTBEHHO MPENNOIOKHUTh, YTO SIAPO 3BE3[ NPEACTABISAET COOOM
KOHILIeHTpawuio sHeprun K-moss, a 0607104Ka COCTOUT U3 HaaJaBIIed Ha 3TO SAPO
(dbepMuoOHHOH MaTepuu. 3Be3/1a MOKET COPOCHTH 3Ty 000J0YKYy B (hOopMe B3phIBa
U TIepecTaTbh CBETUTHCSL.

He BBI3BIBaeT COMHEHHI, YTO I'PAaBUTALMOHHBIC BOJHBI MEPEHOCAT SHEPIUIO
U UMITYJILC, U Pe3yJIbTaT UX BO3JCHCTBUS Ha (PEPMHOHHYIO MaTEpUIO MOXKHO II0-
MBITAThCS 3aPETUCTPUPOBATH B BUJIE YCTAHOBKH, OJOOHOM TOH, KOTOPYIO UCIIOJIb-
30Bau1 JleOeneB Ui 1OKa3aTeIbCTBA CYIIECTBOBAHUS JIABICHUS 3JICKTPOMArHUTHO-
ro mons. OTo Obula OBl YCTAaHOBKA, IIO3BOJISIONIAS — PETUCTPHPOBATH
T'paBUTAIIMOHHBIC BOJIHBI U HAIIPABJICHUE OTKY/a OHU ITPUXOJAT.

Ecnn K-mone co3maer crycrok rpaBUTallMOHHOW SHEPTUH, MOTEHLHMAIbHAS
9HEPIUsi KOTOPOro MOJOKUTENbHA, TO 3TO TOJDKHO MPUBECTH K PACIIMPEHUIO 001a-
CTH MIPOCTPAHCTBA, 3aHUMAEMOM STUM CI'YCTKOM U COOTBETCTBYHOIIUM U3MCHCHU-
€M IoBeJeHHs (epMUOHHOI MaTepHH, HAXOSIIEHCS B 3TOW 00JIaCTH.

CraHOBUTCS MOHATHBIM, YTO TEMHAs 3HEPIUsl — 3TO MPOCTO IHEPIus rpaBUTa-
IMUOHHOI'O IOJIA U BKIIFOYEHUE B TCOPUIO KOCMOJIOTHYECKON TTOCTOSTHHOM YBCJINYUT
€e TUIOTHOCTh Ha MOCTOSTHHBIN (hakTop. CBUAETENHCTBA CYIIECTBOBAHMS TEMHOM Ma-
TepuH ObUTH OOHAPY>KEHBI TOYTH CTO JIET Ha3ajd, HO A0 CUX IOp OBbLIO MOATBEPKICHO
TOJIBKO TPABUTAIMOHHOE B3aWMOJICHCTBUE ITOM MaTepuu. Takum ke CBOMCTBOM 00-
nanaet K-moe, KOTOpoe u ClieAyeT MOCTaBUTh B COOTBETCTBHE TEMHOM MaTEpHH.

[Hockonbky K-mone He B3aumopelcTByeT ¢ (epMHUOHHON MaTepueid, TO SICHO,
rZie He Hy)KHO MCKaTb TeMHYI0 Mareputo. OcTaeTcsl ynoBaTh TOJIBKO Ha 3aKOH CO-
XpaHeHus 3Hepruu. [ Hauasia MOXHO OOpaTUTHCS K TAKOMY €CTECTBEHHOMY (hu-
3MYECKOMY SIBJIICHHIO KaK COJHEYHOE 3aTMEHHE M coOpaTh (akThl O HEOOBIYHOM
MOBEJCHUN HEKOTOPbIX NPHOOPOB B OOJIACTH TEHH, I/I€ IUIOTHOCTH dJIEKTpOMar-
HUTHOM PHEPruM 3aMETHO YMEHBINACTCA M, CJIENOBATEJIBHO, 3aMETHO BO3pacTaeT
IUIOTHOCTb I'PAaBUTAILIMOHHON SHEPTUU.
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Abstract. Within the framework of the field theory of gravity, a theoretical description of
dark matter is conducted. We associate dark matter with a unique generally covariant non-
Abelian gauge field (K-field), which interacts only with the gravitational field and does not
interact with the spinor field. The electromagnetic field is a singlet state of the K-field. The
mechanism for generation the mass of the K-field is inherent in the field itself and does not
require the use of any additional fields. It is shown that the possibilities of observing and
using a new form of energy are mainly related with generally covariant law of energy con-
servation that holds in all cases.

Keywords: dark matter, field theory of gravitation, generally covariant non-Abelian gauge field

Introduction, methods and materials, results. The idea of constructing a theory
of gravitation on the basis of field concepts was put forward by Einstein. In 1913,
the tensor gravitational field was introduced [1], which enabled explaining the rota-
tion of Mercury's perihelion in 1915. Subsequent research by Einstein has been
actually aimed at finding a field that could be a carrier of gravitational charge in
some way analogous to the elementary electric charge. The search for a field theory
of gravitation continued until 1955 [2] and was not fully completed. For compari-
son, we note that the possibility of constructing electrodynamics based on field rep-
resentations was discovered by Schrodinger and Dirac in 1926 and 1928, respec-
tively. They established the Maxwell — Schrodinger and Maxwell — Dirac
equations and introduced the corresponding fields as possible carriers of the elec-
tric charge. In fact, the problem of describing the right-hand sides of Maxwell's
equations within the framework of field representations was solved. Based on these
equations, the observed spectrum of the hydrogen atom was successfully explained.
The development of the field theory of electrodynamics (quantum mechanics)
based on the Maxwell-Dirac equations led to the creation of the Standard Model.
The idea of gauge or internal symmetry, first proposed by Weyl in 1918 on the ba-
sis of the generally covariant concepts of Einstein 's theory, gained the fundamental
importance in the Standard Model, but did not find heuristic application in general
relativity itself. The internal symmetry transformations are unseparable from field
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representations, since they concern field functions and do not affect coordinates.
Thus, internal symmetry is related with phenomena that cannot be described based
on classical concepts. However, the Standard Model is not a fully completed field
theory of electrodynamics, since the nature of quark-lepton symmetry, the number
of generations, and confinement are unclear.

The problem of describing the right-hand side of Einstein's equations on the
basis of field representations was solved in [3] on the basis of generally covariant
geometric representations and generally covariant gauge symmetry, closely related
to them. This work is devoted to the physical interpretation of the results obtained
in that work, including in the context of the of so-called dark matter and dark ener-
gy. The existence of dark matter is predicted by observations on cosmological
scales. Detecting dark matter in laboratory experiments is very difficult because of
the existence of a vast number of different models.

Conclusion. Since the K-field does not interact with fermionic matter, we can
conclude that it is affected by the gravitational field it creates, and this effect is noticea-
bly manifested as geodesic motion. It is then natural to assume that the core of stars is a
concentration of K-field energy, and the shell consists of fermionic matter that fell onto
this core. The star can throw off the shell in an explosive way and stop shining.

If the K-field creates a bundle of gravitational energy whose potential energy
is positive, then this should lead to an expansion of the region of space occupied by
this bundle and a corresponding change in the behavior of the fermionic matter lo-
cated in this region.

It becomes clear that dark energy is simply the energy of the gravity field and
an inclusion of the cosmological constant into the theory will increase its density
by a constant factor.

Evidence of dark matter was discovered nearly a century ago, but until now
only gravitational interaction of this matter was confirmed. The K-field has the
same property, and it should be in correspondence with dark matter. Since the K-
field does not interact with fermionic matter it is clear where there is no need to
look for dark matter. All that remains is to rely on the energy conservation law. To
start with, we can turn to such a natural physical phenomenon as a solar eclipse,
collecting facts about the unusual behavior of some devices in the shadow region,
where the density of electromagnetic noticeably decreases and, consequently, the
density of gravitational energy noticably increases.
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B0/IOKOHHO-ONTHUYECKMIA pblyar U MHTepdepomeTp ¢ pesoHaTopamu Pabpu —
Mepo anAa o6Hapy>KeHUA rpaBUTALUOHHDbIX BOH
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AnHoTtanus. PaccMoTpeHa HemapakcHaibHasl YBOJIONUS BOJHOBBIX MAKETOB B ONTHIECKUX
BOJIHOBOJIaX C MCIIOJb30BaHUEM KBAaHTOBO-TEOPETHUECKOTO METO/1a KOT€PEHTHBIX COCTOSHHH.
[TponeMoHCTpUPOBaH KOJUIAIC U BO30OHOBIICHUE BOJTHOBBIX MAKETOB NPH HEMapaKCHAILHON
SBOJIONIMM B MHOTOMOJIOBOM BOJHOBOZE BCJEACTBHE MHTepdepeHnnn mona. [TokazaHa BO3-
MOYKHOCTb M3MEPEHHS CMeNIeHui opsaaka 107! M MexkTy IByMs COCTHIKOBAHHBIMH BOIHO-
BOJIaMH, YTO JOCTATOYHO IJIsi OOHAPYKEHHs TpaBUTAIMOHHBIX BOJH [1]. Taroke paccmarpu-
BaeTcs MajorabapUTHEIA HACTOJIBHBIN JTa3epHbIi nHTepdepomeTp ¢ pesoHaTopamu DPadbpu —
[epo, cocrosmmMu U3 OBYX MPOCTPAHCTBEHHO-PACIPENEIICHHBIX «3epKaiy, ISl 0OHApyKe-
HUSI TPABUTAIIHOHHBIX BOJIH.

KaioueBble cjioBa: onTuuecKre METOIbI OOHAPYKEHHS TPAaBUTAIIIOHHBIX BOJIH, KOT€PEHT-
HbIE COCTOSIHUS, ONTHYECKH phryar, nureppepometp Maxa — [lannepa, pesonatop dad-
pu — Ilepo

BBenenne. HecmoTpst Ha cymniecTBOBaHHWE HEIKBHBAJIECHTHOCTH KIIACCHYECKOM
1 KBAaHTOBOM MEXAaHMKH M ONTHKHU, MEXKIY KIACCUYECKON ONTHUKON M KBAHTOBOM
($u3MKOI MOXHO HAWTH OYEHb OJNM3KHE aHAJOTMU. TaKkue aHAJIOTHUH IO3BOJISIOT
MMUTHPOBATh KBAaHTOBBIE SBJICHHS MOCPEICTBOM MOJEIHPOBAHUS PacIpoCTpaHe-
HUS CBETA B KIIACCUYECKHUX CHCTEMaX. DTO OTKPHIBACT BOZMOXKHOCTH JIJISl BU3YaIIU-
3allMy KBAaHTOBBIX SBJICHHH, TAKUX Kak cocTtosHue KoTa lpenunrepa, cxxarsie co-
CTOSIHUS, KOIUIallC W BO30OHOBIIEHHE, Ha MAaKPOCKOIMMYECKOM YpoBHe [2]. OTm
SIBIICHUS TIPEACTABISIOT OONBIION MHTEPEC BO MHOTHX OOJACTSIX (PU3UKU, TAKUX
KaK KBaHTOBasI ONTHKA, KBAHTOBBIC BEIYHCICHUS U TIPEIIM3UOHHBIC N3MEPEHUSI.

MeTtoabl U MaTepHaJIbl; pe3yJbTaThl. [ 0OHApYXEHUS Ype3BBIYAHO Ma-
JIOTO CMEUIEHUSI B JIa3€pHBIX TPAaBUTALMOHHO-BOJIHOBBIX AKCIIEPUMEHTAX MOXKHO
WCTIONIb30BaTh OMTUYECKHI phIUar, COCTOAIINI U3 IBYX COCTHIKOBAHHBIX BOJIHOBO-
1oB (puc. 1). CMmemenrne ocu MeXIy IBYMS BOJTHOBOJIAMH, BBI3BAHHOE TPAaBUTAIIN-
OHHOM BOJHOMW, MOBJIMSIET HA BBIXOJHBIC MapaMeTPhl PACIPOCTPAHSIOLIETOCS Myd-
Ka. B kauecTBe BBIXOJHOTO TapaMeTpa MOXHO BBIOpPAaTh H3MEHEHHE (Da3bl
BOJIHOBOTO TIaKeTa. PacyeThl MOKa3bIBAIOT, YTO HMEIOT MECTO (Pa30BbIC CABHTH T10-
panka 8¢ « 107° pax, KOTOpBIe MOXKHO JIETKO HAOJIONATh U3 U3MEPEHHMH.

Kpaiine xenareabHO UMETh KOMITAKTHBIN J1a3epHBIA WHTEphEepoMeTp Uit 00-
Hapy>XeHHs TPaBUTAIMOHHBIX BONH [3]. 3mech mpemiaraeTcs MayiorabapuTHBIN
HAaCTOJIbHBIN JTa3epHbIH uHTepdepomeTp ¢ pezoHaTopamu Dabpu — Ilepo, cocro-
SIIUH W3 IBYX MPOCTPAHCTBEHHO-PACTIPEICIICHHBIX «3epKa» (puc. 2, a).



XXIV MexcdyHapoOHas Hay4Has KoOH@epeHyusa «Puaudeckue uHmepnpemayuu meopuu 0mHoCUMensbHoOCmu» 269

_44(:44
m
L wi - w2
X
ol .’iﬁ.’.j;?” R g I

Puc. 1. Cxema €BA3M MEeXaHNYECKOro OCLMANATOPA
C onTMyYecknmm BonHosogdammn W1 W2, coeaMHEHHbIMU BCTbIK:
L — nasep, P — poTopeTekTOp

3 2 T 7

6)

Puc. 2. (a) OnTnyeckan cxema nHTepdepomeTpa Maxa — LiaHaepa ¢ nepuoanyeckMMmM CTPYKTYpamMm B KadecTse
oTpakatowwmx 3epkan. 1 — nasep, 2 — pasgenutenb ny4ka,
3 — 3epKano, 4 — pesoHaTtop Pabpu — Mepo c nepnognYeckumm CTpyKTypamu, 5 — dotoaetekTtop; (6)
KO3bPUUMEHT NPONyCKaHUA Kak GpYHKLMA paccTpoitkm Ak

IllupyHa JTMHAM MPOMYCKAHMS MOXKET JOCTUraTh 3HaueHuit 8k ~ 10723 cm!
[IPU PACCTOSHUM MEXIY 3epKajamMu d = 1 M U1t JUIMHBI BOJHBI H3ydeHus 630 HM.
DTO COOTBETCTBYET CIEKTpaIbHOMY paspelnenuto 51/ Ay = 8k /kq ~ 10728,

3akiouenune. Pe3ynbraThl MOTYT OBITH IMOJIE3HBI B Pas3iIMUYHBIX 001aCTSX,
HamnpUMep, B SKCIIEPUMEHTAX C IPaBUTAIIMOHHBIMU BOJHAMH, CHIEKTPOCKOIHMHU BBbI-
COKOTO pa3pelIeHusl, KBaHTOBOW 00paboTKe HHPOPMALIUH U METPOJIOTHH.
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Optical Fiber Lever and Interferometer with Fabry — Perot
Resonators for Detecting Gravitational Waves
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Abstract. A long-term nonparaxial evolution of wave beams in multimode optical wave-
guides is considered using a quantum-theoretical approach of coherent states. Collapse and
revival of wave packets at long-term nonparaxial evolution due to mode interference is
demonstrated. The possibility of measuring displacements of the order of 107'° m between
two butt-jointed waveguides is shown, which is sufficient to detect gravitational waves [1].
A small-sized tabletop laser interferometer with Fabry — Perot resonators consisting of two
spatially distributed “mirrors” for detecting gravitational waves is also considered.

Keywords: optical methods for detecting gravitational waves, coherent states, optical lever,
Mach — Zehnder interferometer, Fabry — Perot resonator, periodic diffraction structure,
spectral resolution

Introduction. Despite the existence of the nonequivalence of classical and quan-
tum mechanics and optics, very close analogies can be found between classical op-
tics and quantum physics. Such analogies allow us quantum phenomena by means
of light propagation in classical systems to be mimicked. This opens possibilities to
visualize quantum phenomena, such as Schrodinger cat’s state, squeezing, and col-
lapse and revival, at a macroscopic level [2]. These phenomena are of great interest
in many fields of physics such as quantum optics, quantum computation and preci-
sion measurements.

Methods and materials; results. To detect such a small mechanical dis-
placement in laser gravitational-wave experiments the optical lever consisting of
two butt-jointed waveguides (fig. 1) can be considered.

Less
m
w2
L wil
8x
- R ~
___________________________ —
T

Fig. 1. Scheme for coupling a mechanical oscillator’s position
to optical butt-jointed waveguides W1 and W2:
L — laser, P — photodetector

Axis displacement between two waveguides caused by the gravitational wave
will affect output parameters of a propagating beam. As an output parameter the
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phase change of wave packet can be selected. Calculations show that the phase
shifts of the order 8¢p &< 107° rad take place, which can be easily observed from
measurements. Note that in the LIGO interferometer the measurement of 107 m
requires a phase shift measurement of 10~ rad [1].

It is highly desirable to have a compact laser interferometer for detecting grav-
itational waves [3]. Here, a small-sized tabletop laser interferometer with Fabry —
Perot resonators consisting of two spatially distributed “mirrors” for detecting
gravitational waves is proposed (Fig. 2a). A method for detecting gravitational
waves is proposed based on the measurement of the correlation function of the ra-
diation intensities of non-zero-order resonant modes from the two arms of the
Mach — Zehnder interferometer. The influence of light absorption in crystals on
the limiting resolution of such resonators is studied. A higher sensitivity of the in-
terferometer to shorter-wave laser radiation is shown.

; ey S I N
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Fig. 2. (a) Optical scheme of Mach-Zehnder interferometer with periodical structures as reflecting mirrors. 1—
laser, 2—beam splitter, 3—mirror, 4—Fabry-Perot resonator with periodical structures, 5—photodetector; (b)
transmittance as function of detuning Ak

The line width of the transmittance can reach the values of §k ~ 10723 cm™ at
a distance between the mirrors d = 1 m for the radiation wavelength 630 nm. This
indicates that the spectral resolution is equal to 54/, = 8k/ko ~ 10728,

Conclusion. Results may be useful in various fields, e. g. in gravitational wave
experiments, high precision spectroscopy, and quantum information processing and
metrology.
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BHYTpeHHAA CBA3b ypaBHEHUI Teopun nons
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AnHotanus. [TokazaHo, 4To CyIECTBYeT COOTBETCTBUE MEXKIY YPaBHEHUSIMU TEOPHUH IO-
I, TAKUMH Kak ypaBHeHus Jupaka, lllpenunrepa, MakcBemna, DWHIITEeHA, U 3aMKHYThI-
MH BHEITHAMHU (DOpMaMH ONPENeIeHHON CTeNeHH. Takoe COOTBETCTBUE MEXKIY YpPaBHECHU-
SIMU TCOPHHM TOJII WM 3aMKHYTHIMH BHCIIHHMH (OpPMaMHU OINpPEISICHHONH CTEIeHU
PacKpbIBae€T BHYTPEHHIOIO CBSI3b MEX]Yy YPAaBHEHUSMH TEOPUU TOJISI.

KaioueBble cjioBa: ypaBHEHHs TEOPHM MO, KOCOCUMMETpUYHBIE An(epeHnaIbHbIe
(OpMBI, 3aKOHBI COXpaHEeHUs, (PYHKIIMOHAJIBI, CTENICHb 3aMKHYTHIX BHEITHUX (Gopm

Beenenne. Kak u3BecTHO, ypaBHEHHSI TEOPHHM IOJIS, OMHUCHIBAIOILUE (UZUUECKHUE
moJisl, Takue Kak ypaBHeHus Jupaka, lllpeaunrepa, Makcpenia, DiiHiTeliHa, oc-
HOBBIBAIOTCA Ha CBOMCTBAaX WHBAapUAaHTHOCTU U KoBapuaHTHOCTH. Oka3bIBaeTc,
YTO CYILIECTBYET MaTeMaTHUECKUH (opMan3M, KOTOPBIH 00JagaeT 3TUMH CBOM-
CTBaMHU. DTO TEOPHUS 3aMKHYTBIX KOCOCUMMETPHUHBIX AupdepeHIraIbHbIX HopM
[1-3]. 3amKHyTBIe BHEITHHE (OPMBI, TPUMEPOM KOTOPBIX sBIsieTcs Teopema He-
Tep, ABJSIIOTCS TuddepeHnnanamu, 1, clieaoBaTeIbHO, HHBApHaHTAMU, U COOTBET-
CTBYIOT 3aKOHaM COXpaHeHMS A5l GU3MUECKHUX MOl (HAININEM COXPaHSIOLIMXCS
BEJIMYMH WM CTPYKTYP), KOTOPBIE ONMUCHIBAIOTCS YPAaBHEHUSIMHU TeopuH nois. [Ipu
3TOM JlyajbHble (POPMBI, COOTBETCTBYIOIINE 3aMKHYTHIM HETOYHBIM (OTpeJIesieH-
HBIM TOJIBKO Ha MHTETPUPYEMBIX CTPYKTYPax) BHEIIHUM Qopmam, 00Ia1atoT KoBa-
PUAHTHBIMH CBOMCTBaMHU. JTO YKa3bIBa€T HAa COOTBETCTBHE MEXIY YPaBHEHHUAMHU
TEOPHH OIS ¥ 3aMKHYTHIMH BHEITHUMH (POPMaMH OTPEACTICHHON CTETICHH.
MeTtoabl W MaTepHadbl; Pe3yabTaThl. bBIIO NPOBENIEHO HCCIIEAOBAHUE
YpaBHEHUI TEOPHUH TOJSA C NMOMOUIBI0 3aMKHYTBIX BHEUIHMX KOCOCHMMMETPHUYHBIX
(dhopM, KOTOpOE TMOKa3ajo, 4YTO CYLIECTBYET COOTBETCTBHE MEXAY ypaBHEHHUSIMH
TEOPHH TIOJIS1 ¥ 3aMKHYTBHIMH BHEITHHUMH KOCOCUMMETPHUYHBIMHU (hopMaMHu ompeze-
neHHo creneHu. Ilpu atom ypaBHenmsam [upaxa u Illpenunrepa g BOJTHOBOH
(YHKIIMU COOTBETCTBYIOT 3aMKHYThIe BHEUTHHE (OPMBI HYJICBOH cTeneHu. Ypas-
Henuto Ulpenunrepa st QpyHKIMOHANA COCTOSIHUS COOTBETCTBYIOT 3aMKHYTHIE
BHEIIHUE (OPMBI NIEPBOH CTENEHN. 3aMKHYTbIE BHEIIHHE ()OPMBI BTOPOH CTETIEHH
JiekaT B OCHOBE ypaBHeHM MakcBemia. YpaBHeHne DUHINTEHA U TpaBUTAIN-
OHHOT'O TIOJIS [4] COCTOMT M3 KOBAPHAHTHBIX TEH30POB, KOTOPBIM COOTBETCTBYIOT
3aMKHYTble BHeUIHHE (HOpMBbI BTOpoi ctemneHd. OQHAaKO, KOBApHAHTHBIE TEH30PEI
ypaBHEHUs DHHINTEHHA MOJy4E€Hbl U3 KOBAPHMAHTHBIX TEH30POB, KOTOPHIM COOT-
BETCTBYIOT 3aMKHYThble BHELIHME (OPMBI TpeThel CTENeHU. Takoe COOTBETCTBHUE
MEX]y YPaBHEHUSIMHU TEOPUH II0JI M 3aMKHYTHIMU BHELIHMMHU (OpMaMu OIpese-
JICHHOW CTETNIEHW PacKphIBAET BHYTPEHHIOIO CBS3b MEXKAY YpPaBHEHHUSIMH TEOPHUHU
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IIOJIS1 U TIOKA3bIBAET, YTO CTENEHb 3aMKHYTBHIX BHEIIHUX (OPM MOXKET ObITh Iapa-
METpPOM, OOBEANHSIOMINI TEOPHH TIOJSI B €ANHYIO TEOPHUIO TTOJIA.

MOXHO OTMETHTH ellle OJHO OO0Ilee CBOMCTBO ypaBHEeHUH Teopun nois. OHu
SIBJISIIOTCSL COOTHOILEHUSIMU 11 (DYHKIIMOHAJIOB, TAKUX KakK BOJHOBas (DyHKIMS,
(GyHKUMOHAN ACHCTBHSL, TeH30p DUHINTEHHA. [IJIs 3IeKTpOMarHUTHOTO MOJISI TAKUM
¢yHkunonanom seiusiercst Bektop [oitunra [5].

3axuroyenue. bouio mokasaHo, 4YTO ypaBHEHHs TEOPHHU IOJA Oa3UPYIOTCS Ha
CBOWCTBax 3aMKHYTBIX BHEIIHHX (OpM, KOTOpBIE SBISIOTCS AU depeHnanaMu u
00J1a7at0T HBApUAHTHBIMHU M KOBApUAHTHBIMU CBOWCTBaMu. [Ipu 3TOoM ypaBHEHHUs
TEOPHH I10JI5, ONHUCHIBAIOLINE (PU3NUECKHE MO Pa3HOTO THIIA, CBSI3aHbI C 3aMKHY-
TBIMH BHEITHMMH (OpMaMH OTpEAETCHHONH, COOTBETCTBYIOIIEH, CTENEeHH. JTO
pacKpbIBaeT BHYTPEHHIOIO CBSI3b YPABHEHWH TEOPHHU OIS, OOBEAHHSET TCOPUHU
IOJISA, U1 MOKET CIIY’KUTb MOAXOA0M K €IMHOW TEOPHH OIS
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Internal Connection between the Field Theory Equations
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Abstract. It has been demonstrated that a correspondence exists between field theory equa-
tions like Dirac, Schrodinger, Maxwell, and Einstein equations, and closed exterior forms
of a specific degree. This correspondence unveils an intrinsic connection among the field
theory equations.

Keywords: the field theory equations, skew-symmetric differential forms, conservation
laws, functionals, degree of closed external forms

Introduction. As is known, the equations of field theory describing physical fields,
such as the equations of Dirac, Schrédinger, Maxwell, Einstein, are based on the
properties of invariance and covariance. It turns out that there is a mathematical
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formalism that has these properties. This is the theory of closed skew-symmetric
differential forms [1, 2]. Closed external forms, an example of which is Noether's
theorem, are differentials, and therefore invariants, and correspond to conservation
laws for physical fields (the presence of conserved quantities or structures) that are
described by the equations of field theory. At the same time, dual forms corre-
sponding to closed imprecise (defined only on integrable structures) external forms
have covariant properties. This indicates a correspondence between the equations
of field theory and closed external forms of a certain degree.

Methods and materials; results. The study of field theory equations using
closed external skew-symmetric forms was conducted, which showed that there is a
correspondence between the equations of field theory and closed external skew-
symmetric forms of a certain degree.

In this case, the Dirac and Schrodinger equations for the wave function corre-
spond to closed external forms of degree zero. The Schrodinger equation for the
state functional corresponds to closed external forms of degree one. Closed exter-
nal forms of degree two are the basis of Maxwell's equations. The Einstein equa-
tion for the gravitational field [3] consists of covariant tensors, which correspond to
closed external forms of degree two. However, the covariant tensors of the Einstein
equation are obtained from covariant tensors, which correspond to closed external
forms of degree three.

Such a correspondence between the equations of field theory and closed exter-
nal forms of degree one reveals the internal connection between the equations of
field theory and shows that the degree of closed external forms can be a parameter
that unites field theories into a single field theory. Another general property of field
theory equations can be noted. They are relations for functionals such as the wave
function, the action functional, and the Einstein tensor. For the electromagnetic
field, such a functional is the Poynting vector [4].

Conclusion. It has been shown that the equations of field theory are based on
the properties of closed external forms, which are differentials and have invariant and
covariant properties. At the same time, the equations of field theory describing phys-
ical fields of different types are associated with closed external forms of a certain,
corresponding, degree. This reveals the internal connection of the equations of field
theory, unites field theories, and can serve as an approach to unified field theory.
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Estimation of the Instantaneous Frequency Evolution
of Chirping Gravitational Waves from Coalescing Binary Systems
via Wigner-Ville Representation
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Abstract. The instantaneous frequency evolution of gravitational waves emitted by a coa-
lescing binary system can be retrieved using the Wigner-Ville time-frequency representa-
tion [1], via Weinstein uniform asymptotic expansion yielding a (delta-like) Airy function
[2—4]. The estimation bias can evaluated in closed form, and easily removed. The estimated
instantaneous-frequency line and the related source chirp-mass estimate are robust against
higher-order post-Newtonian corrections, non-ideal (non-Gaussian, non-stationary) noise
features and (any) orbital eccentricity [5]. Numerical implementation and computational
burden are discussed. A correlation-detector [6] based on Moyal formula [1] is analysed,
and its performance-degradation under extreme (1-bit) data compression is evaluated.

Keywords: coalescing binary systems, Gravitational wave detection, source parameters
estimation, time-frequency representations
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3apaum actpodusnKu u GyHaAaMeEHTaNbHOM rpaBuTaLmum
B KOCMUYECKUX Na3epHbIX UHTeppepomeTpax

MocmHoe KoHcmaumuH AnekcaHoposuy director@sai.msu.ru

FocyAapCTBEHHbIN aCTPOHOMMUYECKMIA MHCTUTYT uM. M.K. LTepHb6epra
MTY nmenn M.B. lomoHocoBa, MockBa, Poccusa

AuHoTanust. [IpencTaBieHo omucaHre OCHOBHBIX 3a7a4 B 00JacTu acTpodu3uku U GpyH-
JAMEHTAILHON TIpaBUTAIMK, KOTOPbIC IJIAHUPYETCS pEIlaTh C MOMOIIBI KOCMHUYECKHX
JIa3epHBIX MHTEPHEPOMETPOB JJIsl U3MEPEHHs] TPAaBUTALMOHHBIX BOJMH B MII[ amama3one
YaCTOT, HAXOJSIIUXCSI B CTAAUHM pa3paboTku. KOHKpETHbIC MPUMEPH! JaHbl ISl 4yBCTBU-
tenpHOCTH TIpoekTa TianQin (KHP).

KiroueBble €jI0Ba: KOCMHYECKHE JIa3€PHBIC I/IHTep(bepOMeTpLI, I'paBUTalMOHHBIC BOJIHBI,
TCOpUs rpaBUTAllU, KOCMOJIOT U

Beenenue. PaspabaTbiBacMble B HACTOSIIIIEE BpeMsl MPOEKTHI KOCMHUUYECKHX J1a3ep-
HBIX MHTEpHEpPOMETPOB IJIsl JETEKTUPOBaHUS rpaBUTannoHHBIX BoyH (I'B) B mMI'1
JMana3oHe 4acToT BKIIIOYAIOT KOH(PUTYPAIMIO U3 3 CIIyTHUKOB Ha T€0CTallMOHAPHOM
(TianQin) nmm remmonentpudeckort (LISA, Taiji, Decigo) opbute. Tunmanoe pac-
crosaue Mexay cnytHukamu L = 10°—1,5x10°-10° kM. I{eneBbie mapamerpsl Tian-
Qin: urym usmepenus nonoxkerus SV% = 10712 m ' 2, mrym ocTaTouHBIX yCKOpEHHMii
SY2,=10"5m ¢ I'u 2 [1]. OcHoBHBIE acTpoHU3MIECKUE 3a1a9U — OOPa3OBaHHE U
pocT cBepxMacCUBHBIX depHbIX Ablp (CMY/), nx cBs3b ¢ ranaktukamu. OyHaameH-
tanbHas (uznka: nposepka OTO B pexxume cunbHoro nois. Kocmonorus: ucropust
pacuupenus BceneHHOHM, n3MepeHHe KOCMOJIOTHYECKHUX MapaMeTpoB. Bo3moxkHas
HoBas ¢usuka: I'B ot dazoBbix nepexonoB 1 pona B panHeil BeeneHHoi, mpoBepka
pacumpenuit OTO u nmouck HOBBIX (PyHIaMEHTAIBHBIX mosiei [1].

Metoabl u maTepuajbl. [loctaBnennsie 3ana4un OyIyT pemiaTbCsi MyTeM W3-
Mepernsa I'B ot ['anakTndecknx MCTOUYHUKOB (YIBTPATECHBIE JBOWHBIE CHCTEMBI:
JIBOMHEIE Oemnble KapiukH, cucteMbl Tua AM CVn ¢ opOUTanbHBEIM IEPUOIOM Jie-
CATKH MUHYT), OT CIMBAIONuXcs ABoiHBIE UJ] 3BE3MHBIX Macc 10 KPacHBIX CMe-
wennii z ~ 0, or causane CMYJ] ¢ GonbmKMM OTHOIIEHHEM Mace g ~ 1071077,
KOTOpBIE MPOXOAST MHOTO LIMKJIOB JI0 CIUAHUS ~ 1/q, pe3ko yBeInuuBasi OTHOLIE-
HHUE CUTHaJa K IIyMy (TOPU30HT PEerucTpauuu 10 z ~ 3). BynyT Taxke uaMepsaThes
cmustaust CMY/L m usmepsatbes das3sl I'B mocne3Bona mocne cnustaus (mo z ~ 10).
HHaTpurytomeii saBiseTcs 3agada U3MEPEeHHs croxacTudeckoro ¢ona I'B ot coso-
KYIHOCTH acTpopHU3MUECKHUX HMCTOYHHKOB M KocMoisioruueckoro ['B-¢ona.
B HacTosimee BpeMsi UMeeTCsl O4eHb MHOTO MOJIEJIeH U BBICOKa BEPOATHOCTH OOHa-
py’KeHus Takoro ¢GoHa.
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3akarouenue. PazpabaTeiBacMbie CerogHs KOCMHUYECKHE Ja3epHbIe HHTEp(E-
pometpel (LISA, TianQin, Taiji, DECIGO) naroT yHUKaJIbHYIO BO3MOXKHOCTH
HaOmroAeHUs actpodusndecknx I'B ncrounmkoB m kocMonorudeckux I'B ¢onos
B MIJUIMTEPIIOBOM JAHAaIa3oHe 4acToT. [Iporpecc B TEXHOMOTHAX KOCMHYECKON Jia-
3epHOIl MHTEep(depOMETpHH MO3BOJSET TOCTUYh TPeOyeMON TOYHOCTH K yCTaHOB-
JieHHBIM cpokaM (= 2034) [2]. bonbioe oTHOIIEHUE CUTHAA K TIyMY JUIsSL aCTPO-
(m3nyecKknx MCTOYHWKOB B MI Tl nmama3zoHe MO3BOJIAET MPOBEPSTh HETMHEHHbIE
apdexter OTO u ee pacmmpeHuii, HOByIO (U3HUKY U CTaBUTh HE3aBUCHMBIE Orpa-
HUYEHUS HA KOCMOJIOTHYECKUE mapameTpsl [3].
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Problems of astrophysics and fundamental gravitation
in space laser interferometers
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Abstract. The description of the main problems in the field of astrophysics and fundamen-
tal gravitation, which are planned to be solved with the help of space laser interferometers
for measuring gravitational waves in the mHz frequency range, which are under develop-
ment, is presented. Specific examples are given for the sensitivity of the TianQin project
(PRO).

Keywords: space laser interferometers, gravitational waves, theory of gravitation, cosmology

Introduction. Space laser interferometers currently under development for the detec-
tion of gravitational waves (GW) in the mHz frequency range include a configuration
of 3 satellites in geostationary (TianQin) or heliocentric (LISA, Taiji, DECIGO) or-
bit. Typical satellite spacing is L=10°...1.5x10°...10° km. Target parameters of
TianQin: position measurement noise S"2=10"?m Hz ' residual acceleration noise
S"2,=10"5m s2Hz 2 [1]. Main astrophysical problems — formation and growth of
supermassive black holes (SMBHs), their relation to galaxies. Fundamental physics:
verification of GR in the strong field regime. Cosmology: history of the expansion of
the Universe, measurement of cosmological parameters. Possible new physics: GW
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from phase transitions of the 1st kind in the early Universe, checking of GR exten-
sions and search for new fundamental fields [1].

Methods and Materials. The scientific tasks will be solved by measuring
GWs from Galactic sources (ultrashort-period binary systems: double white
dwarfs, AM CVn-type systems with orbital periods of tens of minutes), from merg-
ing binary BHs of stellar masses up to redshifts z ~ 0, from merging SMHDs with
large mass ratios q ~ 10-5-10-7 that go through many cycles before merging ~ 1/q,
dramatically increasing the signal-to-noise ratio (recording horizon up to z ~ 3).
There will also be measurements of SMBH mergers and the post-merger GW ring-
down phases after the merger (up to z ~ 10). The task of measuring the stochastic
GW background from astrophysical sources and the cosmological GW background
is exciting. Currently, there are very many models available and the probability of
detecting such a background is rather high.

Conclusion. Space laser interferometers (LISA, TianQin, Taiji, DECIGO) be-
ing developed today provide a unique opportunity to observe astrophysical GW
sources and cosmological GW backgrounds in the milliHertz frequency range. Ad-
vances in space laser interferometry technologies make it possible to achieve the
required accuracy by the target date (= 2034) [2]. The large signal-to-noise ratio
for astrophysical sources in the mHz range allows us to test nonlinear GR effects
and GR extensions, new physics, and to place independent constraints on cosmo-
logical parameters [3].

This work is supported by RSF grant 23-42-00055.
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Abstract. In this paper, we have investigated the effects of Gauss-Bonnet (GB) extension
on Einstein’s gravity in 4-dimensions. Four different EoS such as SLy4, APR4, FPS and
Togashi are considered. These EoS are used to model the massive neutron stars like PSR
J2215+5135, PSR J1959+2048, PSR J1810+1744, PSR J0740+6620 and GW190814,
which are in the neutron star-black hole (NS-BH) mass gap. We have calculated the mass
and radius through the M—R curves for different values of the GB-coupling parameter for
four different EoSs to examine the upper limit of masses that fall within the mass-gap. Our
result shows that the positive branch of o is suitable for explaining the existence of massive
neutron stars in the mass-gap. Bondi’s and static stability criteria have confirmed the stabil-
ity of these massive neutron stars. In fact, an increase in GB-coupling strength improves the
stability of these massive neutron stars. Furthermore, the surface redshift of these massive
neutron stars is below the maximum limit, i. e. Zs < 2. Finally, we have used the M—R
curves with the observed masses to predict the radii of PSR J2215 + 5135, PSR J1959 +
2048, PSR J1810 + 1754, PSR J0740 + 6620 and GW190814 in GR and 4D-EGB gravity.
The predicted radii are in agreement with the constraints from the GW170817 event. Lastly,
the maximum observed NS mass is fitted in the M—R curves implying that the range of a
should be somewhere around 0 to 5 [km2].

Keywords: stars, neutron-stars, massive-black hole physics, analytical- equation of states

Introduction. Post Einstein general relativity (GR), there were lot of interest to
explore the field of relativistic astrophysics. In 1931, Landau theorized the possi-
bilities of compact objects denser than white dwarfs with supra nuclear densities.
Tolman [1] and Oppenheimer & Volkoff [2] developed the equation of hydrostatic
equilibrium in the context of GR known as the TOV equations, which has been
used to determine the maximum mass of compact objects. Unfortunately, deter
mining the maximum masses of compact objects like neutron stars (NSs) are still
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a mystery in modern astrophysics. In addition, the NS-BH mass gap (~ 2-5MQ)
which is between the maximum mass of neutron stars and the least massive black
holes (BH) is still unknown [3]. It has been argued that there are no compact ob-
jects between the mass gap. But recent observations have shown that the mass-gap
as for compact objects as ~ 2.50—2.67M (@ [4]. We are in tending to investigate the
mass-gap which can be done in two ways, such as extending GR or exploring more
stiff equation of state (EoS) viz. Sly4, APR4, FPS and Togashi EoS.

GR has effectively addressed many aspects of the universe, but it has limita-
tions, such as its inability to explain the NS-BH mass gap and its restriction to four
dimensions. To address these shortcomings, we can modify the gravitational com-
ponent of the Einstein-Hilbert action, leading to the development of modified grav-
ity theories. We consider the gravitational part of the Einstein-Hilbert action with
the generalization of Einstein’s gravity to higher D dimensions, like Lovelock
gravity [5, 6], which also can revert back to Finstein’s theory in D = 4. In higher
dimensions the Einstein-Gauss-Bonnet (EGB) gravity [7] can be formed by includ-
ing the Gauss-Bonnet term in the Einstein-Hilbert term. Though the GB term is
topological in 4D, but can be redefined by a regularization technique by introduc-
ing quantum corrections to Einstein’s gravity. In this theory, Lovelock’s theorem
was bypassed, and as a result, the contribution of the GB term in gravitational dy-
namics becomes non-negligible, which enables 4D-EGB gravity.

Methods and materials; results. It is necessary to solve the TOV equations to
explore the connections between different physical quantities, such as the M—R
curve. To numerically solve these equations, we apply the following initial condi-
tions at » = 0 in the TOV equations as p(0) = p. and m(0) = 0. As the pressure-
density relationship originates from the EoS, we can immediately move onto solv-
ing the TOV equations. For numerical integration, we utilized the Runge-Kutta 45
(RK45) method available in the ‘scipy.integrate’ package in Python. The neutron
star’s surface can be determined by examining the pressure, and the hydrostatics
equation indicates that the pressure decreases as the radius,r increases. We define
the star’s surface at the point where the pressure, p(r) approaches zero, specifically
at p(13)=0, where 73 denotes the radius of the star. For the mass of the star, we cal-
culate by using mass gradient equation. This equation accumulates the mass of the
stars until it reaches 5.

Conclusion. In this paper, we analyzed 4D-EGB gravity with realistic four
EoSs namely SLy4, APR4, FPS and Togashi. By solving the modified TOV-
equation, we have generated the M—R curve for the SLy4 EoS while varying the
GB-coupling parameter a. Further, we also compared the M —R curves for GR (o =
= 0) and 4D-EGB (a = 5) for the 4-EoSs. From this, we have found that the posi-
tive branch of o is useful in constraining the radii of the recently observed massive
neutron stars such as PSR J2215+5135, PSR J1959+2048, PSR J1810+1744, PSR
J0740+6620, and GW19081, ensuring that the curve remains outside the unstable
region. This analyses, implies that the 4D-EGB gravity allows more massive neu-
tron stars to exist compared to the GR counterpart with the same matter composi-
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tion/EoS. The stability of such massive neutron stars has been proven by the Bon-
di’s and static stability criteria while the modified TOV equation itself ensures the
equilibrium condition. Further, it is also pointed out that the stability of compact
star improves with increase in a values, implying that 4D-EGB gravity allows to
exist more massive compact stars in the mass-gap. We also plotted Z; — M for the
four EoSs and satisfy the Z 1,4 S2 limit. It can also be noted that all four EoSs are
stiff enough to hold massive and stable configurations when the central density is
above 1014 g/cm3 where the adiabatic index is above 4/3.

From the above analyses, we have used these realistic EoSs to constrain the
radius and the range of Gauss Bonnet coupling strength from the upper mass limit
which are below the unstable region. Constraining of the radii can be done from the
error bars of the observed masses. Here, the radii are larger in 4D-EGB than in the
GR counterpart. The M—max also increases for more GB-coupling strength in all
EoSs. In all EoSs, the radius range of compact stars ranges from 10.63—12.09 km.
One of the most compact objects observed so far has been predicted in GW 190814
event, which is expected to be a merger of a very massive neutron star of mass
2.5-2.67MQ and a light black hole of mass 22.2-24.3M (. This massive neutron
star in the NS-BH mass gap cannot be accommodated with respect to SLy4, FPS,
APR4 and Togashi in the GR limit, however, in 4D-EGB it can exist with a radius
of 10.63 km (SLy4), 11.46 km (APR4) and 11.66 km (Togashi) with o = 5. Fur-
thermore, from the more recent gravitational waves observation of NS-NS merger
in GW170817 event, a stringent constraint on radius of has been found where a NS
of mass 1.6MQ® and 1.4MQ should have a radius larger than 10.68¥3:35 km and
11.0%3:2 km respectively. These stringent constraints are clearly satisfied in the
M-R curves where a 1.6M(© NS have at least 10.5 km and for 1.4MQ at least 11
km radius. Finally, we can use these M — R curves to constrain the coupling
strength o by observing the minimum and maximum values of a need to fit the ob-
served masses. It has been found that the massive NS in GW190814 i.e.
2.5-2.67M(Q can be fitted with o = 5. Hence, the range of a should be approxi-
mately between 0 and 5 km? (according to the maximum NS mass observed yet).
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HoBas penAaTMBUCTCKaa KOCMONOrnA, OCHOBAaHHAA Ha NpuHUMne macwrtabHou
UHBAPUAHTHOCTU
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MOCKOBCKWNI MHCTUTYT 3NEKTPOHUKM U maTemaTuku HMUY BLL3, Mocksa, Poccua

Annoranus. CoBpeMeHHash KOCMOJIOTHS CTaJIKUBACTCS ¢ OONBIINM YHCIOM HEpEeIICHHBIX
BorpocoB. K HUM oTHOCATCS mpoOiieMa KOCMOJIOTHYECKOH CHHTYJISIPHOCTH, OTCYTCTBHE
OOBSICHEHUH MPHUPOJBI TEMHOM MAaTCPUHM W CYIICCTBOBAHHUS XOPOIIO PAa3BUTHIX T'aJaKTHK
B MIEPBbIE HECKOJBKO COTEH MUJJIMOHOB JIET NOcje bosbIoro B3pbiBa U LEABINA P APYTUX
BOIIPOCOB. B ¢BA3M € 3TUM IpeanaraeTcss MHOM MOAXO0 K IOCTPOEHUIO KOCMOJIOTHU. B HeM
uccnexyercs o0o0meHne o0mmell TeOPUH OTHOCHUTEIFHOCTH HAa OCHOBE NMpHHIWNA Beiins
MacIiTaOHOW MHBapHaHTHOCTH. JTO 000OIIeHHE MO3BONAET MPUUTH K HECTAHIAPTHOMY
KOCMOJIOTUYECKOMY PELICHHIO, B KOTOPOM OTCYTCTBYET bouboii B3psIB. Ero npumenenue
MPUBOJUT K HOBBIM OOBSICHCHHSIM KPAacCHOI'O CMCIICHHS B CIEKTpPaX MAJICKUX TalaKTHK
U PETUKTOBOTO U3JIyYEHHs, @ TAK)KE HOBOMY B3IUISAly Ha IPUPOAY TEMHON MaTepuH.

KuoueBble cjioBa: npuHiun Beiins macmtabHoit mHBapuantHOCTH, 0000menne OTO,
BEHJIEBCKHE TIOTCHIIMAIIBI, HECHHTYJIIPHOE KOCMOJIOTHYECKOE PEIICHHE, TEMHAsT MaTepHst

BBenenue. B coBpeMeHHON KOCMOJOTHH BO3HUKIIO OOJBIIIOE YUCIIO TPYIHBIX BO-
MPOCOB, HA KOTOPBIE OTCYTCTBYIOT CKOJIBLKO-HUOY/Ib yOeIUTEebHBIE OTBETHI B PaM-
kax cranpaptHoid ACDM Mmonenu, OCHOBaHHOM Ha 3WHINTEHHOBCKON I'paBUTALM-
oHHOIl Teopun. K HMM OTHOCATCS HepelleHHas MpobiieMa KOCMOJIOTHYECKOi
CUHTYJISIPHOCTH, TallHA TEMHON MaTEpHH, YACTULBI KOTOPOU 10 CHUX MOp HE Hailne-
HBl [1], oOHapyXeHHe KOCMHYECKHM TelleckoroM UM. JxeiimMca Y300a xopoiro
Pa3BUTHIX TAAKTHK B TIEpBbIe HECKOJIBKO COTEH MIJUIMOHOB JIET 1ocie boibIoro
B3pbIBa [2, 3], 9TO MPOTHBOPEYUT CTAHIAPTHOM KOCMOJOTHH, W MHOTO JPYTHX
KOCMOJIOTHYECKHX 3arajok. lyid BbIXo/Ja M3 BO3HMKIIETO KpU3HCa MPEAaraercs
HOBasi KOCMOJIOTHUS, B KOTOPOW Jaercsi 0000IeHne SHHITEeHHOBCKOM rpaBUTalLI-
OHHOW TEOpWH Ha OCHOBE MpHUHITMIA Beins macmtabHONW WHBapuaHTHOCTH. Jlmst
peai3aliy JaHHOTO MPHUHIUIA TPABUTALMOHHOE I0JIE TOTONHsETCs nojeM Bel-
Jii ¢ 4eThIpbMs noTeHuuantamu [4]. B otnuuue ot Beilis, ero mone paccmaTtpuBa-
eTcs Kak OYeHb cliaboe, 00yCIIOBIIEHHOE BIMSIHUEM (PU3NIECKOTO BaKyyMa.
Metoabl M MaTepuaibl; pe3yibTaThl. B Hammx pabotax [5, 6] uccmenosa-
JUCh TPaBUTALMOHHBIE ypaBHEHHs, oboOmaromue ypaBHeHHs OTO, B KOTOpPBIX
cumBoutbl Kprucroddenss puMaHOBON reOMETpHH 3aMEHSITHCH CBSI3HOCTBIO TEOMET-
puu Beiind, conepikaiieil BeisieBCKue MOTeHIManbl. B paMkax gaHHOTO uccleno-
BaHUs OBUIO MOJYYEHO HOBOE HECTAIlMOHAPHOE M HECHHTYJISIPHOE KOCMOJIOTHYe-
ckoe pemieHne. Ero mnpuMeHeHHE MpHUBENO K CIEIYIOIIEMY BBIBOAY: IIpH
MOJIOKUTEIBHOM KOCMOJIOTMYECKOM BPEMEHU, OTCUMTHIBAEMOM OT MOMEHTA, KOI'/ia
Bcenennas Obuia ropsiuell 1 uMena MaKCHMAIbHYIO TEMIIEpaTypy, Ha YacTUIIbI Be-
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LIecTBa JIEHCTBYET OYEHb Majiasi TOPMO3SIasi CUila BCJICACTBUE BIUSHUA CIIa0O0T0
nonst Beiina. DTo npuBOIUT K TOMY, 4TO ()OTOHBI, MPOXOAS PACCTOSIHUS B MHJUIU-
apIibl CBETOBBIX JIET, MIOCTEIIEHHO TEPSIOT SHEPTHI0. B pe3yibpTaTe BO3HUKAET HO-
BO€ OOBSCHEHHE KPAaCHOI'O CMEIIEHHs B CIEKTpax JajleKuX rajJakTHK — Kak Clel-
cTBHE JieiicTBUs ciaboro mois Beiins, 00yciaoBiIeHHOTO BIMSIHUEM (U3UYECKOTO
BakyyMma. IIpu 3TOM pennkroBoe M3TydeHHE UHTEPIPETUPYETCS HE KaK pe3ysbTaT
Bonpmroro B3peiBa, a kak m3nmydeHnue mois Beims. [Ipumenss 3akon Credana —
Bonbimana, CBA3BIBAIOLINI MIIOTHOCTH 3HEPTUU PETUKTOBOIO M3IYUYEHHS C TEMIIE-
paTypoi U UCHodB3ys A Hee 3HaueHue 2,73 K B HacToAIIy10 310Xy, ONpeaensieM
oTBeHaroliee el KocMosorndeckoe BpeMs. OHO, KaK OKa3ajaoch, Ha MOPSIOK
Ooxpire Bpemeru 13,8 Mupa €T, COOTBETCTBYIOMIETO CTaHAAPTHONW KOCMOJIOTHH.
Y4uTBIBas 3TO 00CTOATENBCTBO, IPUXOANUM K CIEIYIOIIEH HHTEPIIPETAlMU IPHPO-
Il TEMHOW MaTepuH, KOTOPOU B TISATh pa3 OOJbIlIe BUAMNMON MaTEepHH: OHA IIpe-
CTaBJsieT cOOOH MHOXKECTBO MOTYXIIMX 3Be3l. HyXHO OTMETHTB, 4TO Takoe Mmpo-
cToe 00BbsICHEHNE OBIT0 HEBO3MOXKHO B paMKaX CTaHAAPTHOW KOCMOJIOTHH, TaK KaK
3a BpeMs 13,8 mupn JieT He MOTJIO 00pa30BaThCs CTOJNBKO MOTYXIIKX 3Be3n. [lof-
TBEP>KICHUEM TOTO, YTO KOCMOJIOTHYECKOE BpeMsI B HOBOM KOCMOJIOTHH Ha MOpS-
oK Oombmre 13,8 mipm IeT, SIBUJICS pacdeT B €€ paMKaxX MacCOBOW JOJNH TeIHs
B HAIlICW TaJlaKTUKE, OKa3aBINUMCSA MpUOIM3uTeNnbHO paBHou 0,28, B cormacuu
C HaOJIOAATEIbHBIMU JAHHBIMU.

3ax/roueHue. Beuay GonbIIMX TPYJHOCTEH, C KOTOPBIMHU CTaJIKHBAETCS CTaH-
nmaptaas ACDM xocmonorus, Obuto mpemnoxeno o6o6menne OTO Ha ocHoBe
npuHnuna Beiins MacimtabHOM WHBapUaHTHOCTH. B HeM 3HHINTEHHOBCKOE rpaBUTa-
LIMOHHOE TT0JIE JOMOJHSJIOCH mojieM Beiinsi, KoTopoe paccMarpuBanoch Kak OYeHb
crnaboe, 00ycIOBIEHHOE BIMSHUEM (hnu3nueckoro Bakyyma. MccenenoBanue gaHHOTO
00001IeHUs] IPUBEJIO K HOBOMY HECHHIYJISIPHOMY KOCMOJIOTMYECKOMY PELICHHIO.
Ero npumMeHeHme MO3BOIMIO JaTh HOBOE OOBSICHEHHE KPAaCHOTO CMEIICHHUS B CIIEK-
Tpax AaleKuX TAJIAKTHK, KaKk OOYyCJIOBJICHHOIO BIMsIHMEM ciaboro moinst Beins,
a TaKXkKe MPEUIOKUTH KITF0Y K TOHUMAaHUIO CYIITHOCTH TEMHOM MaTEpHH.
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New Relativistic Cosmology Based on Principle of Scale Invariance

Rabinowitch Alexander Solomonovich arabinowitchl7@gmail.com

Moscow Institute of Electronics and Mathematics, HSE University, Moscow, Russia

Abstract. Modern cosmology faces a large number of unsolved questions. These include the
problem of cosmological singularity, the lack of explanations for the nature of dark matter and
the existence of well-developed galaxies in the first few hundred million years after the Big
Bang, and a number of other questions. In this regard, a different approach to constructing
cosmology is proposed. It examines a generalization of the general theory of relativity based
on Weyl’s principle of scale invariance. This generalization allows one to arrive at a non-
standard cosmological solution in which the Big Bang is absent. Its application leads to new
explanations for the redshift in the spectra of distant galaxies and cosmic microwave back-
ground radiation, as well as a new view of the nature of dark matter.

Keywords: Weyl’s principle of scale invariance, generalization of General Relativity,
Weyl’s potentials, nonsingular cosmological solution, dark matter

Introduction. In modern cosmology, a large number of difficult questions have
arisen that have no convincing answers within the standard ACDM model based on
Einstein's gravitational theory. They include the unsolved problem of cosmological
singularity, the mystery of dark matter, whose particles have not yet been found
[1], the discovery by the James Webb Space Telescope of well-developed galaxies
in the first few hundred million years after the Big Bang [2, 3], which contradicts
standard cosmology, and many other cosmological mysteries. To overcome the
emerging crisis, a new cosmology is proposed that generalizes Einstein's gravita-
tional theory based on Weyl’s principle of scale invariance. To implement this
principle, the gravitational field is supplemented by a Weyl field with four poten-
tials [4]. Unlike Weyl, his field is considered to be very weak, due to the influence
of the physical vacuum.

Methods and materials; results. In our works [5, 6], we investigated the
cosmological solution of gravitational equations generalizing the equations of gen-
eral relativity, in which the Christoffel symbols of Riemannian geometry are re-
placed by the connection of Weyl’s geometry containing Weyl’s potentials. In this
study, a new nonstationary and nonsingular cosmological solution was obtained. Its
application led to the following conclusion: At positive cosmological time, meas-
ured from the moment when the Universe was hot and had a maximum tempera-
ture, the particles of matter are subject to a very small decelerating force due to the
influence of the weak Weyl field. This leads to the fact that photons, traveling dis-
tances of billions of light years, gradually lose energy. As a result, a new explana-
tion arises for the redshift in the spectra of distant galaxies — as a consequence of
the action of the weak Weyl field, caused by the influence of the physical vacuum.
In this case, the cosmic microwave background radiation is interpreted not as a re-
sult of the Big Bang, but as radiation from the Weyl field. Applying the Stefan-
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Boltzmann law, which relates the energy density of the cosmic microwave back-
ground radiation to temperature and using its value of 2.73 K at the present epoch,
we determine the corresponding cosmological time. It turned out to be an order of
magnitude longer than the time of 13.8 billion years consistent with standard cos-
mology. Taking this circumstance into account, we come to the following interpre-
tation of the nature of dark matter, which is five times larger than visible matter: it
is a multitude of extinct stars. It should be noted that such a simple explanation was
impossible within the framework of standard cosmology, since so many extinct
stars could not have formed in 13.8 billion years. The fact that the cosmological
time in the new cosmology is an order of magnitude longer than 13.8 billion years
was confirmed by the calculation within its framework of the mass fraction of heli-
um in our galaxy, which turned out to be approximately equal to 0.28, in agreement
with observational data.

Conclusion. In view of the great difficulties encountered by the standard
ACDM cosmology, a generalization of General Relativity based on the Weyl prin-
ciple of scale invariance was proposed. In it, the Einstein gravitational field was
supplemented by a Weyl field, which was considered as very weak, due to the in-
fluence of the physical vacuum. The study of this generalization led to a new
nonsingular cosmological solution. Its application made it possible to give a new
explanation for the redshift in the spectra of distant galaxies, as due to the influence
of the weak Weyl field, and also to offer a key to understanding the nature of dark
matter.
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Abstract. In this paper, we study quasinormal modes and absorption cross sections for the
(3+1)- dimensional Bardeen black hole surrounded by perfect fluid dark matter. Hence, this
paper will focus on the massive scalar field perturbations and massless Dirac field perturba-
tions. To compute the quasinormal modes by using the semi-analytical WKB method and
the Poschl — Teller method. We show our results, in figures, and we confirm that all the
modes are found to be stable against both (massive) scalar and Dirac perturbations. The
absorption cross section is also computed.

Keywords: black holes, perfect fluid dark matter, QNMs, cross section, WKB method,
Poschl — Teller method, perturbations

Introduction. Quasinormal modes (QNMs) of a black hole are the characteristic
oscillations that arise when the spacetime is perturbed. These oscillations are de-
scribed by solutions to wave equations in the black hole background, with bounda-
ry conditions enforcing purely ingoing waves at the horizon and outgoing waves at
infinity. Their frequencies are complex, where the real part represents the oscilla-
tion frequency and the imaginary part determines the damping rate due to gravita-
tional wave emission. QNMs form the resonant “fingerprint” of a black hole and
play a key role in the dynamics of mergers and relaxation processes.

Computing quasinormal modes is crucial for several reasons. In gravitational
wave astrophysics, QNMs dominate the ringdown phase following black hole mer-
gers, allowing us to infer their parameters and test general relativity. Additionally,
in quantum gravity and the context of the AdS/CFT correspondence, QNMs are
linked to the relaxation time of thermal quantum states. Methods such as continued
fraction expansions or semiclassical approximations provide highly accurate QNM
spectra, offering powerful tools to probe modified gravity theories.

The cross section is a fundamental quantity in scattering theory and describes the
effective probability that an incoming wave interacts with an object, such as a black
hole. In the context of wave scattering, the cross section determines how much ener-
gy is absorbed, reflected, or refracted by the black hole. In particular, the absorption
cross section and the effective scattering cross section are directly related to phenom-
ena such as gravitational lensing and superradiance, playing a key role in the indirect
detection of black holes and the testing of quantum gravitational effects.
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In this work we have computed the QNMs of black holes in the presence of
perfect fluid dark matter using two complementary methods, the first being the
well-known WKB approximations and the second being the Poschl — Teller fitting
method. Ss for the absorption cross section, we used the 3rd order WKB approach
to compute reflection, transmission coefficients and partial absorption cross sec-
tions.

Methods and materials; results. The WKB method is a semiclassical tech-
nique widely used to calculate quasinormal modes of black holes when the effec-
tive potential has a well-defined barrier with a single maximum. In this approach,
the wave equation is treated as a Schrodinger-like equation, and its solutions are
approximated in terms of oscillatory and exponential exponentials in classically
allowed and forbidden regions, respectively. To determine the QNM frequencies, a
connection condition is imposed between these regions, leading to a quantization
condition based on derivatives of the potential at its peak. Improved methods, such
as the Schutz-Will approach or higher-order WKB expansions, have provided in-
creasingly precise QNM frequencies for different types of black hole perturbations.
Depending on the order, the WKB method provides a good approximation to the
corresponding QNMs of black holes. We then used this method to make progress,
investigating different approximation orders.

Alternatively, the Poschl — Teller potential is an exactly solvable model used
to obtain approximate analytical solutions for black hole quasinormal modes. This
potential takes the form

V(x) = V, sech?(ax),

where V;, and a are adjustable parameters that mimic the behavior of the actual ef-
fective potential near its maximum. The advantage of this model is that its solu-
tions are known, leading to an analytical expression for QNM frequencies, provid-
ing insight into their dependence on system parameters. While it does not exactly
describe the spectrum of a real black hole, it serves as a useful estimate and a con-
sistency check for numerical methods and semiclassical approximations like WKB.

Finally, the absorption cross section is calculated using the 3rd order WKB
approach. An analysis of the reflection and transmission coefficients as well as the
partial absorption cross sections is performed.

Conclusion. Our results show that for this black hole solution, both the mas-
sive scalar perturbation and the Dirac perturbations maintain the stability of the
black hole. In other words, our figures and tables confirm the stability, and then we
conclude that this background is stable against both types of perturbation.
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AnHoTanus. PaccMaTpuBaeTcss MOJETTb COBMECTHOTO CITydaifHOTO OJy>KITaHWS JBYX arcH-
TOB Ha OECKOHEYHOH TUIOCKOCTH [1]. AreHTBI He 00JIaJjaf0T CPEeICTBAMHU B3aUMHOM KJIACCH-
YeCKOH KOMMYHHKAIIMU M OOLIMMH BHEIIHUME OPUEHTHPAMH, HO UMEIOT TOCTYII K pecypcy
MIPEABAPUTENILHO PACIpPE/ICICHHON KBAaHTOBOW CIYTAHHOCTH, KOTOPBIA HCHOJIb3YETCA
B COOTBETCTBHH C 3apaHee COIJIaCOBaHHBIM IPOTOKOJIOM. B 3aBuCHMOCTH OT aeTasneil mpo-
TOKOJIa MEK/1y JIByMsI areHTaMH BO3HUKaeT dP(eKTUBHAS CHJIa NPUTSHKEHHUS WM OTTAJIKH-
BaHUs. BO3HMKHOBEHHE TOHM CHIIBI U3 KBAHTOBOI CITyTaHHOCTH MHTEPIPETUPYETCS B Tep-
MUHaX 3P (eKTHBHON chepryecKkoi MM TMIepOOIIMUECKON TeOMETPUHU JUISl TPUTSHKEHHS
WA OTTAJIKMUBAHUS COOTBETCTBEHHO.

KiroueBble c0Ba: HEJOKaJbHBIE KBAaHTOBAas KOPPENALUH, CIIyTaHHOCTb, 3(h(eKTHBHAS
TEOMETPHsL

Beenenune. DeHOMEH CIIyTaHHOCTH — CIEIU(PUUCSCKUX KOppENIuid Mexay dpar-
MEHTaMH KBAaHTOBOW CHCTEMBI B 3HAUUTEIHHOM CTENICHHU OIpeenseT cyTh 1 nadoc
T. H. Bropoil kBaHTOBOH peBomonMH. CIyTaHHOCTh NMOPOXKIAET KBAHTOBYIO HEJO-
KaJIbHOCTb, HCIOJIB3YETCA B MPOTOKOJAX KBAHTOBBIX METOJOB 00pabOTKM M 3allu-
TbI UH(OPMAIINH, B KBAHTOBBIX CIIOCO0AX MONYYEeHUSI H300paKEHH, B KBAHTOBOM
METPOJIOTHH.

[IpenmeromM HacTosmiel pabOTHI SBIAETCS CLEHAPUHA y4YacTUSl CIyTaHHOCTH
B TIpOIIECCe CITy4aifHOTO OITy>KAaHMs IBYX areHTOB A 1 B Ha O€CKOHEYHOM TITOCKOCTH.
K ciryqaiinocTr He3aBHCHMOTO BBIOOpA areHTaMu HAaIPaBJIEHUH Na ¥ N KaXIOTO Clie-
JYIOIIET0 COBMECTHOTO Miara Mo MpeIBAPUTEILHOMY COITIACOBAHHIO JOOABIISIOTCS
3HaKM Ga U o = +1, onpenensromye I areHTa A mar B HallpaBJIECHUN Gala, a JUIA
B — B HanpaBneHnu opnp (WM -GpNp ). 3HAKK OIMPEAEIISIIOTCS MCXONAMH JBYX OT-
JENBbHBIX U3MEPEHUN NMPOBOJVMBIX areHTaMy HaJl MPOCTPAHCTBEHHO pPa3HECEHHBIMHU
YacTSIMU €IMHOM CITyTaHHON KBaHTOBOM cHCTeMBI. B 3aBHCHMMOCTH OT AeTasnei corma-
COBAHHOI'O CLIHApHsl OOHApPYKUBAETCs JIM0O0 3 (HEKTUBHOE MPUTSLKEHUE JTHO0 S dek-
TUBHOE OTTAJKHBaHUE areHTOB IIPU WX CiydalHOM OnyxiaHuu. B mepBom citydae
MIOBBILIAETCA BEPOATHOCTD MX BCTPEYH, BO BTOPOM MOHMKAETCA. DTH SBIECHUS ITOPOXK-
JAIOTCSI CITyTAaHHOCTBIO H, CJIEIOBATEIBHO, UMEIOT YHUCTO KBAaHTOBYIO pupony. Iloka-
3aHO, OJTHAKO, YTO OHHM JIOITyCKAIOT FEOMETPHUECKYIO HHTEPIIPETALHIO.
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MeTtoabl U MaTepHuaJibl; pe3yJbTAaThl. BBIBENEHBI M YHCIEHHO pEIICHBI
ypaBHEHUS, MpaBasi 4acTh KOTOPHIX BOCIPOU3BOINT JETaIM KBAHTOBOTO IPOTOKO-
Jla COBMECTHOTO JIEHICTBHS areHTOB, a JieBas MOCTPOCHA W3 MOJENH IMpeAroiarae-
MO# 3P PEeKTUBHON TeOMETpHUH IBYMEPHOTO MPOCTPAHCTBA MOJIOKUTEIBHON WITH
OTPUIIATEILHON KPUBU3HBI, 3aMCHSIONICH T€OMETPUIO OOBIYHON IIJIOCKOCTH. YpaB-
HEHUS pelIeHbl YUCICHHO. [lomydyeHa CBS3b MCXOHOTO PACCTOSHUS MEKIY arcH-
TaMU C PaliycoM KPUBHU3HBI B 3(PPEeKTHBHOHN ChepruecKoi Wil TUTIEPOOTHIECKOM
TEOMETPHHU. DTOT PATUYC MEHSICTCS C KQXKIIBIM CJICIYFOIIUM IIIarOM areHTOB.

3akawyenne. MOXXHO KOHCTaTUPOBaTh OOHAPY>KEHHE HOBOTO IPOSIBICHUS
T.H. KBAHTOBOM HEJOKaJIBFHOCTH, TECHO CBS3aHHOTO C TeoMmeTpuzanueil 3 dekTns-
HBIX CHJI IPUTSHKCHUS U OTTAIIKMBAHUS MEX]Ty areHTaMHU.
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Abstract. A model of joint random walk of two agents on an infinite plane is considered
[1]. The agents possess no means of mutual classical communication and no common ex-
ternal reference points, but have access to previously shared quantum entanglement re-
source which is used according to a pre-arranged protocol. Depending on the details of the
protocol, an effective force of attraction or repulsion emerges between the two agents. The
emergence of this force from quantum entanglement is interpreted in terms of effective
spherical or hyperbolic geometries for attraction or repulsion, respectively.

Keywords: non-local quantum correlations, entanglement, effective geometry

Introduction. The phenomenon of entanglement — specific correlations between
fragments of a quantum system — largely determines the essence and pathos of the
so-called Second Quantum Revolution. Entanglement generates quantum non-
locality, is used in protocols of quantum methods of information processing and
protection, in quantum methods of obtaining images, in quantum metrology.

The subject of this paper is a scenario of entanglement participation in the pro-
cess of random walk of two agents on an infinite plane. To the randomness of in-
dependent choice of directions na and ng by agents of each next joint step by pre-
liminary agreement are added signs o4 and og = %1, determining for agent A a step
in the direction cana, and for B — in the direction ogng (or —ogng). The signs are
determined by the outcomes of two separate measurements carried out by agents on
spatially separated parts of a single entangled quantum system. Depending on the
details of the agreed scenario, either effective attraction or effective repulsion of
agents is observed during their random walk. In the first case, the probability of
their meeting increases, in the second it decreases. These phenomena are generated
by entanglement and, therefore, have a purely quantum nature. It is shown, howev-
er, that they allow a geometric interpretation.

Methods. Equations are derived and numerically solved, the right part of
which reproduces the details of the quantum protocol of joint action of agents, and
the left part is constructed from a model of the assumed effective geometry of a
two-dimensional space of positive or negative curvature, replacing the geometry of
a conventional plane. The equations are solved numerically. A relationship is ob-
tained between the initial distance between agents and the radius of curvature in an
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effective spherical or hyperbolic geometry. This radius changes with each subse-
quent step of the agents.

Conclusion. It is possible to state the discovery of a new manifestation of the
so-called quantum non-locality, closely related to the geometrization of effective
forces of attraction and repulsion between agents.
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Abstract. Quantum Gravity indicates the possibility of a quasi-stable 20 microgram parti-
cle, produced from black hole evaporation. I discuss the detection possibility and its possi-
ble role as dark matter.
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Abstract. This research investigates the distribution of fields on a two-brane model, which
offers solutions to the electroweak hierarchy problem, the restoration of Starobinsky infla-
tion, and the small cosmological constant. The study demonstrates that fields known split
into two independent effective fields localized on adjacent branes during the Universe's
evolution. Conditions for this field bifurcation are explored. Crucially, gauge fields remain
uniformly distributed over the extra dimensions, preserving charge universality. The model
proposes that the observed brane (brane-1) is “fine-tuned” for complex structure formation,
while the adjacent brane (brane-2) hosts much heavier particles, precluding complex struc-
tures. Interaction between branes via photons and gravitons offers potential explanations for
dark matter (located on brane-2) and ultra-high-energy cosmic rays, with the high mass of
brane-2 electrons contributing to the Compton scattering cross-section, making them dark
matter candidates and a source of ultra-high-energy protons. This “Sandwich model of extra
dimensions” is a promising framework warranting further investigation, potentially explain-
ing phenomena like the positron anomaly and small neutrino masses.
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Annoranus. [IpencraBieHbl pe3ynbTaThl MPEMU3NOHHOTO HM3MEPEHHS TPaBUTALIMOHHOTO
CMEIIEHHUST YaCTOTHI 3JIEKTPOMATHUTHBIX CHTHAJIOB B MHCCHM KOCMHUYECKOTO paguoTese-
ckona «PagnoActpony. [IpemnoxeHa Meroanka kommerncaiuu 3¢dexra Jomaepa nepsoro
TOpsIKa M ydeTa OCTaTOYHBIX BO3MYIIAIOMIHUX (PaKTOPOB, TAKUX KaK MPHIHBHBIC TIOTCHITH-
anel JIyaer u ConHIla, HecepuaHOCTh 3eMi M aTMocdepHble 3¢ dexTrl. [lokazano, 4T
mapaMeTp HapyIieHus (OTKJIOHEHHE OT (GOpMYNbl «peamdT» B OOIIeH TEOPHH OTHOCH-
TeabpHOCTH) cocTaBun 1,57 + 3,96 - 1075, uTo noareepxkaaet npeackazanusg OTO ¢ BeICOKOM
TOYHOCTBIO. CIieNiaH BBIBOJ O 3HAYUMOCTH TaKHX W3MEPEHUH IJIs MPOBEPKH MPUHIIATIA K-
BUBAJICHTHOCTH DHUHIIITEHHA.

KuroueBbie cnoBa: rpaButanuoHHoe cMemenue 9actotel, OTO, mpuHIUN SKBUBAJIIEHTHO-
ctH, «PamnoActpony, Ipenn3noHHbIe U3MEPEHUS «peaud T

Beenenne. I'paBUTAlMOHHOE CMEIIEHHE YaCTOTHI 3JIEKTPOMAarHUTHBIX CUTHAJIOB
SBIISIETCS. OJJTHUM U3 KIHOYEBBIX 3((PEKTOB SKCIEPUMEHTAIBHBIX OCHOBAaHUMU
o6meit Teopun orHocuTenbHOCTH (OTO) M BaXXHBIM acHEKTOM IPHUHIIUIIA
SKBUBAJEHTHOCTH DUHIITEHHA. 3HAYNMOCTh Pa0OTHI 3aKIIFOYAETCS B MTOBBIIIEHHOMN
TOYHOCTH M3MepeHHid 3Toro sddekra, yto mo3soiser TectupoBats OTO Ha ¢oHe
IbTEePHATHBHBIC TEOPHH TpaBUTanuu. B muccum «PagnoAcTpon» HCHONB30Ba-
JIUCH BOJOPOJIHBIE CTAHAAPTHI YaCTOTHI CO CTAOMIBHOCTBIO (Af/f = 107'%) npm
BpeMeHHU ycpenHenus T~ 10% ¢, 4To 00ECeYnIo BHICOKYIO TOYHOCTh U3MeE-
peHuii.

Marepuajbl 4 MeTO/IbI; Pe3yJbTaThl. DKCIIEPUMEHT MIPOBOJIMIICS HA KOCMH-
yeckoM amnmapate «CrekTp-P» nBuraBiieMcsi IO BBITSHYTOH opOuUTe C amoreem
~350 000 xm. [dns xommeHcauun 3¢ ¢ekra [ormnepa nepBoro mopsaxka mpuMeHs-
Jlach CXeMa C 4epeOBaHUEM PEKUMOB CUHXPOHHU3ALMU KOMMYHHUKAIIMOHHBIX CHUT-
HaJIOB C OMOpoi Ha OOPTOBOHM cTaHmapT (OMHOMYTEBOM pPEKHUM) M C OIOPOH
Ha Ha3eMHBIH OOpTOBOHM cTaHmapT (AByXIyTeBOW pexkuM). OCHOBHOE ypaBHEHHE
H3MEPSAEMOr0 CHTHajla BKJIIOYAJO KaK I'PaBUTALMOHHBIA CABHT, TaK M IOMPAaBKH
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BO3MYIIAIOMMX 3PPEKTOB: PEISITUBUCTCKOTO Jlomiepa BTOPOTO MOPS/IKa, TPUITUB-
HBIX TOTCHIIMAIIOB U aTMOC(EPHBIX IIyMOB Mepuanus. OOpaboTka NaHHBIX BBI-
MOJIHAIACHh C HCIOJIb30BAHUEM IPHHIINIIA MaKCHMAaIbHOI'O IMPaBAONOA00MUs, YTO
[TO3BOJIMJI0O MHHHMHU3HPOBATh CHUCTEMAaTHYeCKHe OLIHOKH. 13 copoka rpaBUTalH-
OHHBIX CEaHCOB IO TEXHUYECKUM NMPUYMHAM OBUIM OTOOpaHbI 14,KOTOpHIC MTOKa3a-
JIM, 4TO MapaMeTp HapymeHus € coctasua 1,57 - 107° ¢ ommbkoii £3,96 - 107°, uro
cornacyercd ¢ npeackazanusiMu OTO.

3akuawuenue. [IpoBeneHHbIe H3MEPEHUS MOATBEPAMIN MPEACKa3aHUs 00MIei
TEOPHUH OTHOCHTENBHOCTH C TOYHOCTBIO, MPEBBIMAIONMEH pe3yNbTaThl MPEIbIAY-
IIMX JKCIEpUMEHTOB, Takux kak GP-A u Galileo. [lony4yeHHble naHHBIC BaXKHBI
JUTS. TAJTBHEHIIMX MCCIICIOBaHUM B 00JacTH (DyHIaMEHTAILHOW (DU3MKH, BKIIIOYAs
MPOBEPKY TMPHUHIIMIA DKBUBAJICHTHOCTH U TIOUCK «HOBOW (hM3MKW». Pesynbrarhi
TaK)Ke MOTYT OBITh MPHUMEHCHBI B HABUTAIMOHHBIX CHCTEMaXx Ul ydeTa PessTh-
BHUCTCKUX (P (HEKTOB NpU pacyeTe TPaeKTOPU KOCMHYCECKUX alapaToB.
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Abstract. In this manuscript, we have considered the Finsler-Modified Randers Cosmolog-
ical Model (FMRCM) with cosmological constant A for generalized Finsler-Randers space-
time, to investigate the solutions of this model in Lyra theory of cosmology under different
variations of energy conditions. Further, we have analyzed the role of cosmological con-
stant A in various framework, exploring its impact on both accelerating and decelerating
phases of cosmic expansion with graphical and geometrical impact.

Keywords: Cosmological constant A, Finsler-Modified Cosmological Model, Generalized
Finsler-Randers Cosmological Model (FMRCM), Curvature Parameter of Universe, Lyra
Theory

Introduction. The accelerating expansion of the universe refers to the phe-
nomenon in which galaxies are observed to be receding from us at an increasing
rate over time, indicating that the expansion is not only ongoing but speeding up.

One of the major unresolved challenges in modern cosmology is determining the
precise value of the cosmological constant A [1]. In general, by extending the Rie-
mannian metric structure, one can construct a Finslerian geometric framework on a
manifold, laying the foundation for more generalized theories of gravitation. Fins-
ler geometry has seen rapid progress in its applications to fundamental theories of
relativity, especially in general relativity, astrophysics, and cosmology. Several
authors [1-7] and [8] have investigated Bianchi-type cosmological models under
various physical conditions, incorporating a time-dependent gauge function  with-
in the framework of Lyra geometry for perfect fluid distributions. G. Lyra proposed
a modification to Riemannian geometry by introducing a gauge function into an
otherwise structureless manifold. More recently, D.D. Pawar et al. [7] explored
magnetized dark energy cosmological models with a time-dependent cosmological
term in Lyra geometry, specifically focusing on a magnetized dark energy Bianchi
type V1, space-time. Their work examines scenarios involving both uniform and
time-varying displacement fields within the Lyra manifold.

Methods and materials; results. In this context, Stavrinos et. al. [5] showed
that the field equations derived from Finsler — Randers geometry yield a Hubble
parameter that includes an additional geometric term. This term could potentially
be interpreted as a source of dark energy.
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In this research paper, we explore a Friedmann-like Robertson — Walker
model and the role of the cosmological constant A within the framework of gener-
alized Finsler — Randers cosmology. Our study focuses on examining both the
accelerating and decelerating phases of cosmic expansion in Lyra geometry with
graphical and geometrical impact.

Conclusion. In this research paper, we have proposed a cosmological model
that explores various energy conditions in terms of the cosmological constant. We
have considered the cosmological constant in two distinct framework accelerating
and decelerating phases of the universe. Within these contexts, we have derived
several theoretical solutions, including de Sitter solutions and power-law solutions,
incorporating the cosmological constant under different scenarios. Both the geo-
metrical and graphical impacts of these solutions are thoroughly analyzed.
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AnHoTanusi. B maHHOW paboTe MBI HCciieqyeM poilb HEIMHEHHOTO CIHHOPHOTO MO
B DBOJIIOIINU BceneHHo# B paMKaX JIOKaJIbHO-BpalaTeIbHO-CHMMETPUIHON KOCMOIIOTHYE-
ckoii Mmonenmn besaku I tuma (LRSBI) ¢ reomerpueit Jlupsl. [Ipenpiaymime uccieioBaHus,
B KOTOPBIX HM3yYaIOCh HEIMHEHHOE CIIMHOPHOE II0JIE B PA3IMYHBIX aHU3OTPOITHBIX M H30-
TPOITHO KOCMOJIOTHYECKUX MOJENAX, MOKa3alld, YTO HallMdie HEeTPHBUANBHBIX, HEAHAro-
HAJTBHBIX KOMIIOHCHTOB T€H30Pa SHEPTHUA-UMITYJIbCA CIITHOPHOTO TIOJISI HAKJIaIbIBACT CEPb-
€3HBIC OTPaHIMYCHHS KaK Ha TEOMETPHIO MPOCTPAHCTBA-BPEMEHH, TaK U Ha CaMO CITMTHOPHOE
nojie. B HameM TekyIeM UCCIeI0BaHIH MbI OOHAPYKUIIH, YTO, XOTS 3TH OTPAHUYEHUS BCE
ele JeWCTBYIOT, BBEJCHNE TeoMeTpHuH JINpHI CyleCTBEHHO BIHSIET Ha HBOIIONMIO Beenen-
HOHW. DTO BIUsIHUAE 00YCIOBJICHO TeM (PaKTOM, YTO MHBAPHAHTHI CITUHOPHOTO T10JISl 3aBUCST
OT napameTpa reomeTpuu JIupsl.

KitioueBble €JI0Ba: CIIMHOPHOE MMOJie, TreoMeTpus JIMPBI, TEH30p SHEPTUH-UMITYJIbCa, MO-
nenu buanku

Beenenmne. VicTopus Hayku oTMeueHa MOCTOSIHHBIMU M3MEHEHHUSIMU M COBEpIICH-
cTBOBaHWEM. J[laxke Teopus rpaBUTAIlMU ODWHINTEHHA pa3BUBajIach C TECUCHUEM
BpemeHH. OTHON M3 MHOTMX MOAU(UKALUil TEOpUU TpaBUTALMU OBUIO BBEACHHE
KOCMOJIOTHYECKON MOCTOSIHHOM. DTa 3BONIONMS OTpaXkaeT MPOJOKAIOMIMICS TO-
ncK Ooyiee COBEPIIEHHBIX TEOPHi, KOTOpPhIE MOTYT yIJIIyOWTh Halle MOHWMaHUE
€CTEeCTBEHHOTO TIOpsiKa Bellel. Bekope mociie HoBaTopckoi paboThl DWHIITEHHA
Betfinp nonbitancs o0beIMHUTE TPABUTALIMIO U 3JIEKTPOMAarHUTHOE 110Jie, 0000II1B
pumaHoBy reometpuio [1]. OgHako Teopus Beiins He monyuymia mupoKOro mpu-
3HAHUS, MOCKOJIbKY MPOTHBOPEUMIa HECKOIBKHM XOPOIIO 3apEKOMEHOBABIIUM
ce0s pe3ynbpTaTaM HaOMIOACHUH.

B 1951 roay Jlupa npeanoxui MOAU(PUKALUIO PUMaHOBOM T€OMETPUH, KOTO-
pas oueHb HamoMmuHaeT Teoputo Beiuna [2]. OgHako, B OTVIMYHE OT T€OMETPHUHU
Beiins, nogxon JIupsl noanepkuBaeT CBA3b, COXPAHSIOMIYI0 METPUKY, aHAJIOTH4-
HYI0 puMaHoBO# reoMeTpur. [Ipu 5ToM OH BBen KaauOpOBOUYHYIO (GYHKIHUIO B Oec-
CTPYKTypHOE MHOroo0pasue. OTa Teopus NOJy4yuia JajlbHeilliee pa3BUTHE B pa-
6orax [3—6]. B mocnemane Toasl reoMeTpus JIMpel HaNUIa MIUPOKOE MTPUMEHEHNE
B KocMoJioruu [7-10].
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B mocrnennne roapl COMHOPHOE IIOJIE TIPHUBIEKIO 3HAYWTEIHHOE BHHMAHWE
B KOCMOJIOTUHM Onarojapsi CBoel CIOCOOHOCTH MOJEIUPOBATH Pa3InUHbIC UCXOII-
HEIE TIOJIS, TaKWe KaK WAcaIbHBIC KUIKOCTH U TeMHas sHeprus [11-16]. Heckonb-
KO HMCCJIEeIOBaHMI MOKa3alli, YTO CIUHOPHOE II0JIe OYeHb YyBCTBUTEIHHO K T'PaBU-
TaMOHHBIM 3 dexTam, Py STOM HETPUBUANBHBIC, HEAHMArOHATbHBIE KOMITIOHEHTEI
ero Tensopa sHeprum-ummyisca (TOW) HakmagpIBarOT cephe3HbIC OrPaHUYCHUS
KaK Ha TEOMETPHUIO MPOCTPAHCTBA-BpEMEHH, TaK ¥ Ha HEIIMHEHHOCTh CAMOTO CITH-
HopHoro nons [17]. CnuHopHOe moJie B reoMeTpur JIMphI Takke U3y4ajaoch B pa-
6ote [18]. OcHOBHAs 1€ 3TOTO MCCACIOBAHMS — BBIICHUTH, MOXKET I BBEJICHUC
reoMeTpun JIMpeI B cucTeMy OOJIETYUTh OTpaHUYEHUS, OOBIYHO BO3HUKAIOIIUE TTPH
CTaHIAPTHOI 00pabOTKEe CIIMHOPHBIX TOJEH.

Metoabl U MaTepuaibl; pe3yabTaTbl. OCHOBHBIMH METOAAMH, HCIOJB30-
BaHHBIMH B JIaHHOW paboTe, SBIAIOTCA METOAbl MudepeHInATBHON TeOMEeTPHUH,
TEH30PHOTO aHANIN3a, AaHAJMTHYECKHUE W YWCIICHHBIC PEIICHHUS HETWHEWHBIX aud-
(hepeHIMANBHBIX ypaBHEHMHA. [Ipy 3TOM I YHUCICHHOTO aHajIM3a HCIOJb3YyeTCs
Maple.

Beenenne reomerpuu Jlupel m3MeHsieT crnuHOpPHO-ad(UHHBIC CBS3HOCTH.
Ha ocHoBe 3T0i1 CTPYKTYpBI HOIYYEHBI COOTBETCTBYIOIIUE CITUHOPHO-ahGUHHBIE
CBA3HOCTHU. O6Hapy>1<eH0, 4YTO, XOTd KOMIIOHCHTBI TCH30pa SHCPrun-uMIryJjibCa
CIMHOPHOTO TIOJS OCTArOTCS BHENTHE HEW3MEHHBIMH, WHBAPUAHTHI CITMHOPHOTO
TOJII TIPETEPIIeBAIOT 3HAYUTENbHBIE W3MeHeHUs. COOTBETCTBYIOIINE YpaBHEHUS
OHHIITeHHA pelIeHbl, a MeTprYeckre (QyHKIIMK BhIpaKeHbl B TEPMUHAX MaclTada
o0bemMa. PesynbTathl peacTaBieHbl B rpahuieckoM BUjIE.

3akawuenue. B pamMkax KOCMOJOTHYECKOW MOJIENH JIOKAJIHHO BpalaTeIhbHO-
cuMMeTpU4HOM buaHku-I MBI uccnenyem posib reoMeTrpud JIupel B 3BOIHOLUU
BcenenHol, korjia oHa HAMOJHAETCS TEMHOM HEpPruel, MOJCIUPYEMON CIIUHOP-
HBIM ToJieM. Ham aHanm3 mokaspIiBaeT, YTO COOTBETCTBYIOIIME ypaBHEHUs DiH-
IITeHA COXPAaHAIOT Ty ke (opMy, 9TO U MPH OTCYTCTBUH reomeTpun Jlupsl. On-
HAaKO, 3aBUCUMOCTb HWHBAPUAHTOB CIHWHOPHOTIO IIOJA OT TCOMCECTPHUCCKUX
napameTpoB JIUpel BIMsSET HA KOHEUHBIE pe3ybTaThl. COOTBETCTBYIOIINE YpaBHE-
HUSl PEeIaloTCs YHCIEHHO, a PELICHUs IPEACTaBICHbI IpadUuecKH.
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Abstract. In this study, we examine the role of a nonlinear spinor field in the evolution of
the Universe within the framework of a Locally Rotationally Symmetric Bianchi type-I
(LRSBI) cosmological model with Lyra’s geometry. Previous research has explored the
nonlinear spinor field in various anisotropic and isotropic cosmological models, revealing
that the presence of nontrivial, non-diagonal components of the spinor field's energy-
momentum tensor imposes severe restrictions on both the space-time geometry and the
spinor field itself. In our current study, we find that while these restrictions still apply, the
introduction of Lyra’s geometry significantly influences the evolution of the Universe. This
influence arises from the fact that the invariants of the spinor field are dependent on the
Lyra geometry parameter.
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Introduction. The history of science is marked by constant change and refinement.
Even Einstein's theory of gravity evolved over time. One of many modifications in
theory of gravity was the introduction of the cosmological constant. This evolution
reflects the ongoing search for better theories that can deepen our understanding of
the natural order. Shortly after Einstein's groundbreaking work, Weyl sought to
unify gravity and the electromagnetic field by generalizing Riemannian geometry
[1]. However, Weyl's theory was not widely accepted, as it contradicted several
well-established observational results.

In 1951, Lyra proposed a modification of Riemannian geometry that closely
resembles Weyl's theory [2]. Unlike Weyl geometry, however, Lyra's approach
maintains a metric-preserving connection, similar to that of Riemannian geometry.
In doing so, he introduced a gauge function into the otherwise structureless mani-
fold. This theory was further developed by many authors [3—6]. In recent years,
Lyra's geometry has found extensive applications in cosmology [7—10].

In recent years, the spinor field has gained significant attention in cosmology
due to its ability to model a variety of source fields, such as perfect fluids and dark
energy [11-16]. Several studies have shown that the spinor field is highly sensitive
to gravitational effects, with the nontrivial, non-diagonal components of its energy-
momentum tensor (EMT) imposing severe constraints on both the space-time ge-
ometry and the nonlinearity of the spinor field itself [17]. The spinor field within
Lyra's geometry has also been explored in [18]. The primary aim of this study is to
investigate whether the introduction of Lyra's geometry into the system can allevi-
ate the restrictions typically found in the standard treatment of spinor fields.

Methods and materials; results. The main methods used in this work are
methods of differential geometry, tensor analysis, analytical and numerical solu-
tions of nonlinear differential equations, as well as data analysis for comparing
theoretical results and observational data. In this case, Maple is used for numerical
analysis.

The introduction of Lyra’s geometry modifies the spinor affine connections.
Based on this framework, the corresponding spinor affine connections are derived.
It is found that while the components of the spinor field’s energy-momentum ten-
sor remain externally unchanged, the spinor field invariants undergo significant
modifications. The corresponding Einstein equations are solved, and the metric
functions are expressed in terms of the volume scale. The results are presented in
graphical form.

Conclusion. Within the framework of a LRS Bianchi type-I cosmological
model, we investigate the role of Lyra's geometry in the evolution of the Universe
when it is filled with dark energy modeled by a spinor field. Our analysis reveals
that the corresponding Einstein equations retain the same form as in the absence of
Lyra’s geometry. However, the dependence of spinor field invariants on the Lyra
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geometry parameter influences the final results. The relevant equations are solved
numerically, with the solutions presented graphically.
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flQ, Lx) gravity: A new modified gravity
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Abstract. In this talk, I will discuss the f(Q) symmetric teleparallel gravity by introducing
an arbitrary coupling between the non-metricity Q and matter Lagrangian L, in the La-
grangian density f of the theory, which thus leads to the f(Q, L,,) theory. This generalisa-
tion encompasses Coincident General Relativity (CGR), and the Symmetric Teleparallel
Equivalent to GR (STEGR). Using the metric formalism, we derive the field equation of the
theory, which generalizes the field equations of f(Q) gravity. From the study of the covari-
ant divergence of the field equations, it follows that the presence of the geometry-matter
coupling leads to the non-conservation of the matter energy-momentum tensor. The cosmo-
logical implications of the theory are investigated in the case of a flat, homogeneous, and
isotropic Friedmann-Lemaitre-Robertson-Walker geometry. As a first step in this di- rec-
tion, we obtain the modified Friedmann equations for the f(Q,L,,) gravity in a general
form. Specific cosmological models are investigated for several choices of f(Q,L,,), in-
cluding £(Q,L,,) = —aQ + 2L, +B, and f(Q,L,,) = —aQ + (2L,;)?, respectively.
Comparative analyses with the standard A CDM paradigm are carried out, and the observa-
tional implications of the models are investigated in detail.

Keywords: f(Q, L,,) gravity, cosmology, observational constraints, dark energy



XXIV MexcdyHapoOHas Hay4Has KoOH@epeHyusa «Puaudeckue uHmepnpemayuu meopuu 0mHoCUMensbHoOCmu» 305

UDC 524.834

Artificial intelligence for teleparallel tilted cosmology

Sahu Subrata Kumar (*) subrat_saho002002 @rediffmail.com

Department of Mathematics, ArbaMinch University, Ethiopia

Abstract. Artificial intelligence (Al) helps the researcher to study the hidden layer of the
dark energy. Al observation for distant type Ia supernovae (SNIa) provides the nature of the
accelerating universe. Al can be used for SNela and cosmic microwave background radia-
tion (CMB) data manipulation. In the tilted cosmology, the fluid velocity is not orthogonal
to the group of orbits. Al in Teleparallel tilted cosmological yield better data analysis for
Wilkinson microwave anisotropy probe (WMAP)

Keywords: artificial intelligence, tilted model, teleparallel gravity, CMB, WMAP

Introduction. Methods based on artificial intelligence (Al) and machine learning
(ML) has a large cosmological applications. Machine learning is starting to see in-
creased adoption across different subfields of and for various applications within
cosmology [1]. Time Domain and Multi-messenger Astrophysics in the time do-
main, machine learning techniques have a key role to play in the era of wide-field
surveys across the electromagnetic and gravitational wave spectrum. Of these sur-
veys, the Vera C. Rubin Observatory’s Legacy Survey of Space and Time (LSST)
will produce ~10 million alerts from time-domain phenomena every night—higher
than can conceivably be inspected visually by the entire astronomical time-domain
community in a lifetime. Very Large Array (ngVLA), CMBS4, the LIGO-VIRGO-
Kagra Collaboration and numerous other data-intensive experiments over the next
decade. Each of these provide us a different, multi-messenger window into the var-
iable sky and the cosmos. The order-of-magnitude increase in alerts with LSST
will dramatically increase the stress on available spectroscopic resources. In a cos-
mological context, Type Ia supernovae are especially important for measurements
of the Hubble constant at a unique rung of the distance ladder. ML techniques are
essential to classify these events in real time analysis [1]. Several authors studied
tilted cosmological models [2—12].

Methods and materials; results. We derived the Teleparallel gravity field
equations for tilted LRS Bianchi type —I cosmological model in section 1. We ob-
tained the consequences of the field equations in section 2. We solved the field
equations for two different cases and obtained explicit exact solutions by using Al
Computation 3. We mentioned Al simulations of the physical and geometrical
properties of the solutions in section 4.

Conclusion. In this paper, we have investigated tilted Bianchi type — I cos-
mological model in teleparallel gravity. By using Al computation, we find that the
pressure, energy density, tilt angle, heat conduction vector of the fluid distribution,
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the scalar expansion are constants at the initial time and gradually decreases with
respect to time. The Al simulation shows that the spatial volume of the universe are
constants at time t=0 and gradually increase with respect to time.
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AnHoTtauus. [IpeniokeHn KOCMOJOTHYECKHM CIIeHapUil ¢ BpallleHUeM TEMHOW dHEPTUU C
ruOpuHON uHIsKel i Metpuku Tuna Il no besuku. Ha stane nepBoit nndusuu pac-
CMOTpEH pacnaj ABOWHOIO CKAJIIPHOIO IOJIA € IEPEXOJIOM B YJIbTPAPEIATUBUCTCKYIO CTa-
JI0 pa3BUTHs BCeJeHHOU. McciienoBana BoOLMS BpallleHUs TEMHON SHEPIUH, MOJEIH-
pyeMoi aHU30TPONHOU KUJIKOCTHIO.

KiroueBble cjioBa: FI/I6]Z)I/IZ[H8.H I/IH(I)J'I?[L[I/IFI, TEMHAas SHCPrus, BpallCHHUEC, KOCMOJOTNYCCKasA
MOJCIIb, CKAJIIPHBIC ITOJIA

Beenenne. B cBoux paborax Mbl paccMaTpUBaeM OCOOBIH THIT aHHU30TPOIHHU B 4-
MIPOCTPAHCTBE, OOYCIOBICHHBI KOCMOJIOTHYECKUM BpauieHneM. OTMETHM, 4TO B
COBPEMEHHOI KOCMOJIOTUM BEChbMa aKTyallbHO MCCIEAOBAaHUE TEMHOW JHEPTUH, a
TaKXKe TEMHOH MaTepuu. YKakeM, YTo B OOJBIIMHCTBE PadOT TEMHas SHEPTHs He
Bpamaercsi. Ho mccnenoBanue ee BOZMOXKHOTO BpALICHMS SBISETCS aKTyalbHOMH
TeMoii. B HacTosmieit pabote mMbl Oonee obcTosATenbHO, YeM B [1], paccmaTpruBaem
nporiecc THOPUIHON MHQISIUKA B paMKaX KOCMOJIOTHYECKOTO CLIEHAPHsI C Bpallle-
HueM s Metpuku tina Il mo besHku. IIpu 3T0M HecaenoBaHa 3BOJIIOLNS Bpalle-
HUS TEMHOH DHEPrUuu, MOAECTUPYEMON aHU30TPOITHOM KHUIKOCTBIO.

OTMeTHM, YTO HCCIEeOBAaHUE PA3IMYHBIX THIIOB KOCMOJOIMYECKONW MHQIALMN
aKTyaJIbHO JUIsi OOBSICHEHHUSI YAUBUTEIBHBIX OTKPBITHH, CBSI3aHHBIX C HAOJIOJICHUS-
MH, [TPOJICIIAHHBIMU Ha HOBEHIIIEM KocMuueckoM Teneckorne Jxeiime Y360 (JWST).

Metoabl U MaTepHaJbl; pe3yabTaTbl. bbUIO HalJEHO pEIIEHUE CUCTEMBI
muddepeHInanbHbIX ypaBHeHUH DifHIITeHa 11 MeTpuku 11 Tnna mo besukwu, rae
B Ka4eCcTBE HMCTOYHMKOB TPAaBHTAIlMM BHIOpaHBI aHW3OTPOIMHAS KUIKOCTh M JBA
CKaJsIpHBIX ToJs. COBMECTHO C CHCTEMOM ypaBHEHWH OMHINTEHHA peleHsl ABa
nuddepeHInanbHBIX YPaBHEHUS JBIKEHHSI CKAISAPHBIX TTOJICH.

beumn HaliieHsl MacmiTaOHBIN (akTOp, KOMIIOHEHTH aHW30TPOIHOTO JIaBJie-
HUS, TUIOTHOCTB HEPTUU aHU30TPOITHON XKUAKOCTH M YpaBHEHHE COCTOsIHMSL. bbuio
MPOBEICHO OMHUCAHUS THOPUAHON MHQISIMM ¥ HAWOEHBI yCIOBUS MEIJIEHHOTO
ckaTpIBaHUs. Jlajee mpoBeneHa «CKIIeKay 3Tama paHnHeld nHsun BeeneHHOM 1
JTana JOMUHUPOBAHUS YJIBTPAPEISITHBHCTCKON KUAKOCTH. OPHIMAHOBCKHE 3Ta-
TBI SBOJTIONIMY BceneHHoM ObLIN HCCIIeI0BaHbI paHee B HaIiei padore [2].

3axuoyenne. Ha kauecTBeHHOM ypoBHE OyJeM CUMTaTh, YTO O MEPBON WH-
(bnsauy B Hammer Momenu ¢ MeTpukoi 11 mo BestHKY B HElt MPUCYTCTBYIOT: Bpala-
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IOIAsICSl aHU3O0TPOITHAS JKUAKOCTh (Oyaymasi TeMHasl SHEPTHs) U €Ile HECKOIBKO
HUCTOYHUKOB TATOTEHUS, ¥ TPU STOM BpallleHHe aHW30TPOMHOM XKHUAKOCTH w~1/R
Ha BCeW 3BOJIOLMU Hamied monaenu Bceenennoil. byneM mpu 3TOM mojararb, 4To
AHW30TPOITHAS KUIKOCTh HE IEepelaeT BpalleHHWe APYTHM BHUIAM MaTepHHd W Ha
(pUIMaHOBCKHX dTanax — POXKACHHBIM YacTUIaM Marepuu. Torna mpu Moaenu-
POBaHUM HAIIMM CLIEHAapHeM (C y4eToM pe3yibTaToB [2]) Bceid sBomonun Beenen-
HOM, cYHTasA, YTO MacCIITAOHBIN (aKTOp BCEIIEHHOW HBOIMIONUOHUPYET TIPH pasiy-
BAaHHUH ¥ MOCIEYIONIEM PaciIipeHHH 0T IITaHKOBCKOTO 3HaueHns R ~ 10™33cM 1o
COBPEMEHHOTO pa3Mepa Habmromaemoii Beenennoit R ~ 1028 cm u momaras mpu
3TOM, UYTO B IJIAHKOBCKYIO 310Xy CKOPOCTh BpalleHUs TeMHOM Heprun @ = 1043
1/c, MO’)KHO CUUTATh YTO B COBPEMEHHYIO 3TIOXY CKOPOCTH BpAlllEHUs] aHH30TPOI-
HOH KUIKOCTH (TeMHOM »Heprum) nopsaka w = 107111/rox, uro cosmamaer co
3HA4YEeHUEM YTIIOBOW CKOPOCTH BpalieHus Beenennol, mpuHsaToi B padore [3].
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Cosmology with Rotation in Hybrid Inflation
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Abstract. A cosmological scenario with the rotation of dark energy with hybrid inflation
for the Bianchi type II metric is proposed. At the stage of the first inflation, the decay of the
double scalar field with the transition to the ultrarelativistic stage of the development of the
universe is considered. The evolution of the rotation of dark energy simulated by an aniso-
tropic fluid is investigated.

Keywords: hybrid inflation, dark energy, rotation, cosmological model, scalar fields

Introduction. In our works, we consider a special type of anisotropy in 4-space
due to cosmological rotation. Note that in modern cosmology, the study of dark
energy, as well as dark matter, is very relevant. Let's point out that in most works,
dark energy does not rotate. But the study of its possible rotation is an urgent topic.
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In this paper, we consider the process of hybrid inflation in more detail than in
[1] within the framework of the cosmological scenario with rotation for the Bianchi
type Il metric. In this case, the evolution of the rotation of dark energy modeled by
an anisotropic liquid is investigated.

It should be noted that the study of various types of cosmological inflation is
relevant to explain the amazing discoveries related to observations made on the
latest James Webb Space Telescope (JWST).

Methods and materials; results. A solution to Einstein's system of differen-
tial equations was found for the Bianchi type II metric, where an anisotropic fluid
and two scalar fields were chosen as sources of gravity. Together with Einstein's
system of equations, two differential equations of scalar field motion have been
solved.

The scale factor, the components of anisotropic pressure, the energy density of
the anisotropic fluid, and the equation of state were found. Descriptions of hybrid
inflation were carried out and conditions for a slow rolldown were found. Next, the
stage of early inflation of the Universe and the stage of dominance of ultrarelativ-
istic fluid were "glued". Friedmann's stages of the evolution of the Universe were
studied earlier in our work [2].

Conclusion.At the qualitative level, we will assume that before the first infla-
tion in our model with Bianchi metric II, it contains: a rotating anisotropic fluid
(future dark energy) and several other sources of gravity, and at the same time the
rotation of the anisotropic fluid w~1/R throughout the evolution of our model of
the Universe. At the same time, we will assume that the anisotropic fluid does not
transfer rotation to other types of matter at the Friedmann stages, i.e. the born par-
ticles of matter. Then, when simulating the entire evolution of the Universe in our
scenario (taking into account the results of [2]), assuming that the scale factor of
the Universe evolves during inflation and subsequent expansion from the Planck
value of R ~ 10733cm to the present size of the observable Universe R ~ 1028
c¢m, and assuming that in the Planck epoch the rotation rate of dark energy w =
= 10*3 1/s, we can assume that that in the modern era, the rotation rate of an ani-
sotropic fluid (dark energy) is of the order w = 1011 1/year, which coincides with
the value of the angular rotation velocity of the Universe adopted in the paper [3].
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Abstract. In recent years, modifications to General Relativity (GR) have been explored to
address cosmological observations, particularly in the context of late-time cosmic accelera-
tion. Among these, modifications based on the Teleparallel Equivalent of General Relativi-
ty (TEGR), particularly f(T) gravity, have gained significant attention. In this work, we
investigate the scalar perturbations in f(T) gravity, focusing on how these perturbations
modify the Poisson and lensing equations and how they impact cosmological observables.
By incorporating observational data from cosmic chromatometers, Big Bang nucleosynthe-
sis, the DESI BAO survey, and Type Ia Supernovae (SNe Ia), we derive constraints on the
parameters of the f(T) power-law model. Our results suggest that f(T) gravity can effective-
ly alleviate some of the tensions observed in the standard ACDM model, including the
Hubble constant (Ho) discrepancy. Furthermore, the evolution of the supernova luminosity
and its dependence on the gravitational constant are considered to refine the measurement
of cosmological parameters. The model’s ability to address the Hy tension is critically ex-
amined, and we find that f(T) gravity offers a viable alternative to the standard model. The
work concludes by comparing the fits of the f(T) gravity model to the ACDM model using
various information criteria, revealing key insights into the viability of modified gravity in
contemporary cosmology.

Keyword: modified gravity, cosmological observables, Hubble tension
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AnHOTanus. B paboTe mpuBOAATCS HEKOTOPHIE METOIBI M MPEIBAPUTEIBHBIC PE3yIbTaThI
HaOJII0aTeIBHOTO MOUCKa MPoXoIuMbIX KpoToBbix HOp (KH). OcHoBHas paccMaTprBaemast
MoJleNbHas cucTeMa IpezacTaBisgeT coboi npoxomumyto KH mpocreifmero tuna (crmBka
nByx mpoctpadctB lIBapummibaa), o0beKT A 1O OpyTyio, HEHAONIOTAeMYIO, CTOPOHY
ropioBunbl KH u 06bekT b Ha HaOmomaemoit cropone. B kadectBe kanaunaTos B KH mpu-
HUMAETCS PSJI PEeaNbHBIX OOBEKTOB, B HACTOSINEE BPEMs OTOXKICCTBICHHBIX KaK YEpHEIC
neipel (Y1), PaccmarpuBatorcss YJI 3Be3IHBIX Macce B JBOWHBIX CUCTEMax, a TAaKKe CBEpPX-
maccuBHas YJ[ B meHTpe Hamel ["anaktuku. B kadectBe 00bekTOB A 1 b BRICTYHArOT 3BE3-
IBI pa3sMUYHBIX KiaccoB. OCHOBHAsS TeOpeTHYecKas MPEAIOCHUIKa OCHOBaHA Ha ITOMCKAX
JIOTIOJTHUTENHHOTO BO3MYIIAIOIIET0 YCKOPEHHUS, €r0 XapaKTEPHOTO0 CUCTEMAaTHUECKOTO BITH-
SIHHS Ha HaOJto[jaeMble JIBIKEHUS OOBEKTOB B OKPECTHOCTSAX IPEANONaraéMbIX KaHIUAa-
toB B KH. Jlns1 mpoBepku MOJENH HCIONB3YIOTCS JaHHBIE KOCMHUYECKOH obcepBaTopuu
GAIA. C uenpio mpoBepKH MOJIEIH COCTABJICH KaTaJIOT HauOoliee MEePCIEKTHUBHBIX JBOM-
HBIX 00BeKTOB. J[JI1 HEKOTOPBIX PEaIbHBIX CUCTEM OIIEHHUBAIOTCS BO3MYIIAIONINE TOTIOIHHU-
TeJNbHBIE YCKOPEHUS U BBI3BaHHbIC UMH XapaKTepHbIE TIEPHOIUIHOCTH CKOPOCTEH.

KaioueBble c10Ba: NpoxXoauMble KPOTOBBIE HOPBI, TPAaBUTAIIMOHHBIC BO3ZMYIIEHUSI, KOCMH-
geckas obcepBaTopus GAIA

Beenenue. Kporosrie HOphl (KH) mpencraBmstor cobGoi CTPYKTYpHl MPOCTpaH-
CTBa-BpeMEHHM HeTpuBHaIbHOW TOmomoruu. KH OBl BHIEpBBIE MPETOKEHBI
OitnireiinoM u Pozenom [1] kak «moct DiHmTeitHa — Pozenay». KH sBnsitoTcst
pemennsmu kinaccudeckod OTO nHapsimy ¢ wepusiMu apipamu (U/1). B cumy mHo-
TOKpaTHOTO yBepeHHOTo oOHapyxeHus YJ| ¢ oMoIplo Kak HaOMIOIeHU 00BheK-
TOB B MX OKPECTHOCTSX, TaK M C IMOMOIIBI0 HOBBIX METOAOB I'DaBUTAIIOHHO-
BOJIHOBOM acTpOHOMMHM, NMOMCK U oToxzaecTBieHne KH craHoBuTCs akTyanbHON
3agaueit. KH u U/l obnamarorT XapakTepHbIMH acTpo(U3NIecCKUMU CBOWCTBAMH,
KOTOpbIE Ha TEKYyIEM ypOBHE Mojesiell M HaOIroAaTeNbHBIX TOYHOCTEH HEBO3-
MOXHO C JOCTOBEPHOCTHIO pa3innunutb. OnHako Takoe cBorctBo KH kak mpoxoau-
MOCTb, CBOMCTBEHHOE IIMPOKOMY TEOPETHIECKOMY KIIACCy TaKUX OOBEKTOB, MOYXKET
ITO3BOJIUTH TIOJIYYHTh acTPOPU3MUSCKUE CBOMCTBA, XapakTepHbIe TObKo mist KH.
[Ipoxonumocts KH MoHO obecneunBarh Kak ¢ MOMOIIbIO OOBIYHOTO BEILECTBA
[2], Tak ¥ C TTOMOIIBLIO SK30THUYECCKOW MaTepuu. TpamuIlmOHHO BBOIWMAS YK30TH-
YecKash MaTepHs JUIsl CTaOMIN3allii TOPJIOBUHBI HAXOIWUT MOATBEPXKICHHS B HE-
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nmaBHuX uccienoBanmsx Dark Energy Spectroscopic Instrument (DESI) [3], co-
IJIACHO KOTOPBHIM B OoJiee paHHell BceneHHoi nMeno MecTo JOMUHUPOBAaHHUE JK30-
THYECKOTO BHJIa TEMHOH SHepruu — (aHTOMHOU dHepruu. Takum oOpaszoM, mpo-
xonumble KH mosmydaroT JONOJHUTENBHBIA KOCBEHHBIM CTAaTyC pealMCTHYHBIX
00BEKTOB.

Metoabl U MaTepuaibl; pe3yabTaThl. PaccMaTpuBarOTCsS METOABI BO3MOXK-
HOro OOHapyxeHus npoxoanMbix KH, ocHOBaHHBIE Ha TPAaBUTAIIMOHHOM BIIMSTHUT
BO3MYIIAIONIETO 00BEKTa (3Be3/1a, OOBEKT A) IO TYT CTOPOHY CTAOMIILHOM TOPJIO-
Bunbl KH Ha nBmkenus HabmogaemMoro oobsekra (3Be3a, oobekt b). [l mpocto-
o1 KH wumeer TOMOMOTHYECKYI0 CTPYKTYPY JMABYX CIIMBOK MPOCTPAHCTB
IBapumuneaa. He cmotps Ha To, uro npocteitiune KH [IBapumunsaa He MOTYT
OBITh MPOXOAWMBIMHU, MBI NIPHHUMAEM Takoe NpUOIIDKeHHe 0e3 ydeTra METPHKH
BOJIM3HM TOPJIOBUHBI B CHJIy TOTO, YTO MCXOJS M3 PACCMOTPEHHS PEealbHBIX acTpo-
¢m3nueckux cucreM o0beKT b HaxomuTcs Ha 3HauuTenbHOM ynaneHnn ot KH
W acuMnToThdeckoe mnpudmmkenue LlIBapummiabia MOKET OBITH MPUMEHUMBIM.
B nanpHelimneM miaHupyeTcs ydeT 0ojiee TOHKMX dPQEKTOB, 3aBUCAIINX OT BHAA
KOHKPETHON METpHUH U ee mapameTpoB st npoxogumoit KH co crabuinbpHO#M Top-
noBuHON. MccneayroTest 1Be pa3auuHble CUCTEMBL, coepkamue kannuaata B KH.

B kagectBe kanauaatoB B KH paccMaTpuBaercsi cBepXMaccUBHAS depHast IbIpa
(U1) Sgr A* B nentpe [amaktuku u psp 3Be3n (00bekTHl b), obpamaromuxcs mo
AJUTUIITUYECKUM opOuTaM BOKPYT Hee. B pomm 00bekToB b BRICTYNaroT cremyromme
3Be3bl: S2, S21, S23, S4711, S4, S62. B ponn o6bekTa A 0 JPYryIO0 CTOPOHY OT
ropioBrHbl KH BeICTYNIalOT MOJIENTbHBIE 3BE3/1bI HA DJUTUIITHYECKUX OPOUTaX.

PaccmarpuBatorcs kannunarel B KH B Bune UJ1 3Be3nHbix Macc. B ponn 00b-
exTa b BeIcTymaroT HEHTpoHHBIE 3Be3/bl, 3Be311bI Kiacca O (VFTS-243) nnu kimacca
B, B T.4. 00bekThl GAIA. B ponu o0bekTa A TIO IPYTryi0 CTOPOHY OT TOPJIOBHHEI
KH ananoruyHo 1.1 BEICTYIarOT MO/IETBHBIE 3BE3/bI HA DJUIANITHIECKUX OpOUTAaX.

B pabote aBTOpOB [4] MCCIIe0BaNOCh TOTIOTHATEIBHOE BO3MYIIAIOIIEE YCKO-
peHue, co3naBaeMoe 00beKToM A Jijisi 00bekTa b, KOTopoe 3aBHCHT OT mapaMeTpoB
paccMaTpuBaeMbIx cucTeM: Macchl kannunata B KH, paaunyca ee ropnosussl, pa-
JIUaJbHOTO yJalleHUs HaOJloAaeMoro oOBeKTa OT TOPJIOBUHBI, @ OT TAaKXKE MEpH-
HEHTPUYECKOTO ¥ ANOLEHTPHYECKOTO PACcCTOSHUI Bo3Mymiamomero o0bekra A.
B paccMatpuBaemoil MojienH CymecTBEHHBIM MPEUMYIIECTBOM SIBIISIETCSI HE3aBH-
cuMOocCThb 3ddekTa 0T KOHKpeTHOTro BeIOOpa MeTpuku npoxoaumoit KH. beuto mo-
Ka3aHo [4], 9TO BeNWYMHA BO3MYIIAIONIETO YCKOPEHMS, OIIEHEHHAs JUIsl pealbHBIX
00beKTOB, Bappupyercs or 107* no 1072 ¢m/c?, 4To B OyAyIIEM NPH YBEIUYEHUH
TOYHOCTH HAOJFOIEHUH O3BOJIUT BBISIBUTH HCKOMBIN 3(h(eKT.

B nmannHO#l paboTe mMpHBOAATCS HOBBIE PE3YJIBTAThl KacaTeJbHO BO3MOXHBIX
CIOCOOOB BBISABJICHHUS XapaKTCPHBIX NMEPHOIUIHON IBMKEHUH 00BEKTOB b mpm
BIIUSHUM Ha HUX 00bekTOB A. PaccmarpuBarotes cucrembr S2, GAIA BH1, GAIA
BH3. Tloka3zano, uto BeaeneHue 3gdexra BO3MYIIAIOLUIETO YCKOPEHUSI HA OCHOBA-
HAW HaONIOACHUN JTy9eBOW CKOPOCTH 0O0BeKkTa b m ee cpaBHEHHS ¢ OXUAaCMOU
KEIJICPOBCKOM TpeOyeT MIUTENbHBIX HaOmoaeHuit (ot 10 JeT), ogHaKO MOXKET
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OBITH YNYYIIEHO MYTEM HCIIONH30BaHUSA (PHIBTPOB M3 MCKOMOTO CHTHAJjla M3BECT-
Horo npoduist. Takke OTMETHUM, YTO IS 3B€3/ B TAJIAKTHYECKOM LIEHTPE dPQEKT
BO3MYIIAOINIETO YCKOPEHHsI TpeobiafaeT HajJ OCHOBHBIMH KOHKYPHPYIOIIUMHU
s dhexramu (BO3MYIIIEHHEM OT OKPY’KAIOIINX 3BE3/ H OT TaJl0 TEMHOW MaTepuH), a
TOYHOCTH OTIpE/ICICHUs] YCKOPEHUS 3BE37bl B MEPULICHTPE OpOMTHI ABOHHOM cH-
creMbl o AaHHBIM GAIA, onjeHeHHas Kak (YHKIUS OMIMOOK HAaOMIOACHUS Tapa-
METPOB JTBOMHOMN CHUCTEMBI (MacC KaKI0H KOMIOHEHTHI, SKCIICHTPUCHUTETA OPOHUTHI,
MEepPHO/a), YKE COMOCTaBUMA C MPEACKA3bIBAEMOM MOCIBIO PACUCTHON BEIIMYMHOMN
ruckomoro 3¢ ¢ekra.

C 1enpl0 CUCTEMAaTHYECKOTO aHAIM3a yKa3aHHBIX 3PQEeKTOB MOCTPOEH Kara-
mora map «YJI 3Be3mHONM Macchl — 3Be3na». 3Be3nbl (00bekThl b) cnemyer oTOn-
paTh 1O NPUHIIKITY ONPEEIeMbIX C HAMMEHBIINMH OIIMOKaMU BETUYUH CKOPOCTH
Y YCKOPEHHs, a TAaK)Ke HE TOJBEP)KEHHBIX 3HAUNTEIFHBIM aKKPEIIMOHHBIM 3 deK-
TaM, KOTOPBIE HE YIUTHIBAIOTCS B paCCMATPUBAEMON MOJIEIIH.

3aknwuyenne. B naHHOi paboTe MPOMODKEHBI MOUCKH HAOIIOIATEIBHBIX
nposiBiieHni npoxoauMbix KH co crabunbHbiMU ropiioBuHamu [4], a UMEHHO, HC-
CJIETOBAaHMS BIUSHUS BO3MYIIAIOIIETO YCKOpEHUs 00bhekTa A (pacioioXKeHHOTO
IO JIPYTYIO0 CTOPOHY TOPJIOBHHBI) HA M3BECTHBIE HaOIr01aeMbie 00BeKTh b (3Be3161
BOKpPYT LieHTpa ['anakTuku; 3Be3/1bl B CUCTEMAaX, COIEPIKALINX BTOPHIM KOMITOHEH-
tom YXK 3Be3mHOU Macchl). [lo cocrostHnro Ha 2024 T. TOYHOCTH OMpEEIICHUS
YCKOpPEHUS 3B€3/Ibl B IEPUIICHTPE OPOUTHI TBOMHOI CHCTEMBI B aCTPOMETPUIECKOM
npoekte GAIA comocTtaBuMa ¢ MpeACcKa3bIBaeMONH MOJICTBI0 PACCUCTHON BEITUUH-
HoM uckomoro >¢dekra, or 10 no 102 cm/c?. [Ipu pacCMOTPEHUH CHHTETHYECKHX
cucreM, cocrosmux u3 npoxonumoit KH, o0bekTa A 1 HEUTPOHHOI 3BE3/IbI B Ka-
yectBe 00bekTa b Ha cropoHe HabmromaTens NpU CHENHUAILHOM IMOA00pE Macc
U mapamMeTpoB opouT 3(h(HeKT BO3MYIIAIONIETO YCKOPEHHUS JJOCTHTAET BEJIHUYHH I10-
panka 1.5 cM/c?, uTo nenaer MccieayeMblii TPaBUTAIIMORHbIN S3)MEKT KPUTHIECKU
3HAUYUMBIM )14 noucka npoxoaumMbeix KH B Hamieil B Hamelt ['anaktuke.

JanpHeimas cTparerus NOMCKa HETPUBHANIBHBIX CTPYKTYp BO BceneHHou
¢ He00XO0IMMOCTBIO TOJKHA BKIIIOYATH CIIEIYIOIIUE STAIIBI.

UccnenoBanne nuHamudeckux 3QQeKToB B OTOOPAaHHBIX aCTPO(U3NUECKUX
cucTeMax, a UMEHHO: PsJ] 00BEKTOB B IIMPOKUX JIBOWHBIX CHUCTEMax W3 JIaHHBIX
muccun Gaia (2024), comepkaiux TeMHble 00bEKTHL. B pamkax 3Toi 3aqauu 1uia-
HUpYETCSl OopraHu3anusi HaOiogaTenbHo mporpaMmel Ha teneckone BTA CAO
PAH, kak B onTH4eckOM Iuama3oHe, TaKk U B PEKUME CIIEKTPOCKOITMYECKUX U3Me-
pennii. U3 BhizeneHHBIX 00bekTOB cucteMbl Gaia DR3 4318465066420528000
(0.59 knx) n Gaia DR3 4373465352415301632 (0.48 KnK) JOCTYIIHBI JJis1 HAOJFO-
nenuii B ycinoBusix bTA u npencTaBiisitor co0oil MepCIeKTUBHBIE KaHAUIATHI JIIS
COCTaBJICHHSI 3asBKH, OPTaHM3allMHN, POBEACHUS HAOMIOATeIHOW MPOTPaMMBbl H
00pabOTKH pe3yIbTATOB.

Pacuer u MonmenupoBaHue CTOXaCTUYCCKUX TPABUTAIIMOHHBIX ITOJICH C IEThI0
y4eTa MX BIWSHUS Ha TPaBUTAI[MOHHBIE BO3MYIICHHSA, KOTOpble 00BEKT A Oymer
OKa3bIBaTh Ha 0OBEKT b.
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Abstract. The paper presents some methods and preliminary results of the observational
search for traversable wormholes (WHs). The basic model system under consideration is a
traversable WH of the simplest type (a stitching of two Schwarzschild spaces), object A on
the other, unobservable, side of the WH neck and object B on the observable side. A num-
ber of real objects, currently identified as black holes (BHs), are taken as candidates for
WH. BHs of stellar masses in double systems are considered, as well as a supermassive BH
in the center of the Galaxy. The objects A and B are stars of different classes. The main
theoretical model is based on the search for an additional perturbing acceleration and its
characteristic systematic influence on the observed motions of objects in the vicinity of the
supposed candidates for WH. Data from the GAIA space observatory are used to test the
model. In order to verify the model, a catalog of the most promising double objects is com-
piled. For some real systems, the perturbing additional accelerations and the characteristic
velocity periodicities caused by them are estimated.

Keywords: traversable WH, gravitational disturbances, GAIA space observatory

Introduction. Wormhole (WH) is space-time structure of nontrivial topology.
WHs were first proposed by Einstein and Rosen [1] as an “Einstein — Rosen
bridge”. WHs are solutions of classical GR along with black holes (BHs). Due to
the repeated confident detection of BHs by means of both observations of objects
in their neighborhoods and new methods of gravitational-wave astronomy, the
search and identification of WHs becomes an urgent task. BHs and WHs have
characteristic astrophysical properties that cannot be reliably distinguished at the
current level of models and observational accuracies. However, such a property of
BHs as traversability, which is characteristic of a wide theoretical class of such ob-
jects, may allow us to obtain astrophysical properties characteristic only of WHs.
The traversability of the WHs can be ensured both by means of ordinary matter [2]
and exotic matter. Traditionally, the introduction of exotic matter to stabilize the
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throat is confirmed by recent studies of the Dark Energy Spectroscopic Instrument
(DESI) [3], according to which the earlier Universe was dominated by an exotic
form of dark energy, phantom energy. Thus, passable WHs receive the indirect sta-
tus of realistic objects.

Methods and materials; results. We consider methods of possible detection
of traversable WHs based on the gravitational influence of a perturbing object (star,
object A) on the here side of the stable neck of the WH on the motions of the ob-
served object (star, object B). For simplicity, the WH has a topological structure of
two stitches of Schwarzschild spaces. Despite the fact that the simplest Schwarz-
schild WH cannot be traversable, we adopt such an approximation without taking
into account the metric near the neck due to the fact that, based on the considera-
tion of real astrophysical systems, the object B is at a considerable distance from
the WH and the asymptotic Schwarzschild approximation may be applicable. Two
different systems containing a WH candidate are investigated.

The supermassive BH Sgr A* in the center of the Galaxy and a number of stars
(B objects) orbiting elliptically around it are considered as candidates for a WH.
The following stars act as objects B: S2, S21, S23, S4711, S4, S62. Model stars in
elliptical orbits act as object A on the other side of the WH neck.

We consider candidates to WHs in the form of stellar-mass BHs. The role of
object B is played by neutron stars, O-class (VFTS-243) or B-class stars, including
GAIA objects. Model stars in elliptical orbits also play the role of object A on the
other side of the WH neck.

The authors [4] studied the additional perturbative acceleration created by ob-
ject A for object B, which depends on the parameters of the systems under consid-
eration: the mass of the WH candidate, the radius of its neck, the radial distance of
the observed object from the neck, and the pericentric and apocentric distances of
the perturbing object A. In the model under consideration, a significant advantage
is the independence of the effect from the specific choice of the metric of the tra-
versable WH. It has been shown [4] that the magnitude of the perturbing accelera-
tion estimated for real objects varies from 10 to 102 cm/s?, which in the future, if
the accuracy of observations is increased, will allow us to detect the desired effect.

In this paper we present new results concerning possible ways of revealing
characteristic periodic motions of objects B under the influence of objects A. The
systems S2, GAIA BH1, GAIA BH3 are considered. It is shown that the identifica-
tion of the effect of perturbing acceleration on the basis of observations of the radi-
al velocity of object B and its comparison with the expected Keplerian velocity
requires long observations (from 10 years), but can be improved by using filters
from the sought signal of known profile. We also note that for stars in the galactic
center, the effect of perturbing acceleration dominates over the main competing
effects (perturbation from surrounding stars and from the dark matter halo), and the
accuracy of determining the acceleration of a star in the pericenter of the orbit of a
double system from GAIA data, estimated as a function of the errors in observing
the parameters of the double system (masses of each component, orbital eccentrici-
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ty, and period), is already comparable to the model-predicted calculated value of
the desired effect.

In order to systematically analyze these effects, a catalog of stellar-mass “BH —
star” pairs was constructed. Stars (objects B) should be selected according to the
principle of velocity and acceleration values determined with the smallest errors, as
well as those not subject to significant accretion effects.

Conclusion. In this paper, we continue the search for observational manifesta-
tions of traversable WHs with stable necks, namely, studies of the effect of the per-
turbing acceleration of object A (located on the other side of the neck) on the
known observable objects B (stars around the center of the Galaxy; stars in systems
containing stellar mass BH as the second component). As of 2024, the accuracy of
determining the acceleration of a star in the pericenter of the orbit of a double sys-
tem in the GAIA astrometric project is comparable to the model-predicted calculat-
ed magnitude of the desired effect, from 10 to 10 cm/s>. When considering syn-
thetic systems consisting of a traversable WH, object A and a neutron star as object
B on the observer's side with a special selection of masses and orbital parameters,
the effect of perturbative acceleration reaches values of the order of 1.5 cm/s?,
which makes the studied gravitational effect critically important for the search for
traversable WHs in our Galaxy.

The further strategy of search for nontrivial structures in the Universe should
include the following stages.

1. Study of dynamical effects in selected astrophysical systems, namely:
a number of objects in broad double systems from Gaia mission (2024) data con-
taining dark objects. As part of this task, it is planned to organize an observational
program at the BTA telescope of SAO RAS, both in the optical range and in the
spectroscopic measurement mode. Of the selected objects, the GAIA DR3
4318465066420528000 (0.59 kpc) and GAIA DR3 4373465352415301632 (0.48
kpc) systems are available for observations at the BTA and represent promising
candidates for compiling an application, organizing, conducting an observational
program, and processing the results.

2. Calculation and modeling of stochastic gravitational fields in order to take
into account their influence on the gravitational perturbations that object A will
exert on object B.
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KnroueBble c10Ba: perysipHbIEC YEPHBIE JBIPEI

Brenenue. B xnaccuueckoii Teopun yepHbIx Abip (U[]) cyiecTByeT psi mpooiiem,
HampuMep: HaJlM4Me CUHTYJISAPHOCTEH M reojie3ndeckas HEMONHOTa HEKOTOPBIX
pemeHni. Takas cuTyalysl BBI3BIBAET MHOTOYHMCIICHHBIE MOINBITKH IIPEONOJICHUS
3THX W JAPYrHX MpoOiieM kiaccuueckoi Teopun YJ[. B wactHOcTH, MMeeTcs
HaTpaBJIeHHUE, TJe CTPOATCS YIPOILICHHBIE KBAHTOBBIE OOBEKTHI, CITyKAaIINE MOJIe-
nssvu Y/1 [1-6].

MeToabl M MaTepuajbl; pe3yJbTarTbl. OCHOBHBIMU pe3yJbTaTaMU AaHHOU
nyOnuKanuy siBJsieTcsl mpruMeHenue perenta Kacaauo P. mist momyyenus peryins-
pPU30BaHHOM METPUKH Ha OCHOBE MPEJCTABJICHUS O KOTEPEHTHBIX COCTOSHUSAX BUP-
TyaJIbHBIX HBIOTOHOBCKHX IpaBUTOHOB [4, 5]. Cxema paccyxaeHui TakoBa. KBaH-
TOBBIA TIOAXOA K TPaBUTALIMOHHOTO B3aUMOJEHCTBHIO IMPHUBOJUT K OIHMCAHHUIO
IPaBUTOHOB HAa OCHOBE KOT€PEHTHBIX COCTOSIHHM, MMOCKOJBKY 3TH COCTOSIHHS JO-
CTaTOYHO OJIM3KH K KIACCHYECKHM COCTOSIHUSIM IIPH OOJBLIOM unciie KBaHTOB. [1o-
CKOJIBKY CpeJIHEE YHMCIIO KBAHTOB B KOT€PEHTHOM COCTOSIHUM JOJDKHO OBITH KOHEY-
HO, TOSBJIsIETCA HEOOXOUMOCTh B 00pe3aHMH, KOTOPOE BBOJIUT HOBBIM MapameTp
B MeTpuky Y/ IIpu sTom MeTpuka Y/l okazbiBaeTCsl peryisipu30BaHHOM.

3ak0yenue. Mbl IPEATIOKUIN BAPUAHT YABTPAQHUOIETOBOrO 00pe3aHus HTeE-
rpana Jjsl TIO/ICUeTa Yhcia KOT€PEHTHBIX COCTOSHUM TPaBUTOHOB U PETyJISpU3aLU
MeTpuky YJI, ¥ nosyumu perysisipHyr0 METPUKY, KOTOpasi UMEET CBSI3b C METPUKOU
[7]. B moknane npuBenena Monudukanus pemenus: Peficcnepa — Hopactpema st
3apsoxenHoi Y /1, siestromerocs anpTepHaTHBHON pemenunto Kacammo [5].
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Introduction. In classical black hole theory (BH), there are a number of problems,
for example: the presence of singularities and the geodesic incompleteness of some
solutions. This situation causes numerous attempts to overcome these and other
problems of the classical theory of BH. In particular, there is a direction where
simplified quantum objects are built, which serve as BH models [1-6].

Methods and materials; results. The main results of this publication are the
use of the Cascadio R. recipe to obtain a regularized metric based on the idea of
coherent states of virtual Newtonian gravitons [4, 5]. The scheme of reasoning is as
follows. A quantum approach to gravitational interaction leads to the description of
gravitons based on coherent states, since these states are close enough to classical
states for a large number of quanta. Since the average number of quanta in the co-
herent state must be finite, there is a need for a cut that introduces a new parameter
into the BH metric. In this case, the BH metric is regularized.

Conclusion. We proposed a variant of ultraviolet truncation of the integral for
counting the number of coherent states of gravitons and regularization of the BH
metric, and obtained a regular metric that has a connection with the metric [7]. The
report provides a modification of the Reissner-Nordstrom solution for a charged
BH, which is an alternative to the Casadio solution [5].

References

[1] Berezin V.A. On quantum gravitational collapse and quantum black holes. Physics of elemen-
tary particles and the atomic nucleus, 2003, vol. 34, no. 7, pp. 49—111. (In Russ.).

[2] Dvali G., Gomez C. Black Hole’s Quantum N-Portrait. ArXiv:1112.3359v1, 2011.

[3] Dvali G., Gomez C., Liist D. Classical Limit of Black Hole Quantum N-Portrait and BMS
Symmetry. ArXiv:1509.021141v1, 2015.

[4] Casadio R. Black Hole Quantum States and Resolution of the Singularity. Universe, 2021, no.
7. ArXiv: 2103.00183v4 [gr-qc].

[5] Casadio R., Giust A., Ovalle J. Quantum Reissner-Nordstrom Geometry: Singularity and Cau-
chy Horizon. Phys. Rev. D, 2022, vol. 105, art. no. 124026. ArXiv: 2203.03252v1 [gr-qc].

[6] Neznamov V.P., Sedov S.Yu., Shemarulin V.E. The Quantum Model of Spinning Black Holes.
Int. J. Mod. Phys. 4, 2024, vol. 39 (2-3), art. no. 2450012.

[71 Dymnikova I. Vacuum nonsingular black hole. Gen. Rel. Grav., 1992, vol. 24, art. no. 235.



XXIV MexcdyHapoOHas Hay4Has KoOH@epeHyusa «Puaudeckue uHmepnpemayuu meopuu 0mHoCUMensbHoOCmu» 319

uDC 530.12

Tidal Love Number as a Distinguishing Feature between
a Boson Star and a Fermion Star

Sharma Ranjan(”) rsharma@associates.iucaa.in

Abhishek Paul paulabhishek.res@gmail.com

IUCAA Centre for Astronomy Research and Development, Department of Physics, Cooch Behar Pan-
chanan Barma University, India

Abstract. The paper analyzes tidal behaviour to distinguish between a boson star and a
fermion star. The authors assume two different stellar compositions of identical mass and
radius: one composed of a self-interacting scalar field (boson star) and the other composed
of fermions (quark star). The model parameters of the equation of state (EOS) describing
the material composition of the two configurations are so chosen that the resultant stellar
configurations take identical values of mass and radius. The tidal behaviour of the stellar
compositions is then examined. In particular, the tidal Love Numbers are calculated for the
two different configurations which show distinct behavior. The study highlights the signifi-
cance of tidal Love Number as a distinguishing feature between a boson star and a fermion
star.

Keywords: boson star, quark star, tidal love number

Introduction. A boson star is a self-bound system composed of self-interacting
real or complex scalar field whose mass and radius can be made comparable to that
of a neutron star or a quark star. The question then arises: how can we distinguish a
boson star from that of a fermion star of equal compactness? In this paper, we pro-
pose a novel method to distinguish between a boson star and a fermion star by ana-
lyzing the tidal behaviour of two stars. It should be stressed that the current era of
multi-messenger astronomy has opened up new windows of opportunity to con-
strain the EOS of a compact star. In particular, the gravitational waves data provide
valuable insight into the structure and matter composition of a compact star. Esti-
mation of the tidal deformability of a star, characterized by the tidal Love Number
(tLN), is one such avenue through which one may gain valuable information about
the composition and structure of a compact star. Note that tLN increases from zero
to higher values depending on the difficulty level in deforming a body subjected to
an external gravitational field.

Methods and materials; results. We consider the X-ray pulsar Her X-1 as a
test body for our analysis. Her X-1 is estimated to be a highly compact star and
consequently, many authors have suggested it to be composed of quarks [1-4]. It
has also been suggested that Her X-1 might be a di-quark star, i.e., a boson star de-
scribed by a self-interacting scalar field [5, 6]. Consequently, we consider two dif-
ferent EOS to describe the pulsar Her X-1: EOS corresponding to a self-interacting
scalar field (boson star) and EOS corresponding to a fermionic matter (quark star).
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In our calculation, we use the EOS developed in reference [7] for the bosonic con-
figuration and use the MIT bag model type linear EOS for the quark star configura-
tion. Using the EOS, we numerically integrate the Tolman-Oppenheimer-Volkoff
(TOV) equations to calculate the mass and radius of the star. In this method, the
model parameters are fixed so that in the both cases, identical masses and radii are
obtained, which lie well within the estimated mass and radius of the pulsar Her X-1
[8]. The data set is then used to calculate the tLN [9]. It is interesting to note that
even though we have two different stellar compositions providing identical mass
and radius, they show distinct tidal behavior. The tLN for the bosonic configuration
is estimated to be 0.057 which is more than its fermionic counterpart which is
0.035.

Conclusion. Our analysis shows that tidal behaviour can be used to distinguish
between a boson star and a fermion star. It is noteworthy that while the tLN is zero
for a black hole, it is expected that a bosonic configuration should experience more
tidal deformation than a fermion star which is confirmed by our numerical analysis.
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AnnoTtanus. B moxmazne o0cykxmaaercss BBIBOA TEPMOAUHAMIYSCKUX BEIHYNH TS OIH3KUM
K DKCTpEeMalbHBIM YEPHBIM JbIPaM C KOCMOJOTHUECKON MOCTOSHHOW B JI00OM pa3zMepHO-
CTH MIPOCTPAHCTBA-BPEMCHH OOJIbIICH 2.

KuarwueBble ci10Ba: KocMoJorndeckas nocrosinaas, merpuka AnC-llIBapimmnbaa, SHTpoO-

Ty, TCMIIEpAaTypa, SKCTpEMaJibHasA Y€pHas AbIpa, SHTAJIbINSA

BBenenne. MeTpuka paguaqbHO-CUMMETPUYHON YepHO JBIpBI (CTaTU4YECKOTO
pelleHns ypaBHEHUH DWHINTEHHA) 3a]aeTCsl BRIpakeHHueM (cM., Harpumep [1])

2_ 2 d_”2 2 102
ds* =—f(r)dt +f(r)+r Q- )

XOpOH_IO HU3BCCTHO, 4YTO HepBLIﬁ 3aKOH TECPMOJAWHAMHKHU HE3APAKCHHBIX CTa-
TUYCCKUX YEPHBIX AbIP UMECT BU

SM = %SS, )
S'(r)

rae M — macca 4epHOi IbIpbl, K — IOBEPXHOCTHAS TPaBUTALMS K = .
T lr=ry

Panuyc ropusoHTa coObITUil 7, BBIYMCIAETCA KaK HAMOOJBIINI KOPEHb ypaBHeE-
Hus f(r)=0. S — 3T0 3HTpOMNHUs, KOTOpasi paBHA YETBEPTH IO 4 TOPU30HTA

COOBITHI
A 2
S="=mr. 3
L 3)

MeToabl U MaTepuaibl; pe3yabTaThl. [10JI0KIM KOCMOJIOTHUYECKYIO ITOCTO-
sHAyt0 A otpunarensHoi. Torma B (3+1)-MepHOM MPOCTPAaHCTBE-BPEMEHHU JUIS
metpuku AnC-lIBapummisaa [2]

oM P
f(r)=1—7+2—2 )

B crcTeMe enuHul A=c=G =k =1.3necp b’ =—

> |
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UepHas 1pIpa HA3bIBACTCS SKCTPEMAILHON, €CIH ISl Hee BBITIOIHIIOTCS COOT-
Homenust f(r,)= f'(r;)=0. 13 ompeneneHus: BUIHO, YTO TEMIIEpaTypa 3KCTpe-
MaJbHOW 4YEpHOUW MABIpbl paBHA Hymro. s skcrpemanbHoOro perienus AnC-
HIBapummnbaa M =b=r,. Ecin mMacca HUXKE 3TOrO 3Ha4€HHs, TO NMPOUCXOAUT
(hazoBriit nepexon Xokuara-Iletimka [2], korma depHas ApIpa HeCTaOMIbHA U pac-

rmajgaeTcss Ha mpocTpaHcTBO AHTH-me—Currepa. Merpuka (4) mMmeeT o00O0IICHHE,
Ha3bpIBaeMoe uepHoii apipoit AnC-bapauna [3] ¢ pynkuueir f (), paBHOM

2Mr? r?
Jf)=l-——=+—7. ®)
2 272 b
(r"+g%)
3mechk g — 3apsa MarHUTHOTO MOHOMONSA. MeTrpuka (5) moiyJaercs, eciu K Jei-
ctButo ['mimpbepra — OHHIITEHHA C KOCMOJIOTUYECKOW ITOCTOSHHOW IOOaBUTH

JIEHCTBHE HEKOTOPOI HEIMHEHHOM 3JIEKTPOIUHAMHUKH.
Eciu y uwepnoit npipel ¢ A=0 ecTh snexkTpuueckuil 3apsn (, Toraa

QZ

S (r)=1———+=-. IlepBblii 3aKOH TEPMOIUHAMUKH IPUHUMAET B/
roor
K
OM =—0S+ @dQ,
27

r7ie (p — MOTEHIMAJ YEPHOH JIbIPHI.

Crmyuaii, xorga 3apsja paBeH Macce O =M , ONUCBIBAET HKCTPEMANIBHYIO UYep-
Hyto abIpy. Takas uepHas gsipa sBisgercss bIIC-pemennem B N=2 cyneprpaBura-
MY U TIpH GOJIBIIMX 7 METPHKA OMMCHIBAET MHOrooOpasue AdS* x S*. OrmeTum,
YTO TAK)K€ aKTUBHO M3Y4alOTCs BPAIIAIOIIUECS YePHBIE ABIPbI, KOTOPBIE TOXKE MO-
I'YT OBITh 9KCTPEMAIIbHBIMHU.

DHEPTHUIo, SHTPOIHUIO ¥ MOTESHIIUAIl YePHOH JIBIPBI C 3apsaoM () MOXKHO Haxo-
IUTh U3 aeicTBust / 10 hopmyiam

po[OL) _efar) g gfa) Lol ©)

—_— p— —_— . (p — .
), Bloo), B ), ploo),
Hanpumep, mst sHTponuu 3ta GopMmylia UMeET IPEUMYILECTBO 10 CPABHEHUIO

C (3) TEM, YTO OHa IMO3BOJIACT BEIYUCIIATE KBAHTOBLIC ITOIIPABKU YE€PE3 CTATUCTUYUC-
CKYIO CyMMy Z

S= 1—[3i logZ.
dp

B knaccudeckom npenene Z = exp(—/). Jns pemenus llIsaprmmnsaa u AnC-

[IBapmmunsaa (4) BEIBOI SHTpONUH TpuBeAcH B [5]. Kinaccuueckue BeamauHs! (6)
OBLTN BBIYHCIICHBI B JIIO0O0M pa3MepHOCTH B [4].
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Taxoke Ob1TO 3aMedeHo [6], [7], 9TO Ay MTOTHOM aHAJOTHH C TIEPBBIM 3aKOHOM
TePMOJMHAMHKH B (2) HE XBaTaeT CJIaraéMoro ¢ JlaBjieHueM. bbulo moka3aHo, uTo,
€CJIM Maccy YEPHOW IBIPbl 3aMEHUTh Ha 3HTAIbNUI0 H =M + PV, T0o naBinenue P
MPOIOPITUOHATHFHO KOCMOJIOTUYECKON TTOCTOSTHHOM,

3akawuenue. B moxmame paccMaTpuBarOTCS TEPMOJMHAMHUYECKUE CBOHCTBA
IKCTPEMAaJIbHBIX, a TAKXKe ONM3KUX K IKCTPEMAITbHBIM Y€PHBIM bIpaM ¢ KOCMOJIO-
TUYECKOHN MOCTOSIHHOM. 3/1eCh UMCIOTCS 3aMeUaTe/IbHbIC aHAIOTHU C Teopueh (a-
30BBIX MEPEXOAOB U ra3oM BaH-nep-Baanbca. Taxke Oyner obcyxaaThcst yepHas
neipa bapauaa-ne-Currepa.
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Abstract. We discuss the derivation of thermodynamic quantities for near-extremal black
holes with a cosmological constant in any spacetime dimension greater than 2.
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Introduction. The metric of a radially symmetric black hole (a static solution of
Einstein's equations) is given by

r

ds* =—f(r)dt2+%+r2d(22. (D

It is well known that the first law of thermodynamics of uncharged static black
holes has the form
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SM = %SS, @)

LG . The
T lr=ry

where M is the mass of black hole, «is the surface gravity x =

radius of the event horizon is calculated as the largest root of the equation
f(r)=0. S is the entropy, which is equal to a quarter of the area A of the event
horizon

A 2
S=—=mnr;. 3
2 (3)

Methods and materials; results. Let us set the cosmological constant A to be
negative. Then in (3+1)-dimensional space-time for the AdS-Schwarzschild metric [2]

oM
f(r)=1—7+[:—2 )

in the system of units #=c=G =k =1.Here b* = —% .

A black hole is called extremal if it satisfies the following relations:
f(ry)=f"(ry)=0. From the definition it is clear that the temperature of an ex-
tremal black hole is zero. For the AdS-Schwarzschild extremal solution relation
holds: M =b=r,. If the mass is below this value, then the Hawking-Page phase
transition occurs [2], when the black hole is unstable and decays into an Anti-de-
Sitter space. The metric (4) has a generalization called the AdS-Bardeen black hole
[3] with a function equal to

2Mr? r?
f(’”)=1——3+b—2- Q)
(r* +g%)?
Here g is the charge of the magnetic monopole. The metric (5) is obtained if

the action of some nonlinear electrodynamics is added to the Hilbert-Einstein ac-
tion with the cosmological constant.

oM Q?
If a black hole ¢ has an electric charge Q, then f(r)=1-——+ Q—2 .
r r

The first law of thermodynamics takes the form
SM =S85 + 30,
2n

where @ is the potential of a black hole.
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The case where the charge is equal to the mass Q=M describes an extremal
black hole. Such a black hole is a BPS-solution in N = 2 supergravity and for large

r the metric describes the manifold 4dS*x S*. Note that rotating black holes,
which can also be extremal, are also actively studied.

The energy, entropy and potential of a black hole with charge O can be found
from the action / using the formulas

E:[a_lj _ELG_IJ i S:ﬁ(ﬂ) s (p:l[gj _ (6)
), Bloo), By pLoQ ),

For example, for entropy this formula has an advantage over (3) in that it al-
lows one to calculate quantum corrections through the statistical sum Z

S =[1—Bdiﬁjlog2.

In the classical limitZ ~exp(—/). For the Schwarzschild and AdS-

Schwarzschild solutions (4) the derivation of the entropy is given in [5]. The clas-
sical quantities (6) were calculated in any dimension in [4].

It was also noted [6], [7] that for complete analogy with the first law of ther-
modynamics in (2) the term with pressure is missing. It has been shown that if the
mass of a black hole is replaced by enthalpy H = M + PV, then the pressure P is
proportional to the cosmological constant.

Conclusion. The paper discusses the thermodynamic properties of extreme
and near-extreme black holes with a cosmological constant. There are remarkable
analogies with the theory of phase transitions and the Van der Waals gas. The Bar-
deen-de Sitter black hole will also be discussed.
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Abstract. We derive the Euclidean entropy of four-dimensional de Sitter spacetime by in-
tegrating the Kodama-observer anomalous entropy density over the compact Euclidean
section, obtained through a covariant Wick rotation discussed in [2]. Starting from the
comoving metric ds? = —dt? + e?"*(dr? + +r?dQ3) and enforcing the Kodama trajecto-
ry ref’t = C[2], we evaluate the anomalous entropy density Synomaious = (3H?)/(81G)
and show that the corresponding four-volume element reduces, after an exact coordinate
transformation, to that of a round four-sphere of radius H™1. The resulting total entropy
Sanomaious = T/ (GH?) reproduces precisely the Bekenstein-Hawking entropy (A/4G)
associated with the cosmological horizon. This calculation demonstrates that the anomalous
entropy approach [3], grounded in the Euclidean Quantum Gravity framework, yields cor-
rect and physically consistent results.

Keywords: black hole entropy, wick rotation, dynamical spacetime, kodama observer

Introduction. Euclidean Quantum Gravity offers a non-perturbative route to gravi-
tational thermodynamics by relating the semiclassical partition function to Euclide-
an manifolds [4]. Conventional methods rely on static spacetimes with analytic
continuations, however, these methods are inadequate for dynamical, non-
stationary geometries. The covariant Wick-rotation approach developed by
R. Singh, D. Kothawala [1] addresses this gap by defining Euclidean metrics

through a positive-definite combination g/a’ = g% — Ou%u?, where u® is a no-
where vanishing timelike vector field and © is the interpolating function between
two regimes generate Euclidean metric for ® = —2 in covariant way. We apply this
technique specifically to the Kodama observer in de Sitter spacetime, enabling a
robust calculation of horizon entropy.

Methods and materials; results. We apply the covariant Wick-rotation for-
malism to the de Sitter spacetime metric, employing Kodama observers character-
ized by trajectories defined by ref’* = constant. The resulting Euclideanized met-
ric contains cross-terms which are eliminated via the transformation w = Href't,
revealing explicitly the geometry of a four-sphere. The anomalous entropy density,
defined by (16mG)Sgnomaius = —2Gapu®u? + R, evaluates to Synomatous =
= 3H?/(8nG). Integration over the Euclidean manifold yields the total entropy
7/(GH?), exactly matching the standard Bekenstein — Hawking formula [5].

Conclusion. In conclusion, anchoring the covariant Wick rotation to a general,
nowhere-vanishing timelike observer field — exemplified here by the Kodama
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congruence — offers a powerful, self-consistent framework for computing horizon
entropy in dynamical spacetimes, as explicitly demonstrated for de Sitter space.
This approach underscores the universality and robustness of gravitational entropy
calculations within the Euclidean formalism, extending its applicability well be-
yond stationary solutions.
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Abstract. The paper comprises a generalized solution to non-linear PDEs, mainly interpre-
tated in the gravitation field equation [1]. The author shows that gamma matrices (Spinors)
are embedded within Christoffel symbols. This approach is usable for calculating geodesic
as: —I§c? = (21Tm0c3 I/\/—_lh), for a weak quantum gravitation field. Hence, it con-
cludes the followings: (a) 24 mathematical terms of second-order, as an integral part of
Ricci tensor; and (b) unification of all space-time geometries [3, 4].

Keywords: quantum gravity, general relativity, clifford algebra, ricci tensor, ricci flow,
geodesic

Introduction. Absolute Unified Mathematics of Quantum Gravitation, “AUM?”, is
developed to offer a complete solution to the following existing problems. These
includes: (I) quantum gravity and general relativity; (II) singularity and dark ener-
gy; and (III) many more. Its key objective is to incorporate Spin (gamma matrices)
within Christoffel Symbols, as discussed in the next section. This is of uttermost
relevance for analyzing the Spin-Dynamics of the gravitational field. Scientifically,
it discloses 24 second-order partial derivative terms (Quantum Gravitational
Waves), as an integral part of Ricci tensor.

Methods and materials; results. To derive the embedded quantum fields
within Christoffel, “[3j,”, I started with a covariant differentiation, “V;”, of a fun-
damental tensor, “g;,,”, as shown in equation (2) [1]. These equations are acquaint-
ed with first order covariant derivatives of gamma matrices, “y;” and “y,,”. Ac-
cording to the Clifford Algebra, these matrices are also referred as the basis vectors

of fundamental tensor, “g;,,”. These basis vectors, “y;” and “y,,”, are fundamental-
ly known by equation; g, = W [2].

% = [Vl + VilV¥m} + Gy + Y Gvit ] + 8oL + gipTl; (D)
The first order covariant derivatives, “V;, V;, V,”, of these fundamental ten-
sors, “ gim, gjm- 8ij» » are derived like equation (1). Further, I derived a torsion-free
Christoffel symbols of second kind, “Fi‘]-"”. This was pursued by substituting the
«08im O&m O8ij>,
ax > 9xi’ gxm ’

. a 7] a
equation of “Tjj = ~g®™ [ i‘(‘]“ g)](m — g”]” [1]. With further simplification, I

have discovered equation (2) [3, 4].

partial derivatives of fundamental tensors, into the well-known
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OYm A% ) (6Ym A% ) (aYm dyi )
Yi (6x1 axm + ox axm Yl Y ax! axm +

Ly = gam% dm _ 9vi avi |, 9vj avi |, 9 > @)
+(Gm—aem)n +vm (55 + 50) + (G5 + 50) Ym
d2 o
@ = —[Igolc? -
1 ( —(y1tv2+v3 axo axo (Yo (yi1tv2+ Ys)) 2o
21+ (Yo (@ (Y1 +v2+v3)— (V)Yo) + (@ (y1+v2+v3)— (V)YO)YO)
_ [2r (E_ 5 5 % 2.
= - [ G -A-%-B)le )
_ g™ 6Fi'.m agm 61—‘wtm B
Ry = [[ B Ly + g S ]] + [[—M Tim + g% ]]+ rerd -t r @

Using equations (3), I calculated geodesic for a weak quantum gravity, as
shown by equation (3). As a result, it illustrates “energy-momentum relation” with-
in geodesic. Hence, validating equation (2). Additionally, the Christoffel symbols:

al—‘ij.m al—‘ioc,m

Tijm > Digm > o aw l"B] 1a , and Fﬁalf, given in equation (4) are also de-

rived using equation (2), respectively [3, 4].
Conclusion. In this framework, I have concluded the root characteristics of
Quantum Gravitation. These are elucidated through quantum fields of skew-
Ay ) . . By
a;,—X‘]T‘ - m{—yril)” and “(a;,—x’? - ;{—YI;)”, and symmetric, “(% + a—I’i)”, na-
ture. These fields are found embedded within Ricci curvature tensor, “R;;” based
on equations (2) and (4) [3, 4].

symmetric, “(
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AHHoTanusi. PaccmaTtpuBaroTcs penieHs BO3MYILEHHBIX YpaBHEHUH DHHIITEHHA B Hpo-
ctpanctBe llIBapuimmnbaa A ciaydas paclnpoCTpaHEHUs] CQEepHYEecKd CUMMETPHUYHBIX
3NEKTPOMArHUTHOM M I'PaBUTAIMOHHOM BOJIH, COOTBETCTBYIOIIMX BO3MYIIECHUSIM METPUKU
Baprmmnsaa. [Tokasano, 4To cdepudecknue 3JIEKTPOMArHUTHBIE BOJHBI HMEIOT CBSI3aH-
HBIE C HUMH INIPOIOJbHBIE TPAaBUTAIIIOHHO-BOJIHOBBIC KOMITOHEHTHI. [IpeanoxeHo ommca-
HHE OCHOBHBIX CBOWCTB I'DaBHTAllMOHHBIX BOJIH, CBSI3aHHBIX CO C(HEPUUECKHMHU 3JIEKTPO-
MarHUTHBIMH BOJTHAMH.

KuarwueBble cjioBa: rpaBuTaius DiHIITEHa, pocTpaHcTBo [lIBapummneaa, cBI3aHHbBIE
IpaBUTALIMOHHBIC BOJHBI, YJIEKTPOMATHUTHEIC BOJHBI, METPHUUYECKHUI TEH30P

BBenenue. [Ipu uccienoBaHuM TrpaBUTAMOHHON BOJIHBI, paclpOCTpaHAroUIencs
B HCKPHUBJIEHHOM MPOCTPAHCTBE-BPEMEHH, YaCTO HCHOJB3YIOTCS METOIbl TEOPUU
Bo3MmymeHu# [1]. B aToM cimyyae rpaBuUTAIMOHHBIEC BOJHBI PaCCMaTPUBAIOTCS, KaK

0
MaJlble BO3MyIIEHHs (POHOBOTO IPOCTPAHCTBA-BPEMEHH /1, =0g,,, .

B mycroM mpocTpaHCTBE IpU pacHpOCTPAHEHUM I'PABUTALMOHHOM BOJIHBI
B IyCTOM MPOCTPAHCTBE BJIOJIb HATIPABJIEHUS X' =X HEHYIEBBIMM KOMIIOHEHTAMH

TEH30pa BO3MYIUEHHS SBISIOTCS TONbKO momnepevno-nonepeunsie (TT): 4, A,

h..[2]. Onnako npu Hanmdmu ucrounuka I, #0 CBSI3aHHBIC TPABHTALMOHHBIC

BOJIHBI MOTYT UMeTh U nipopoisHbie (LL): A, , A _, &

it > x
(LT): h, h_, h, h

tz> "Txy Xz ?

B pa6orax [4, 5] Obumn momydensl LL KOMIIOHEHTHI TPaBUTALIMOHHON BOJIHBI,
CBSI3aHHOM € MJIOCKOM 3JIEKTPOMarHUTHOW BOJHOM, B MPOCTpaHCTBE MUHKOBCKOTO.
Lenpro maHHOW pabOTHI SABISIETCS aHATW3 KOMIIOHEHT TPaBUTAIIMOHHOW BOJHBI,
CBSI3aHHOM CO c(epuvecKoll 3JIEKTPOMArHUTHOM BOJHOM B MPOCTPAHCTBE
[[IBapimmabpaa Ha OCHOBE PELIEHHUS BO3MYIIEHHBIX YpaBHEHUI DHWHIITEHHA.

MeToabl 1 MaTepHaJibl; pe3yabTaThl. [ JOCTHKEHUS IIOCTABJICHHON Lienu
ObuIM pelleHbl BO3MYILICHHbIE ypaBHEHUs OWHIUTEiHA B IPOCTPAHCTBE
[Bapummibaa Aas ciaydas pacnpocTpaHeHHs cheprIecKH CUMMETPHUYHOM dIIeK-
TPOMArHWTHON BOJIHBI B paJuaJibHOM HaIpaBJIeHHH. V3 ycioBus chepruaecKoit
CUMMETPUYHOCTH 3JIEKTPOMATrHUTHBIX BOJH U M30TPOIHOCTH IPOCTPAHCTBa-

" IIPOJOJIbHO-TIOIIEPEYHBIC

xx 2

KOMIIOHEHTHI [3].
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BpEMEHH OBLIO ITOJIOKEHO, YTO IHArOHAIBHBIC MOTIePEeIHbIe KOMIIOHEHTH METPH-
YECKUX BO3MYILCHUN paBHBI MEXy COOOA.

Ha ocHOBe mosydeHHBIX TOYHBIX pPelIeHui, ObIIO MTOKa3aHo, YTo chepraecKas
SJIEKTPOMArHUTHAS BOJIHA MMEET YKCTO IPOJIOJIbHBIE TPaBUTALIMOHHO-BOJHOBBIC
KOMITOHEHTBI. DTH PEIICHUS MPECTABISIOT COOOM YETHBIC BO3MYIIEHUS METPUKU
[IBapumunpaa.

[TomydeHHbIe CBSI3aHHBIE TPABUTALIMOHHBIE BOJHBI HECYT WH(POPMAIIHIO O IIPO-
CTPaHCTBE, & UIMEHHO O MAacce YCPHOW ABIPHI, B aMIUIUTYIHBIX KO3 (UIIUCHTAX,
a TaKkKe B (a30BBIX MHOXKHTEISIX. Tarkke ObLIO MOKA3aHO, YTO aMIUIUTY bl CBSI3aH-
HBIX TPABUTAIMOHHBIX BOJH B MPOCTPAaHCTBE ¢ MeTpukoil [IBapummmeaa O6obie,
4YeM B IPOCTpPaHCTBE MUHKOBCKOIO, U3-32 HAJUYMsI TPABUTUPYIOILECH MACCHI.

3akiarouenue. [IpencrapieH aHamu3 CBSI3aHHBIX TPABUTAIMOHHBIX M AJIEKTPO-
MAarHUTHBIX BOJH C YYE€TOM BO3MYIICHHA METPUKH MPOCTPAHCTBA-BPEMEHU
IBapumuneaa. IlomydeHHble pe3yabTaThl MO3BOJISIOT PacCMaTpPUBATh BIIUSHUE
TPaBUTAIIMOHHO-BOJIHOBOM KOMITOHEHTHI Ha TPOIECCHl PAaCHpPOCTPAHCHHS U B3au-
MOJICUCTBUS 3JICKTPOMArHUTHBIX BOJH B 00JaCTH KOMITAKTHBIX T'PaBUTHPYIOIIAX
00BEKTOB.
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Abstract. Solutions of perturbed Einstein equations in the Schwarzschild space-time are
considered for the propagation of spherically symmetric electromagnetic and gravitational
waves corresponding to perturbations of the Schwarzschild metric. It is shown that spheri-
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cal electromagnetic waves have longitudinal gravitational wave components coupled with
them. A description of the basic properties of gravitational waves coupled with spherical
electromagnetic waves is proposed.

Keywords: Einstein gravity, Schwarzschild space-time, coupled gravitational waves, elec-
tromagnetic waves, metric tensor

Introduction. Methods of perturbation theory are often used in the study of a grav-
itational wave propagating in a curved space-time [1]. In this case, gravitational
waves are considered as small perturbations of the background space-time.

0
hy, = Sguv .
In Minkowski spacetime, when a gravitational wave propagates in empty

space along the direction x' = x, the nonzero components of the perturbation ten-

sor are only transverse—transverse (TT): A, h,, h_ [2]. However, in the pres-

ence of a source 7,, #0, coupled gravitational waves can have both longitudinal-
longitudinal (LL): 4,, A, , h, , and longitudinal-transverse (LT): &, h,, h,,, h

ty?> iz Txy? Txz
components [3].

In [4, 5], the LL components of a gravitational wave coupled with a plane
electromagnetic wave in Minkowski space were obtained. The purpose of this work
is to analyze the components of a gravitational wave coupled with a spherical elec-
tromagnetic wave in Schwarzschild spacetime based on the solution of perturbed
Einstein equations.

Methods and materials; results. To achieve this goal, the perturbed Einstein
equations in Schwarzschild spacetime were solved for the case of propagation of a
spherically symmetric electromagnetic wave in the radial direction. From the con-
dition of spherical symmetry of electromagnetic waves and isotropy of space-time,
it was assumed that the diagonal transverse components of metric perturbations are
equal to each other.

Based on the exact solutions obtained, it was shown that a spherical electro-
magnetic wave has purely longitudinal gravitational wave components. These solu-
tions are even perturbations of the Schwarzschild metric.

The resulting coupled gravitational waves carry information about space,
namely, the mass of the black hole, in amplitude coefficients, as well as in phase
multipliers. It was also shown that the amplitudes of coupled gravitational waves in
the space with the Schwarzschild metric are greater than in the Minkowski space
due to the presence of a gravitational mass.

Conclusion. An analysis of coupled gravitational and electromagnetic waves
is presented, taking into account perturbations of the Schwarzschild space-time
metric. The results obtained allow us to consider the influence of the gravitational-
wave component on the propagation and interaction of electromagnetic waves in
the field of compact gravitating objects.

x>



XXIV MexcdyHapoOHas Hay4Has KoOH@epeHyusa «Puaudeckue uHmepnpemayuu meopuu 0mHoCUMensbHoOCmu» 333

References

(1]

Fanizza G. et al. Linearized propagation equations for metric fluctuations in a general (non-
vacuum) background geometry. Journal of Cosmology and Astroparticle Physics, 2021, vol.
2021. https://doi.org/10.1088/1475-7516/2021/07/021

Landau L.D., Lifshitz EXM. Field Theory. Moscow, Fizmathlit Publ., 1987. (In Russ.).

Maggiore M. Gravitational Waves. Vol. 1: Theory and Experiments. Oxford, Oxford University
Press, 2008, 547 p.

Morozov A.N., Pustovoit V.I., Fomin I.V. On gravitational waves coupled with electromagnetic
waves. Space, time, and fundamental interactions, 2020, no. 2, pp. 53—63. (In Russ.).

Morozov A.N., Pustovoit V.I., Fomin 1.V. Bound gravitational waves in a dielectric medium
and a constant magnetic field. Eur. Phys. J. Plus., 2020, vol. 135.
https://doi.org/10.1140/epjp/s13360-020-00961-0



334 Mocksa, MITY um. H.3. baymaHa, 7-10 utons 2025 2.

YK 524.882:834

CUHryNApHbIA OTCKOK B TEOPUU rpaBUTaLMKU
C HEMUHUMaNIbHOU KUHETUYECKOW CBA3bIO
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AnHoTanusi. Hamu ObuT MCcnienoBaH CIEHApHi omcKkoka B paMKax OJHOPOIHBIX U H30-
TPOIHBIX KOCMOJIOTHYECKUX MOJEJIEH C NPOU3BOJIbHOM MPOCTPAHCTBEHHON KPUBU3HOHU B
TEOPHHU IPABUTALNH C HEMUHUMAJIbHOW KHHETUYECKOM CBSA3bIO CKAISIPHOTO TOJIS C KPUBU3-
HOIA, 3aganHOl unenoM (( / Ho*) G*'¢..4., B narpankuane. B obuiem ciydae MOAeNIb Ompe-
JEeTSIeTCsT MIECThI0 Oe3pa3MEepHBIMH TapaMeTpaMHM: IapaMeTpoM CBs3W ( M mapaMeTpamu
IUIOTHOCTH €2y (KOCMOJIOTHYECKasi MOCTOSHHAsA), €22 (MPOCTPaHCTBEHHAs! KPUBH3HA), (23
(HepensTHBUCTCKAs MaTepus), Q4 (m3nydenue), Q¢ (ckasapHoe mone). Kak U ouaanoch,
MBI OOHApPY’KIIHN, 9TO B KOCMOJIOTHYECKHX MOJEISIX C OTPUIATENIHLHOM MIIM HYJIEBOM Mpo-
CTPaHCTBEHHOW KPUBH3HOM HET TOYEK MOBOPOTA U/MIIM OTCKOKOB. B TO ke Bpems B Mozenu
C MOJIOXKUTEIbHOU NMPOCTPAHCTBEHHOM KPUBU3HOM MOIYT CYyIIECTBOBaTb KaK TOUYKa IIOBO-
poTa, Tak U OTCKOK. B 4acTHOCTH, OTCKOK — KoOrja cxxarue BceneHHOM cMeHseTcs pacllu-
peHHeM — IIPOUCXOAUT HPM T = T+, KOTaa a(t+) = amin = (3{0)"%, Tie T = Hot — Ge3pas-
MepHOE KOCMHUYECKOEe BpeMsl, a T+ — MOMEHT, KOT/Ia IIPOUCXOAUT OTCKOK. BaxkHblil dhakT,
YTO 3HAYCHUE Umin 3ABUCHUT TOJBKO OT { u (o, W He 3aBUCHT OT o, Q3 u Q4. Takum obpa-
30M, MBI 3aKJII0OYaeM, 4TO KOCMOJIOTHYECKasl ITOCTOSHHAs M OObIuHast marepus (B ¢opme
MIBUIA M M3JITyYEHUsI) OKa3bIBAIOTCS «3a3KPaHUPOBAHHBIMMY» B OKPECTHOCTH OTCKOKa. Hamm
OBUIO MOJY4YE€HO ACHMITOTHYECKOE MOBEACHHE MacITabHoro (akropa n mapamerpa Xabo-
7a BOMU3U OTCKOKa: a(t) = amin(1 + AT%/180) u h(t) ~ At/9(, rae At = 1 — v+ Takum oOpa-
30M, OBLIO MMOKa3aHO, YTO MacITaOHBINA (akTop a(r), mapamerp XabOma A(T) U Bce COOT-
BETCTBYIOIINE TEOMETPUYECKHE HWHBAPHAHTHl HMEIOT pPETYJISIPHOE NOBEAEHHWE BOIM3M
OoTCcKOKa. B wactHOCTH, a(T) — dmin, #(T) — 0 Tipu 7 — 7+ Taxoke peryisipHbI BOIH3H OT-
CKOKa 3Ha4Y€HUsI, XapaKTEPU3YIOIHE TUIOTHOCTh SHEPTHH MATEPUH, TAKUE KAK Pm~ d ™ U Pr
~ a*. B To e BpeMs HaMM OBLIO TIOKa3aHo, YTO, XOTS TEOMETPHS IIPOCTPAHCTBA-BPEMEHH
U TUIOTHOCTh SHEPTUHM MAaTEPHH OCTAIOTCSl PEryJIIPHBIMH BOJHM3M OTCKOKA, CKAIISIPHOE MOJIe
UMeeT TaM CHHTYJISpHOE moBejeHue. A umenHo, dd/dt ~ 1/At®> — oo mpu At — 0. B pe-
3yJIbTaTe HaMUu ObUI C/IeNiaH BBIBOJI, YTO IOJHAs JUHAMHYECKAasl CHCTEMa, OIMHCHIBAIOIIAS
KOCMOJIOTHYECKYIO SBOJIIOLHUI0 B TEOPUHM TPAaBUTAIMHM C HEMHUHUMAJIbHOM KHHETHYECKOU
CBSI3bI0, SIBIISIETCS] CHHTYJIIPHOW BOJIM3HM OTCKOKAa. Hackoiapko HaM M3BECTHO, TaKOM CIieHa-
pHi, KOTJla TeOMETpHUsl IPOCTPAHCTBA-BPEMEHN M IIJIOTHOCTH SHEPTUH MaTEPUU OCTAIOTCS
PEryJISIpHBIMHU ITPU MPUOIMPKEHNH 3BOIONUH BceleHHO K MOMEHTY OTCKOKa, B TO BpeMs
KaK IOBE/ICHHE CKAJIIPHOTO IOJISI CTAHOBUTCS CHHTYJISIPHBIM, paHee Obll HemsBecTeH. I1o
9TOH NPUYMHE 3TOT CLIeHapHii ObLI HA3BaH HAMH «CHHTYJISIPHBIM» OTCKOKOM.

KaroueBrble ciioBa: KpOTOBas HOpaA, JMHAMHUYECKasl KpOTOBAast HOPA, BCCIICHHAs d)pnz[MaHa

Jannas paboma 6vina noodepoicana epanmom Ponoa pazeumust
meopemuyeckol gusuxu u mamemamuxu « BA3UCy Ne 24-1-1-39-1.
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Singular bounce in the theory of gravity with nonminimal
derivative coupling

Sushkov Sergey Vladimirovich sergey_sushkov@mail.ru

Kazan Federal University, Kazan, Russia

Abstract. We explore bounce scenarios in the framework of homogeneous and isotropic
cosmological models with arbitrary spatial curvature in the theory of gravity with non-
minimal derivative coupling of a scalar field to the curvature given by the term ({ / H?)
G"¢..d.v in the Lagrangian. In general, a cosmological model is determined by six dimen-
sionless parameters: the coupling parameter {, and density parameters Qo (cosmological
constant), Q, (spatial curvature term), Q3 (non-relativistic matter), Q4 (radiation), Q¢ (scalar
field term). As expected, we find that there are no turning points and/or bounces in cosmo-
logical models with negative or zero spatial curvature. At the same time, both a turning
point and a bounce can exist in the model with positive spatial curvature. In particular, the
bounce — when the Universe's contraction is replaced by expansion — is happened at 7 =
7 when a(t+) = amin=(3{2)"?, where 1 = Hyt is a dimensionless cosmic time and 7« is
a moment when the bounce happens. It is important fact that the value amin depends only on
C and Q», and does not depend on Qo, Q3 and Q4. We find that near the bounce a(r) =
~ amin(1+AT¥/18() and h(t) ~ At/9, where At = 1 — 1+. Thus, the scale factor a(z), the Hub-
ble parameter /(7), and all corresponding geometrical invariants have a regular behavior
near the bounce. In particular, a(t) — amin, #(zr) — 0 as T — 7= As well the values character-
izing matter energy densities, such as pm ~ a and p; ~ a**, are regular near the bounce.
Nevertheless, though the spacetime geometry and energy densities remain to be regular near
the bounce, the scalar field has a singular behavior there. Namely, d¢/dt ~ 1/Az> — o as Az
— 0. As a result, we conclude that the complete dynamical system describing the cosmo-
logical evolution in theory of gravity with non-minimal derivative coupling is singular near
the bounce. On our knowledge, such the scenario, when the spacetime geometry and matter
energy densities remain to be regular at approaching the universe evolution to the moment
of bounce, while the behavior of scalar field becomes singular, was unknown before. For
this reason, we term this scenario as a singular bounce.

Keywords: wormhole, dynamic wormhole, Friedmann universe
This work was supported by a grant from the Foundation for the Development
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Original linear Lie algebra directly solves Standard Model
and Periodic System
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Abstract. The original geometric Lie algebra is linear, digital and differential, and in an
internal part exactly and exhaustively realizes the Standard Model of the elementary parti-
cles by serial lattice transformations of its orthogonal versus spherical infinitesimal genera-
tors. In an external part by the line congruence extension and expansion of their reciprocal
network through, primeval and astrophysical stages it further leads to an equally exact and
exhaustive realization of the Periodic System of the atoms and molecules and their crystal
structure, compositions and images as well as online interactive computer system bits and
algorithms.

Keywords: Alphabit, Aufbau, Betabit, computer program, crystallization, differential, digi-
tal, elementary particles, geometric, Lie algebra, linear, line congruence, Periodic System,
Standard Model

Introduction. The Standard Model remains the ultimate analog equation system of
the proliferating elementary particles, while the original Lie algebra applies its sole
particle element: “the straight line of length equall to zero” [1, 2] into a digital
transformation lattice of the infinitesimal generators of its geometry. First disclosed
in two dimensions as “eine gestreifte...algebraische Fldche” [3] it was shown how
this could be folded and connected in further planes and angles into the composi-
tion of a linear ‘vector’ space (Figure 1) but more fundamental since spanned by its
infinitesimal generators themselves instead of their tail-of-the-dog resultants.
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Fig. 1. Gestreifte Fla “chen of ordered linear algebra and plane geometry “/Imagina “r-Curven” by straight lines of
length equaling zero (distance between adjacent coordinate points) (a). Note equivalent organization as in a
present-day unordered linear vector space (b)

Methods and materials; results. This “/magindr-Curven” system [3] reaches
beyond the Standard Model by extending its network over the crystallization of the
Periodic Table [4]. Here lies the gamechanging nature of Lie’s linear algebra, not
in relation to his time but to the present-day abstraction into an immaterial ’vector’
space. But to Lie the line was not a mathematical idea but a real ”Ding” [3] and
thus a concrete construction element starting and acting from the infinitesimal level
to build the Cartesian/Euclidean space, piece by piece “as a partial differential
equation itself” in the “form f( x y z dx dy dz) = 0™ [1, 2]. This is thus the space
formula for which, quoting Lie, Descartes produces a quantity system x y z”...”he
has among the unlimited manifolds of possible co-ordinate systems chosen a defi-
nite one”...”one realizes that the straight lines that meet a given condition may be
used as the element of a geometry of the space, which gives a faithful representa-
tion of the algebra of three variables”. However, by itself the space is static but ”if
here x y z are perceived as parameters”...”’each point in the space is associated
with a cone, namely, the collection of tangents to those complex-curves that go
through the point in question”...”to the curves ¢ of the space r, thus unambiguously
correspond the curves C of a definite curve-complex in R”...”the two spaces are
mapped into each other”...”in such a way that to r’s points correspond in R the im-
aginary straight lines whose length equals zero.” There is thus a transition from a
point to a straight line”...”of length equal to zero as element” [1, 2], because points
have no extension but a Lie algebra neighborhood of the dx, dy, and dz enclosing it
as the distance in each direction between adjacent points.

Lie’s discovery that “the Pliicker line-geometry can be transformed into a
sphere geometry” then both founded spherical geometry and provided the mutual
reciprocal space between them, and this “particularly remarkable transformation”,
unfolds separately or together between the “infinitely small...sphere’s rectilinear
generatrices” and those of the “Cartesian Geometry quantity system” as mutually
parameters and “complex-cones” of each other [1, 2]. Thus the linear algebra is
made, digitally and differetially, by itself. ”Die Streifen” in the visionary Darstel-
lung des Imagindren in der Geometrie [3] are such infunitesimal straight lines in
and between “algebraische Fldchen” but in complex space where, however, any
”complexe Gleichung [dst sich in zwei reelle auf” [3] which, “arrange themselves
pairwise as reciprocals” [1, 2] “in der Geometrie der Liniencongruenzen” [3].

Now, we have what we need to start working. We know that we have the dx,
dy, and dz infinitesimal generators (and their tangential spherical geometry coun-
terparts) to apply digitally step by step by themselves as partial derivatives in their
own differential equations. It is thus not a secondary linear “vector” space of what-
ever but a primary linear infinitesimal generator space, of themelves, which is a
radical, indeed game-changing difference.
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Focussing on the three-dimensiomal spacefilling in the two mutually recipro-
cal spaces both separately and in “complex-cone” integration, “Fig. 2 surveys the

line congruence clutions.

THESR**PARALELLEPIPED$SPACESPACKETSANDS +|

i-s

[ —

Fig. 2. +(dz + dy — dz — dy + dx + dy — dx + dy) formula of line congruence filling of a)
orthogonal Cartesian ‘packet space’, b) hexagonal spherical ‘wave space’ and c) reciprocal ‘wave-packet’ space’

The lines are infinitely thin and in reality “touch” [1, 2] both internally and ex-
ternally but still dont overcross since geometrically separate. The ‘packets’ touch
along their whole sides, while the ‘waves’ touch only in their corners with a corre-
spondingly more concentrated intensity. May this explain the difference between
gravity and electromagnetism? Among other interesting things to reflect on is
whether the ‘quarks’ could simply comprise the dx, dy, dz infinitesimal coordinate
system?

Figure 3 then outlines the further natural history of the line congruences ac-
cording to Figure 2 introduced mainly by halves in early Universe in almost iso-
tropic microwave background form.

Now this was a most rudimentary and also arguable summary of an entire
cosmological History, but in Figure 4 we just continue the bricklaying, judging
validity and success by the objective results.
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The above telegramstyle legend is admittedly a bit cryptic but it is hoped that a

further figure exposition of period 2 and 3 may lead to a gradual comprehension of
the stuff.

Ground chaperon module
aiding geodetic outline
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TR 71 5 2w ave packetst?
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Fig. 3 a—e) Different line congruence geodetic curves in early universe with examples of rare confrontations there
and their outcomes in a) combined parameter/main-tangent hybrids, and b, c) separate parameter and d,e)
cone-complex arrays. It is shown how ipsilateral confrontation causes annihilation to straight neutrino and zigzag
photon linear sequences, while contralateral superposition generates congruent parallelepiped outlines of
matching a) wave-packets, and b) spaceframe, and d—e) wavefunction vortices. f) There are small fluctuations in
this blend leading under billions of years to stellar formations and ultimate cataclysms in the extreme condensa-
tion of which the synthetic processes virtually explode, too, to pile up in the exhaust and in order to avoid jam-
ming from the start must find the best space-filling further layering, which is the Bohr Aufbau system [4—6] in a
reciprocal line congruence top and here displayed bottom part. It is shown for a wave-packet crowd but likewise
applies to the space and wave pieces
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Fig. 4. a) Frontal and horizontal cross-section views of Module with directly layerable flat-roofed upper half and flat-
bottomed lower half, each containing 153 wave-packet bricks with 12 lines in each = 1853 = p/e mass ratio. b) How-
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ever, this module is congestive but an equivalent lateral variety is dynamic and in its first period’s steps reproduces
the Hydrogen — Helium relations further explained in c) together with Peripheral Neutron/spacelattice — (actually)
Electron/wavenet atom composition.

SLITHIUMS 4BERYLLIUM® sBORON™® 6CARBON2 H c N 0
oSG8

s
72 95%

T CE OO

#‘? f!@* oaBTSEIORHT

ﬂ IN SPECIAL CHEMICAL REACTIONS
AND PRODUCTIONS THE ATOMS
ISOMERIC FORMS CAN BE INDUCED TO REDISTRIBUTE
NITROGEN™ sOXYGEN!® SFLUORINEY 10NEONZ THEIR MARGINAL BETA BLOCKS
o1
22

% A

a B

100% ,,SODIUMZ 79% ;,MAGNESIUM?* 100% ,;ALUMINIUM?

B
1 -2
92% 4,SILICON?® 100% ,;PHOSPHORUS?! 95% 4(SULFUR®

76/24% ,,CHLORINE3S/37 1sARGON3 - 38 . .,
= (astrophysical)
[o

Fig. 5. a) Second period. Note simplified space-filling square Lego-type representation with isotopes by Neutron
excess indicated, and mid-symmetric form of Carbon, Nitrogen and Oxygen, b) which together with Hydrogen
form organic chemistry’s building set, while c) from third period a square form with help of Neutron excess is

applied by marginal accretion in successive layers.

The modules are crystal seeds and to grow into atoms they first tile into up to
10000 times wider integral surfaces, and then rise via origin shaft to new layers till
billion times larger atom (Figure 6, left) and can start its interactions. Next some
Carbon aggregates are shown followed by basic hydrides.

So now we can continue by figures alone, first of a few organic states (Colors
are those of the noble gas in respective period), where we also see examples of the
present art of their chemical models.
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Then we can continue with some inorganic compounds.
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“Duplo” bricklaying including marginal + ‘male’) and - (‘female’) binding sites and %% %%

molecular combinations works well until Iron, when the intrastellar burning processes
cease and other nucleosynthesis mechanisms, notably neutron capture take over
©EnkTrol
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This is the concluding figure, epitomizing Oganesson as both Integral and Icon
of the Periodic Table; canvas as well as palette of its patterns within its perfectly
rectangular noble gas frame; all the shells with 1 +4 + 9 + 16 + 16 + 9 + 4 saturat-
ed alpha = Helium bricks, that is, completing the seventh round of a theoretically
possible eight-period Bohr Aufbau cycle [4-8], plus 2 X 29 = 58 excess Neutron
contour fillers in right K L M N O P Q positions, and everything tessellated by just
two tile varieties; a quadratic Helium ’Alphabit’® and its latitudinal half Deuterium
"Betabit’ © in alternating Fermionic and Bosonic order and exhausting all forms
under them so that they can be applied in all scales and media and utilizations. This
is alluded to in the figure as bits and algorithms in online interactive computer sys-
tems and other realizations, with Oganesson as the natural processor and keyboard.

Conclusion. While other geometries are spanned beween other reciprocal
spaces, the present one specifically comprises our Euclidean Universe by an interi-
or algebra part realizing the Standard Model by serial transformations of its infini-
tesimal generators [6], and the exterior part of the Periodic Table. here focused on.
Of course only an infinitesimal — but hopefully representative — fraction can be
exemplified, but there is still no single substance or simple compound tested that
has not been possible to reproduce, including the proteinogenic amino acids, DNA
and RNA, and raising rich possibilities of a ground-up real structural elucidation
and manufacture in a wide range of e.g. protein composition and functions, materi-
al constitution and cellular mechanisms, as well as in art and education with corre-
spondingly large and rapidly achievable enterprises. The great question, then, and
answered by yes! and no! by Lie, is whether his lines are by themselves this struc-
ture-direct or just proxies of a more essential substrate, perhaps dark mass and en-
ergy, responding by the mysterious resultant graphs of a linear vector space? But
what can be more essential than a line or more linear? with dark energy and mass
direct associated with the ongoing astronomical phase shift between straight and
round.

Finally a note on the Electron-Proton exchange in the modules which gives an
adequate lodgment of the Electron’s extension and wave/particle duality and pho-
toelectric effect and others as well as the Proton’s central occupation of the same
wave unit.
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Abstract. The spatial distribution of galaxies (as a sample of gravitational sources) mainly
reveals voids, whose walls are made up of sheets and filaments. Due to their size, these
structures are the most representative for the study of cosmological expansion. I analyze
how the expansion dynamics of an underdense (or even empty) region in the Universe can
be used to determine the values of cosmological parameters.
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Abstract. A black hole is commonly understood as the end state of the gravitational col-
lapse of a massive star. According to Penrose singularity theorem, under the assumption of
strong energy conditions, such a process inevitably leads to the formation of a singularity.
However, the presence of a singularity suggests that general relativity fails to adequately
describe spacetime near ultra-compact objects. Consequently, significant attention has re-
cently been directed toward regular black holes, in which the central singularity is replaced
by a de Sitter core. This modification violates the strong energy condition but avoids singu-
lar behavior in the centre. The existence of exotic matter at the core of a regular black hole
is in-evitable, yet its nature remains unknown. Models based on nonlinear electrodynamics
have gained popularity as sources for de Sitter cores. However, Bronnikov’s theorem
demonstrates that nonlinear electrodynamics can serve as a source for a de Sitter core only
in the absence of an electric field, implying that such cores correspond to magnetic mono-
poles. Massive stars, composed of ordinary matter, do not inherently contain exotic matter
that prevents singularity formation. Therefore, it is reasonable to assume that such matter
arises dynamically during gravitational collapse. This work proposes a mechanism explain-
ing how ordinary matter transitions into a state capable of forming regular cores. At critical
densities during gravitational collapse, phenomena analogous to those in the early Universe
may occur, including the conversion of matter into radiation. As shown in this study, when
accounting for inhomogeneity and enhanced effects toward the center of a collapsing star,
the outcome of gravitational collapse can be a regular black hole. This process provides a
plausible explanation for well-known regular black hole models, such as those proposed by
Bardeen, Hayward, and Dymnikova.
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Abstract. We report an extended summary of the results presented in the (open access)
article in Ref. [1]. The thermal states at the temperature of the cosmic microwave back-
ground (CMB) are analyzed and it is shown that the vacuum expectation value of the ener-
gy momentum tensor density of photon fields reproduces the energy density and pressure of
the CMB. The computations are done in the framework of the Thermo Field Dynamics
(TFD). Neutrinos and thermal states at the temperature of the neutrino cosmic background
(CNB) are also considered. Consistency with the estimated lower bound of the sum of the
active neutrino masses is verified. The fractal self-similar structure of the thermal radiation
is also discussed and related to the coherent structure of the thermal vacuum.

Keywords: cosmic microwave background, cosmic neutrino background, thermal vacuum
condensate, thermo field dynamics, non-unitary time evolution, fractal self-similar structure

Introduction. By following Ref. [1], we discuss the thermal vacuum condensate
for scalar and fermion fields with reference to the temperatures of 2.72548 +
0.00057 K [2] characteristic of the cosmic microwave background (CMB) filling
almost uniformly the observable universe and appearing as a radiation left over
from an early stage in its expansion [3-6]. The anisotropies contained in the spatial
variation in the spectral density are attributed to small thermal variations, presuma-
bly generated by quantum fluctuations of matter [1, 4, 5].

The expectation value on the thermal vacuum of the energy momentum tensor
density of photon fields is computed and the energy density and pressure of the
CMB is obtained [1].

Together with the CMB, there is indirect evidence of the existence of the cos-
mic neutrino background (CNB) which represents the universe’s background parti-
cle radiation composed of neutrinos (relic neutrinos) [7,8], whose estimated tem-
perature is roughly 1.95 K [6]. The study of the thermal vacuum condensate is
extended also to the CNB case by computing the energy density of the neutrino
thermal vacuum. The fractal self-similar structure of the thermal vacuum is finally
discussed [9, 10]. The computations are carried on in the formal framework of the
Thermo Field Dynamics [11, 12].

Methods and materials; results. A distinctive difference between quantum
field theory (QFT) and quantum mechanics (QM) is that in QFT there are infinitely
many “spaces of the system states” (unitarily inequivalent representations of the
canonical (anti-)commutation rules (CCR or CAR)). The observables have differ-
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ent values in each of the representations; there are many “vacuum states” which
differ among themselves by a different “condensate” density: each one of them
thus describes a different dynamical regime for the system. QFT is therefore ade-
quate, contrarily to QM (the von Neumann theorem in QM), to describe different
phases in which the system may live depending on physical boundary conditions
and parameters, such as, for example, the temperature.

In view of such remarks, the mathematical framework which is adequate to the
problem we discuss is therefore QFT. We will use h =1 =c.

In QFT at finite temperature, in the formalism of thermo-field dynamics (TFD)
[11,12], the “thermal vacuum state” |0(6)> adopted for bosonic CMB (photon)
modes is a two-mode time dependent generalized SU (1, 1) coherent state, conden-
sate of pairs of ax and by quanta. Here 6 = 0(p), with p = 1/(kg T) and T is the tem-
perature, denotes the “Bogoliubov angle”, or phase, controlling the density of the
condensate [1].

The operator by is an auxiliary boson mode, commuting with ax, necessary in
order to compute thermal averages of the observable quantities. One then finds that
the minimization of the free energy leads to the Bose-Einstein distribution function
for ax. The expectation value of the operator number of a, computed in |0(0)> is
indeed N(ax) = 1 /(exp(p @x) — 1).

At T =T,, we obtain the observed black body spectrum of the CMB. The con-
clusion is that the cosmic microwave “background” is described by the coherent
condensate vacuum |0(0)> with 6(B,), for B, = 1/(ks Ty).

At thermal non-equilibrium, with temperature changing in time, T = T(t), the
system evolves through unitarily inequivalent spaces (representations), since at dif-
ferent time t # t’, for T(t) # T(t") (i. e. B #B’), it is < 0(6’) |0(8)> — 0 in the infinite
volume limit V — o. One finds that such a time evolution is controlled by the en-
tropy operator (the arrow of time). This describes the (nonunitary) Universe evolu-
tion through its ages.

The off-diagonal terms of the energy momentum tensor T, for Maxwell, sca-
lar and Dirac fields, are found to be zero, i. e. T¥(x) = 0, for i # j. Therefore, the
vacuum condensate is homogenous and isotropic and behaves as a perfect fluid.

The energy density p and pressure p of the vacuum condensates, at a given
time, are given by the (0, 0) and (j, j) components of the energy-momentum tensors
on the vacuum |0(8,z)>, with z denoting the red shift of the universe (at the present
it is z =0). In the photon fields case, computations lead [1] to the state equation of
the radiation w(z) = p(z)/ p(z) = 1/3.

At the present CMB temperature, the thermal vacuum energy density is ob-
tained: py = 2x10! GeV*, coinciding with the energy density of the CMB [6].

Negligible values of p are obtained for boson masses m >> 10~ eV. Therefore,
apart from the contribution given by hypothetical particles (axion-like particles),
the thermal vacuum contribution of bosons to the universe energy is completely
negligible with respect to py.
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In the fermion case, the thermal vacuum contribution to the vacuum energy
density pr (z) and to the pressure pr (z), for masses m < kg Ty, has the maximum
value of prat T=T,: itis pr ~ 1.6 x 10! GeV*. The state equation is wr ~ 1/3.

The vacuum condensate of more heavy fermions gives negligible contributions
to the universe energy. Therefore, only the thermal vacuum condensate of sub-eV
massive particles, like the neutrinos, is relevant.

We consider then the expressions of pr (z) and pr (z), with T =T, = 1.95 K and
the sum on the three neutrino fields with masses m;. For masses m; ~ 10 eV, the
maximum value of the energy density is found [1] py ~ 10! GeV*, with state equa-
tion wy ~ 1/3.

If one assumes that py < p,, and m,; ~ 107 GeV represents the mass of the
lighter neutrino, and Am?> = 8x107° GeV?, Am?; = 2.7x107 GeV? (the hierarchical
neutrino model), we derive m, = 6x102 GeV, which is in agreement with the es-
timated lower bound on the sum of the three neutrino masses. The neutrinos with
masses my»and my 3 give negligible contributions to the energy density py.

Finally, the thermal vacuum |0(0)> has fractal self-similar structure. This es-
tablishes the link between the SU(1, 1) coherent states and fractal-like self-
similarity [1,9,10].

Our result:

— the thermal condensate, which turns out to behave as a perfect fluid giving a
contribution to the radiation of the universe, reproduces the behavior of CMB and
CNB.

— the vacuum condensate of the CMB and CNB is a coherent state and exhibits
fractal self-similarity properties.

Conclusion. The thermal vacuum structure at the temperature of the CMB has
been studied in the framework of Thermo-Field Dynamics. The expectation value
on the thermal vacuum of the energy momentum tensor density of photons agrees
with the energy density and pressure of the CMB. The estimated lower bound of
the sum of the active neutrino masses has been found to be consistent with thermal
states at the CNB temperature. The thermal vacuum has fractal structure. For a
more detailed discussion and the mathematical formalism see [1].

This report is dedicated to the memory of Professor Alexei A. Starobinsky.
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AnHoTanusi. PaccMoTpeHa 3aaua pesiTHBUCTCKOTO MEPEHOCa U3TyUeHUs B 3P PEKTUBHOM
TCOMETPHH, TOPOXKICHHON HeNuHeHHOW anektpoauHamukor (HD). Paspaboran mpo-
rpaMMHBIN UHCTPYMEHT JUIS PELICHHs 3TOW 3aJayd B MPOM3BOJIILHON A(PQEKTUBHOI reo-
Merpuu. [lokazaHo, uyTo 3(QQeKkTHUBHAS TEOMETPHs ropa3lo CHIbHEEe MEHsET MOBE/ICHHE
CBETOBBIX I'€OJIE3NYECKUX, UeM momnpaBku u3 HOJl k mpocTpaHCTBEHHO-BPEMEHHOW METpH-
ke. [TocTpoeHbl 1 ucciIe0BaHbl H300paKEHHsI YEPHBIX ABIP C TOHKUM aKKPEIMOHHBIM JINC-
KOM B MOJCIAX OJJIEKTpoauHaMuku Oiiepa — [eizenOepra, bapamna m ModMax-
3JEKTPOANHAMHUKH.

KaroueBble cjioBa: mepeHOC H3ITydEeHUs, HENWHEHHas 3JIEKTPOJUMHAMUKA, 3(QQeKTHBHAS
T€OMETPHS, YEPHBIE JIBIPbI, YUCICHHAS! OTHOCUTEIBHOCTD

Beenenne. Mojienu HenuHeliHOH anekTpoanHamuku (HOJ1) — 310 Mogudukanmm
MakcBeIUTOBCKOM 3NEKTPOAMHAMUKH, B KOTOPBIX JIATpaHXKHaH HEJTMHEWHO 3aBUCUT
OT MHBAPUAHTOB DIIEKTPOMArHUTHOTO ToIst. Llenmyn mocTpoenus: Takux mMozeneit —
y4eT B TEPMHHAX KJIACCHUYECKOW 3JIeKTpOAWHAMUKHU TomnpaBok u3 KO/, pemenue
MpOoOJIEMBbI PACXOJUMOCTH SHEPTHH TOYEYHBIX 3apsoB, HOBBIE alreOpamdecKue
CUMMETPHUH B Narpamwxkuane u npyrue [1]. XoTs skcnepuMeHTaIbHble UCCIeI0Ba-
Hus B obmactu HOJI BemyTcsa mopsiika MATHAECSITH JIET, 0 CUX MOp HE yAaercs
MOJYYUTh JKCIIEPUMEHTANBHBIX OTPaHUYEHHM, IMMO3BOJSIONINX MPOBECTH OTOOP
Takux mojeneit [2]. OCHOBHas MPUYKHA 3TOTO B CIOKHOCTH AOCTHKEHUS Xapak-
tepHbIx i1 HO /[ HanpsbkeHHOCTEH 1Mo B Ta0OpaTOPHBIX YCIOBHSX.

CunpHeHIIMMHU 3JIEKTPOMarHUTHBIMHU TIOJISIME BO BceneHHoit 06magaroT KoM-
MaKTHBIE OOBEKTHl — YEpHBIE ABIPHI, HEUTPOHHBIE 3BE3/bl U OeJble Kapiauku [3].
B cBsi3u ¢ 3TUM cymiecTByeT OOJBIION MHTEpEC K MOJCTUPOBAHUIO KOMITAKTHBIX
o0wsexToB B HOJI [1, 4, 5] u cpaBHEHUIO 3THX Pe3yJIbTaTOB C JaHHBIMU HaOIIOIe-
Huid. [ToCcKoIBKY JTFOOBIC aCTPOHOMUYECKHE HAOTIOACHUS CBI3aHBI C PETUCTPAIHEH
W3ITy4EeHUs], BAXKHBIH MIar B 3TOM 3ajjaue — HM3Y4YUTh paclpoCTpaHEHHE CBETa U Ya-
CTHII BOJIN3H TaKUX OOBLEKTOB.

MeTtoabl U MaTepualbl; pe3yiabTaTbl. DoTOH-HOTOHHOE B3aUMOCHCTBHE
B HOJl — Haumbosiee BaxkHBIN TpoIECcC, BIMSIOMIUNA HAa PaclpOCTPaHECHUE CBETa.
B paborte [6] pazpaboTaH YUCTO-T€OMETPHUECKIHA MOIXO K OMUCAHUIO 3TOTO MPO-
1ecca, Ha3piBaeMblil 3 dexkTuBHON reomerpucii. B addextuBHoM reomerpun ¢o-
TOHBI CJIEAYIOT HYJIEBBIM I'€0/Ie3NYECKUM HE B OOBIYHON METPHKE, IOTy4aeMOM KaKk
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penieHre ypaBHeHUH DiHIITeiHA, a B apdexTuBHON. s psna moxeneit HO/I ata
3¢ PeKTHBHAS METPHUKA MOXKET 3aBUCETh OT CTUPAILHOCTH (POTOHOB.

brnaromapst metony 3¢ ¢exkTuBHON reoOMeTpHH MOKHO HCITONb30BaTh B HOJ
BCE CTaHJApPTHBIE METOMBI pacueTa PEIITUBUCTCKOrO IepeHoca usnyuenus. Equn-
CTBEHHAs CIIOKHOCTH 3/1€Ch COCTOMT B OpPraHH3alldd PacdyeTOB TaKUM 00pa3oM,
9TOOBI C MPOU3BOIBHEIMU MoJiesiMu HOJ[ MokHO Ob1TO paboTaTh B €IMHOM MOJ-
xone. Jns pemeHust 3Toi 3amaun Hamu ObLT pa3paboTaH MPOTPAMMHBIA MHCTPY-
MEHT, MO3BOJISIONIMN MPOU3BOJUTH TaKHE PAacdeThl B CIIydae MPOU3BOIBHON (-
(hexTuBHOI reomerpuu [7].

B HacTosimee BpeMsi 3TOT MHCTPYMEHT YCIIEIIHO BAJHIUPOBAH Ha KiIaccHye-
CKHUX 3a/1a4aX, ¥ C €r0 IOMOUIBIO MOTYy4EHBl H300pa’KeHHS YEPHBIX ABIP C TOHKUM
AKKPEIIMOHHBIM JIMCKOM B MOJIENAX 3AJEeKTpoAnHamMuku Oitnepa — [elizenbepra,
Bbapanaa m ModMax-anekrponuHamuku. [lokazano, uro s>hdekTnBHAs reomeTpus
3HAYUTENFHO CWJIbHEE MEHsET MoBeAcHHe (OTOHOB, ueM mompaBku n3 HOJ k
OOBIYHOI METpHUKe, MPOUCTEKAIONINE U3 MOAU(UKAIINK [TPABOI YacTH ypaBHEHHUH
DiHIITeHHA.

3akawuenue. B pamkax manao# pa®oTel OBLT pa3paboTaH MPOrpaMMHBIA HH-
CTPYMEHT Ul PELICHUS 33aha4yll PENIITUBHCTCKOIO MEpeHOca M3Iy4YeHUS B MPOM3-
BOJIBHOH 3 pekTuBHOM reoMeTpur. C ero MmoMOIIbI0 YIaJIOCh B YHCICHHBIX JKC-
MEpUMEHTaX I[0Ka3aTh OMNPEACISIIONNA BKIal NpoueccoB (GOTOH-POTOHHOrO
paccesHUsI B U3MEHEHUE CBETOBBIX reoje3nueckux B HOJI. Dtot pesynbraT 0Xxu-
JlaeM M3 COOTHOMICHUS K03(D(UIIMEHTOB B OOBIYHOW U B 3()PeKkTHBHON MeTpHKe.
Ha cnenyromiem stame paGoThl MiaHuUpyeTcss N0padOTaTh JaHHBI MHCTPYMEHT,
HAYYHUTHCSl YUUTHIBATH MOJSPU3ALMI0 M3TYYCHUS KOMIIAKTHBIX OOBEKTOB M pac-
CUNUTATh CICKTPLI U3JTYYCHUA B pa3JIMYHBIX CLHICHAPUIX.
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Abstract. We consider general relativistic radiative transfer within the framework of effec-
tive geometry, sourced by nonlinear electrodynamics (NED). A program tool has been de-
veloped for the general case of this task. It has been shown, that effective geometry has a
much greater impact on photon geodesics, than direct corrections from NED to the
spacetime metric. Images of black holes with thin accretion disks were constructed for the
Euler-Heisenberg, Bardeen, and ModMax electrodynamics cases.

Keywords: relativistic radiative transfer, nonlinear electrodynamics, effective geometry,
black holes, numerical relativity

Introduction. Theories of nonlinear electrodynamics (NED) are extensions of
Maxwell’s electrodynamics with lagrangian that depend nonlinearly on one or both
of the invariants of the electromagnetic field. These theories are usually introduced
to account for QED corrections in terms of classical electrodynamics, to avoid the
divergence of charge self-energy, to introduce new algebraic symmetries into the
lagrangian, and so on [1]. Despite more than fifty years of experimental search,
there have been no informative experimental limitations on NED models [2]. The
main reason is the difficulty of achieving critical field strengths in laboratory con-
ditions. Compact objects such as black holes, neutron stars, and white dwarfs, have
the strongest magnetic fields in the Universe [3], so their study within the NED
framework provides intriguing tests for these theories, widely discussed in the lit-
erature [1, 4, 5]. Since any astronomical observation involves some kind of radia-
tion, studying the propagation of particles in the vicinity of these objects is an es-
sential step for these tests.

Methods and materials; results. Photon-photon scattering is a crucial process
that affects light propagation in NED. A purely geometrical approach to this pro-
cess has been developed in [6] and is called effective geometry. In this approach,
photons still follow null geodesic lines, but in an effective metric instead of the
spacetime metric, which is the solution to the Einstein equations. For a variety of
NED models, this effective metric can also depend on photon helicity.

Effective geometry allows us to maintain all standard methods of general rela-
tivistic radiation transfer (GRRT). The only caveat is to handle the calculation of
all electromagnetic quantities in a way, that allows all NED models to be consid-
ered within the united framework. To this end, we have developed a program tool,
capable of performing GRRT calculations in an arbitrary effective geometry.

At this point, we have successfully validated the tool on classical tasks and
constructed images of black holes with thin accretion disks for the cases of Euler-
Heisenberg, Bardeen, and ModMax electrodynamics. We also have shown, that the
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effective geometry changes photon propagation more significantly than direct cor-
rections from NED to the spacetime metric, which arise from the right-hand part of
Einstein equations.

Conclusion. Within this work we have developed a program tool for GRRT
calculations in an arbitrary effective geometry. Using this tool, we have obtained in
numerical experiments that the impact of the effective geometry on photon geodes-
ics exceeds the impact from the modification of the spacetime metric. As can be
seen from coefficients of effective and normal metrics, this result is evident. For
the next stage of our study, we plan to improve this tool and then consider polar-
ized emission from compact objects and calculate emission spectra in various sce-
narios.
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Abstract. The wave function has investigated as function of action. We have considered
different forms of relativistic action for particle such as with electromagnetic field, with
gravitation, with spin polarization. We have represented original form of equation of
Schrodinger and boundary conditions.
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Introduction. Using the sentence of Feynman [1] about the physical meaning of

. s . . . .
the wave function phase as E,where S is an action, A is the Dirac’s constant we

consider original form of the Schrddinger’s equation.

Additive property of action allow us include some interactions such as elec-
tromagnetic and gravitation. The action may consist of action of the free particle,
of action of charge particle and of action of massive particle and some other ac-
tions. Using the sentence of Feynman [1], operator of the Schrédinger, we get orig-
inal form or matrix form. This representation of elements of wave function of a
particle is few investigated problem and it is aim of our analysis.

Methods and materials; results. Consider equation of Schrodinger for wave
function ¥ in form [2]

i, —Hyp =0, (1)

where down index (, t) after 1 has meaning differentiability on t, H is Hamiltonian.
Represent wave function in form agree with the sentence of Feynman [1]

p=exp(3). )

If we consider model without spin and gravitation, we have formula

1
S = —mc? fttlz(l — B?)zdt — %fttlz @dt +q fttlz BuAydt,u = (x,y,2), (3)

where m, ¢ — are mass, velocity of light; t is moment of time, v,, = ¢ is velocity
of particle in the laboratory system, q is charge, ¢ is scalar potential, A, is vector
potential. If we consider model where it’s gravitation charge g yet, we must supply
two terms in formula (3)

t t
AS = 2 [ pgdt —qg [,? BuAgudt, (4)
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where ¢ is scalar potential, Ag,, is vector potential of the gravitation field [3].
In model with spin unequal zero, the wave function (2) has matrix form

51 20+1
Y = (¢k> , k{z (l _I_%) ,1=012,.. (5)
Therefore we have action in matrix form also
S1 20+ 1
S= <5k> , kz{z (l +%) ,1=012,.. (6)
and the Schrodinger’s equation has new form
iS,—HS =0. (7)

Now we must determine boundary conditions. They has follow forms
as as.
Sip = S2p U (a_nl)F = (a_nz)F' (®)

where F is boundary surface and n is normal to surface. The boundary conditions
(8) agree with standard boundary conditions

Yip = Pz U (aalf;l)F = (%)F )

Conclusion. The influence of transition from the wave function to action has
investigated. . The complex relativistic actions have considered. The quantum
equation and the boundary conditions have found. Taking account additive proper-
ty of action we have demonstrated possibility new analyze of Schrodinger’s equa-
tion as equation for action.
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AHHoTanus. B paboTe paccmMaTpuBaroTCsa CBOMCTBA TOHKOI'O aKKPEIIMOHHOTO JHCKa (najee
JMCKa), 00pa30BaHHOTO BOKPYT aKycTHUeckoil depHoil npipbl LlBaprmmasaa. [ToxazaHo
BIIMSIHUE MapameTpa & Ha KHHEMaTHUeCKUe XapaKTepUCTUKH, TaKUE KaK YIJIOBast CKOPOCTb,
3G QeKTUBHBIA yrioBoii MOMeHT W 3(dexTHBHas SHeprusi cBs3u. PaccumTaH paamyc
HavMeHbLIeH CTaOWIIbHOM OpOWTHI YAaCTHIl JTUCKA. BBISBICHBI OTIMYMTENbHBIC NPU3HAKH
JIUCKa aKyCTHYECKOM YEpHOH IBIPBI OT CTaHAAPTHOM yepHO# Ablpel IlIBapmmminsaa. B pa-
00Te HCIOIb30BaHa CUCTEMa EANHNL M3MepeHus ¢ = G = 1.

KiiroueBble cjIOBa: TOHKMI aKKpELUOHHBIM nucK, moaenb HoBukoBa — Topna, uyepHas
neipa lIBapummisaa, akycTHYecKas YepHast JpIpa

Beenenmne. Unes «akycTHYECKMX YEPHBIX JBIp» BIEpBbIC ObLIa MpeIOKEHA
VY.JIx. Yupy B padote [1] u moapodHo paccmorpena M. Buccepom B padote [2].
Takuve yepHbIE IBIPHI MOTYT 00Pa30BBIBATHCS MPH ABMKEHUU KHUIKOCTH CO CKOPO-
CTBIO, TIPEBBIMIANOIIEH JTOKATBFHYI0 CKOPOCTh 3BYyKa, YTO B KOHEYHOM HTOTE MOXKET
MpUBECTH K (HOPMHUPOBAHUIO MCKPHBIECHHOTO MPOCTpaHCTBa-BpeMeHu. [IprmMeya-
TENBHBIM SIBIAETCS TOT (PaKT, YTO AHAJIOTH «AKYCTHUECKUX YEPHBIX ABIP» OBLTH
9KCIIEPUMEHTAIBHO PEATIM30BaHbl B KOHAeHcaTe bo3ze — OiHiuTelHa [3]. B cBs3u
C 3THM HMHTEPECHBIM OYyJIET MCCIIe/IOBATh CBOWCTBA JIMCKOB, 0OPa30BaHHBIX BOKPYT
9THX YEPHBIX JIBID.

MeToabl U MaTepHaJibl; pe3yJbTaThbl. SIBIeHNE aKKpEeLUH BOKPYT KOMIIAKT-
HBIX OOBEKTOB SIBJISIETCSI XOPOIUM HHCTPYMEHTOM JUJIsl OTIPEJICIICHUs] THIIA 00hEKTa
u ero cBoicTB [4]. [lepBoe BcecTopoHHEE MCCISAOBAHNE AUCKOB C UCIIOIB30BAHM-
€M HBIOTOHOBCKOT'O IoAxoa ObUIo crenaHo B padote [5]. [lozaHee obmas penstu-
BUCTCKasi MOJIENb TUCKa ObliIa pa3paboTaHa B OCHOBOMoOJaralomux padorax Hosu-
kxoBa u Topra [6], [letimka u TopHa [7] B MpeaoNoXKeHUH, YTO JUCK HAXOIUTCS
B CTAI[MOHAPHOM COCTOSIHHH, TO €CTh TEMI akKpenuu Macchl M = dM /dt mocros-
HEH BO BPEMEHHM M HE 3aBHCUT OT pajuyca aucka. [Ipeamomaraercs, 4yTo AMCK
HaxXOJHUTCA B TUAPOANHAMHUYECKOM U TEPMOIMHAMUYECKOM PaBHOBECHH, YTO 0bec-
MEYMBAET AIEKTPOMATHUTHBIA CIIEKTP M CBOMCTBA MCITyCKAaeMOTO M3ITy4YeHHS dep-
Horo Tena. Mofenb OUcKa TakKe MpeAIoyiaraeT, 4To OTAEIbHBIC YaCTHUIIBI BH-
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XKYTCsSl TI0 KEIUIEPOBCKHM OpOMTaM MEXKAY PaglMyCcOM HauMEHbIIECH CTaOuUIbHOM
OpOUTHI 7y, ¥ BHEITHUM PATIYCOM Ty

B pabore Obutn HccnenoBaHbl KMHEMAaTHYECKHE U M3JIydaTeIbHbIE CBONCTBA
IIMCKa, 00pa30BaHHOTO BOKPYT aKyCTHYECKOW YepHOH nbIphl LlIBapiimmisaa, KOTo-
past onmcbiBaeTcst Maccoid M u akyctuueckuM napamerpoM ¢. [Ipu 3Hadennsax § <
1 mpoduin yriaoBoi CKOPOCTH MPAKTUYECKH HE OTIMYAIOTCS OT poduiel aucka B
ciryuae depHoit apipel [lIBapmmnpaa. [Ipu 3HadeHusx 2 < § < 4 mo mepe npu-
OmKeHHs K paguycy TOPU30HTA COOBITMH CKOPOCTh YacTHIl YMEHBIIACTCS
u npu & =4 (9KcTpeMalbHBIA Cly4ail) HaOJNIOJaeTcsl pa3pblB C ACHMIITOTOM
Ha 1 = 4M, 9TO HE XapaKTEepPHO I aCTPOHUZNIECKUX YEPHBIX JBIP.

3akirouenue. VccneaoBanbl KUHEMAaTHUECKUE CBOIMCTBA JUCKA aKyCTHUYECKON
yepHO#l Apipbl lIBapumunpaa. B nanpHelieM miaHUPYETCsl UCCIIEI0BAaTh CBETH-
MOCTh U TeMmIlepaTypy Aucka. [lomydeHHble pe3ynbTaThl B OyIylieM MOTYT OBITh
HCIOJBb30BaHbl B OKCIIEPUMEHTAILHON acTpo(u3uKe, B YACTHOCTH B MUCCHU M-
JIUMETPOH.
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Abstract. This study considers the properties of a thin accretion disk (disk) formed around
an acoustic Schwarzschild black hole. The influence of & on kinematic characteristics, such
as angular velocity, effective angular momentum, and effective binding energy was shown.
The radius of the innermost stable orbit of the disk-shaped particles is defined. The distinc-
tive features of the acoustic black hole disk compared with the standard Schwarzschild
black hole have been revealed. The system of units of measurement ¢ = G = 1 is used in
the work.

Keywords: thin accretion disk, Novikov — Thorne model, Schwarzschild black hole,
acoustic black hole

Introduction. The idea of “acoustic black holes” was first proposed by W.J. Unruh
in [1] and considered in detail by M. Visser in [2]. Such black holes can form when
a liquid moves at a speed exceeding the local speed of sound, which can eventually
lead to the formation of a space-time curvature. Remarkably, analogs of "acoustic
black holes" have been experimentally realized in the Bose — Einstein condensate
system [3]. Therefore, it would be interesting to investigate the properties of disks
formed around these black holes.

Methods and materials; results. The phenomenon of accretion around com-
pact objects is useful tool for determining the type and properties of an object [4].
The first comprehensive study of disks using the Newtonian approach was per-
formed in Ref. [5]. Subsequently, the general relativistic disk model was developed
in the seminal works of Novikov and Thorne in [6] and Page and Thorne in [7] un-
der the assumption that the disk is in a stationary state, that is, the rate of mass ac-
cretion M = dM/dt is constant in time and does not depend on the disk radius. It
is assumed that the disk is in hydrodynamic and thermodynamic equilibrium,
which ensures the electromagnetic spectrum and the properties of the emitted
blackbody radiation. The disk model also assumes that individual particles move in
Keplerian orbits between the radius of the innermost stable orbit 7, and the outer
radius 7.

This study investigated the kinematic and radiative properties of a disk formed
around an acoustic Schwarzschild black hole, which is described by mass M and
acoustic parameter &. At & < 1, the angular velocity profiles did not differ from the
disk profiles in the case of the Schwarzschild black hole. At 2 < & < 4, the particle
velocity decreases as it approaches the radius of the event horizon, and at § = 4
(extreme case), there is a gap with an asymptote at r = 4M, which is not typical for
astrophysical black holes.

Conclusion. The kinematic properties of the disk of the acoustic Schwarz-
schild black hole are investigated. In the future, it is planned to study the luminosi-
ty and temperature of the disk. The results obtained can be used in experimental
astrophysics in the future, in particular in the Millimetron mission.
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MpoaonbHbie BOJIHbI B NATUMEPHOM abCcoIlOTHOM Napannenusme
(v penaTUBUCTCKM pacumnpalow,anca 6paHa) U HaCTONbHbI 3KCNEPUMEHT C Ma-
ATHUKOM
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1UXTTM CO PAH, Hosocnbupck, Poccus

2 Minkowski Institute, Montréal, Canada

Annotanus. O6cyxnaercs 5D kocmonorus, Beenennas-na-bpane, MoTuBHpoBaHHast 0CO-
ObIM BapHaHTOM aOCOIIOTHOTO HapajuIeNU3Ma, Il HeT CHHTYJISIPHOCTEH pemieHuii, B T.4.
chepruecKu-CUMMETPUYHBIX, THIIA TIPOAOJILHOM BOJIHBI, Oeryuiell mo paauycy (5-¢ u3me-
penue). PaccMaTprBaeM JBHXKEHHE MacC M ()OTOHOB B PEIATHUBHCTCKOI OpaHe, a Takxke
HEJTMHEHHBIX «BHE-OpaHOBBIX akTopoB» (BBA), Tomonornyeckux Bo3mylueHuid. HaiineHo
BpeMsi Mexay npuxonoM BBA wu, 3atem, ¢poToHOB 0T «Oam3koro B3pbiBa» (redshift z < 1):
At(z) = Az/HO, Az ~ z3/24. TlpencTaBieH HACTOJbHBIN IKCIEPUMEHT, MOATBEPIKIAFONIUIT
BIIMSTHHE TIPOJIOIBHBIX BOJH HAa METPHKY, TeH30p Puuun.

KaioueBble ciioBa: aOCONIOTHBII MapajiesnsM, NPOAOJIbHAS Nosspu3aius, Bcenennas-
Ha-bpane, 31eKTpo-rpaBUTalOHHBIN (D heKT

Beenenne. CoBmecTHble ypaBHeHUst AGcomoTHoro [Napamnenusma (AIl) ykazansl
OunmrerinoMm n Maitepom [1] — deTslpe knmacca, B T.4. ABYXIapaMeTpUYECKHI
KJIacc JIarpaHXeBbIX ypaBHeHHUH. [IpoBepsisi HX COBMECTHOCTh ISl CiIydasi BHIPOXK-
JIEHHBIX MaTpuIl Ko-penepa hY (x¥) uim penepHOl MIOTHOCTH HEKOTOPOTO Beca
hPh] (KO- ¥ KOHTPa-CHHTYJSIPHOCTH; CM. [2], CCBUIKH ¥ 0003HAUCHHUS), U TPEOys
OTCYTCTBUS CHHTYJISIPHOCTEH pELICHHH, MPUXOAUM K OAHOMY, UCKIIOYUTEIHHO-
My» ypaBHeHHIO, exceptional equation, EE, u D=5. B All yxe u3 nepBbIX Ipous-
BOJIHBIX TOJIsl penepoB umeeM A-temsop A%, = hY, —hS, , u ero ceepTky —
BeKkTOop ¥, = hy Aﬁ’m (HEeNB3s1 COMOCTABIATH C BEKTOP-MIOTEHIHMATIOM DM-10JIs1, HET
IPaJIMEHTHOW CUMMETPHH U T. 11.). [IoMUMO POTOPHBIX nosspu3aui D[y, (b
OHHM TIEPEHOCIT JHEPTHIO-UMITYJIbC, M €IIe BBI3BIBAIOT POCT TPEX JHWHEHHO-
HEYCTONYMBBIX MoOJspu3aiui [2]), k @, OTHOCHTCA MPOOJIbHASA MOJAPHU3ALHUS
(IIIT). TompKO aHTH-CUMMETPUYHASI YaCTh YYacTBYET B TOXKIECTBE, BAXKHOM [
cosmectHoCTH: EE[,,] ¢ Apya;a = 0, EE,,), = 0; «» — KoBapuantHoe au¢-
(epeHnmpoBanue, COrIACOBAHHOE ¢ METPUKOU gy, = nabh‘hh?,, Ngp — METpHKa
Munkosckoro. B cumMerpuanoit yactu EE MOXHO BBIIETUTH TEH30p DHHINTEHHA
Gy (Gﬂv;v = 0), U B HEH eCTh JIMHEHHBIN wieH, cBA3aHHbIN ¢ [1I1 u Biusrommii Ha
METpHUKY, TeH30p Puuun (TeH30p SHEpruu-uMIyjibca — B ypaBHEHUH 4-T0 MOpPsiI-
ka EE ()., = 0; cM. [2] 1 cebuikm):



362 Mocksa, MITY um. H.3. baymaHa, 7-10 utons 2025 2.

2
EE () Guy + 5Py + (4%) = 05 EE .y fuviw = 3Apan @y - (1)

OpuHOYHAs POAOIbHAS cheprHuecKu-CHMMETPHYHAs BOJHA, OeryImas 1o pa-
auycy [3], MOXET CIIy>)KUTh ONTUYSCKUM BOJHOBOJIOM JUIsl TIOYTH KacaTEIbHBIX
BOIJTH, & TAK)Xe KBA3WU-YaCTUI— HEJIMHEHHBIX KOHQUTYpAIM MMOJIs, HECYIIUX TOMO-
JIOTHYECKHM 3apsiT W/WIH KBa3u-3apszn [2].

GoTOHbI
B bpaHe

Puc. 1

MeToabl u MaTepuaibl; pe3yabTaTbl. OOpa3oBaHHe TOMOIOTUIECKUX KBA3H-
yactull B bpane (bonbIoii B3pbIB U T. 1.) MOXKET CONPOBOXKAATHCS BBUIETOM TOIO-
JIOTUYECKHUX 3apanoB u3 bpanwl, BHe-OpaHoBeie akTopsl (BBA). Ilpu mocmemyro-
iem nepeceueHu bpanst BBA MoryT 3axBaThIBaThCS 4acTUIlaMu bpaHbl 1 naBaTh
a¢ddexter Tuma LENR (low-energy nuclear reactions; oOpa3oBaHue Tenus TpU
3JIEKTPOB3pbIBE BOJIb(PpaMoBbIX mpoBosiouek [4], poct 3emmu [5]). [dns storo
HY>KHa OOJbIasi TIOTHOCTh YacTUI] — (OTOHOB M MaTEpPUH, HYKIOHOB (LIECHTP
Bpans! u ee nepudepus).

Puc. 1 nokassiBaeT pacmmpenue bpansl co ckopocTeio V u asmxenne BBA u3
Touku A («B3pBIBY) B C; TOT ke HaOmonarens B bpane mozxe, B Touke C', BUAUT
npwier GoToHOB. /IBa ypaBHEHUS CBS3BIBAIOT 3TH COOBITHS (CM. 0003HAYCHHS B
[2); ¢ = 1):

C: R¢sin?y + (Rycosyp — R,)? = (Ty — T.)? = [CA)?, Ty /T, = 1 + zy;
C:Tvy =In(Ty/T.) =In(1+2), T =1/v1-V2> 1.

Uckmounn 1P < 1, nomyusaem z; = exp(zo/+/1+2p) — 1 = zy + z3/24; 3Has
Bpems At = (Ty — Ty) /T’ = (21 — Zp)t, ¥ BENUYUHY Z; = Zy, MbI [TOyYHM Mapa-
metp Xab6ma H, = 1/t, (cnyyaii 6oapmux Y cm. B [2]).

B xauectBe nmerektopa BBA MoxkHO, o Tumy [4], mompoOOBaTh IIOTHYIO
TPYIITy MMapajulebHBIX BOJb(QPAMOBBIX TPOBOJIOYEK, HATPEBAEMBIX JIO BBICOKOM
TEMIIEPaTyphl U MPOTyBAEMBIX aprOHOM, B KOTOPOM HY>KHO PETHCTPUPOBATH MOSB-
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nieHue renus. TBepmoe BHyTpeHHee SApo 3eMIIH, YTIIOBOW pazMep ~23°, TOIKHO
nornomars BBA u pabotaTth Kak 9KpaH.

_—+—18 A
MasATHUK L ﬁ
\ /0,02 ] Y
( e LU
Coepuuecknit ; ‘ /3 o
KOHAEHCATOP / \
\ N e \I
[
/ |
s ) 128
MK paaruuk T "\’ BN
{1 npubAMxeHus / "| 4
©) N\ //‘ T
s~ BB-rexepa-
e Top (30kB) | pe-ne
50k i =2k
Puc. 2

Bepuewmcs x 111 u ypaBrenuto (1). [Ipeamonoxum, 94To B 0061IaCcTH, T/IE pacTeT
WK TafaeT dekTpuueckuid noreHnuan U(t) (CBA3aHHBIN ¢ KBa3W-4aCTHIIAMU —
BUPTYaJbHBIMH (POTOHAMHM), TaKKe M3MEHsIeTCS KOMIOHeHTa ®P,. KBazu-dacTuiisr
IPUOOPETAIOT SHEPTHIO, B3AUMOJIECHCTBYS C «BECOMBIMMIY TIOJNAPU3ALUAMA D[,y ],
U TIPH OTOM MOXKET NPOSABIATECA «pozacTeeHHasy 1. Ynen @q o = (150 « U peii-
CTBYET B CUMMETPUYHOH yacTh (1) Kak KOMITOHEHTa TeH30pa dHEPTHU-UMITYIIbCA,
—Top, U MTHTEPECHO Y3HATH, BIUSET JH 00JaCTh MEHSIOIIETOCS JIEKTPOMOTEHITHA-
Jla Ha TMOTEHIMAaJl TPaBUTAIIMOHHBIN (TO0OHO HEKOM Macce), OIICHUB B ypaBHEHUH
p = kdU /0t ko3P duLHeHT K.

Ha puc. 2 nokasana cxema HaCTOJIBHOI'O SKCIIEPUMEHTA [6] ¢ KayaroluMes Ma-
ATHUKOM (Mable KoneGanus, yron ~1072, nepuon ~1.46 ¢) u cepudeckum KOH-
nercatopoM (CK), kotopsiii 3apsprancs(paspsoxaics; ~25 kB), korja map MasTHUKa
MPOXOAMI HIKHEE MOJIOKEHNE (MMITYJIbC MaKCHUMalleH) 1o HarpasieHuto k(ot) CK
(Mona-“+"; Haobopotr — moza-“—"). Y NK-garuuka y3kas o0nacTb cpabaTbIBaHUS
(monocka Ha 1mape), Mo ero UMITYJIbCY OnpeessieTcst JOOPOTHOCTh U €€ M3MEHEHHUE
(Tatimep-1 — 16 Our, kiok 1 MKc, pexum 3axpara). [lojgydeHa OlCHKA
Kk ~ 1073 ...1072 [r/em’]/[B/c], HO ecTh cucTeMaTHKa (B BaKyyMe ObLIO ObI JTydIle).

3axiiroueHue. DKCIIEPUMEHT YKa3blBaeT HA CBS3b AJIEKTPUYECTBA M I'PaBUTA-
MY, BO3MOXHYI0 B Teopuu All, ee ocodom 5D Bapmante. 371eCh CHMMETPHS ypaB-
HEHUH (3TO KpacuBO) JMAONOJIHEHa OTCYTCTBHEM IPOU3BOJBHBIX I1apaMeTpOB
(IpUHLMI €JUHCTBEHHOCTH; 3TO MPOCTO, €CIIM UMETh B BUAY TEOPHUIO CIIOKHOCTH
anroputMoB KomMoroposa), ¥ OTCYTCTBHEM CHHTYJISIPHOCTEH pEIIeHH (3TO BaXK-
HO — pEIIeHUs] MOTYT JUIUTHCS, KaK YTOJHO, JOJT0, OCTaBasCh «HEITMHEWHBIMI
U3-3a pocTa Tpex nossipu3auuii). [IposBieHns TOMOMTHUTENBHOTO U3MEPEHHS BUI-
HBI B pa30eranuu rajakTvk (pacumpsromascs bpana), 1 B HEJIOKaIbHOCTH YaCTHII,
JOBIDKYIIFXCS. pa30M IO BCEM JOCTYIHBIM MyTsIM. W MpHHINTT CyNeprio3uIiy CBS-



364 Mocksa, MITY um. H.3. baymaHa, 7-10 utons 2025 2.

3aH ¢ CYMMHUPOBAHUEM I10 3TOMY HU3MEPCHUIO «aMIUIUTY» B3aMMOJICHCTBHS «4a-
CTCi» KBa3H-YaCTHUIIBI C ancamOieM CJ'Ia6I:IX, «KaCaTCJIbHBIX» BOJIH (p[#_v] .

CnMCOK UCTOYHMKOB

[1] Oiinmreiin A., Maiiep B. Cucrtemarndeckoe HCClENOBaHHE COBMECTHBIX ypaBHEHUI MO,
BO3MOJKHBEIX B PUMaHOBOM IIPOCTPAHCTBE ¢ aOCOMIOTHEIM Hapaiean3MoM. Cobpanue HayuHbix
mpydos. MockBa, Hayxka, 1966, 1. 2, c. 353-365.

[2] Zhogin I.L. Cosmology with one extra dimension. Proceedings of CSS-2024. Prague, Institute
of Mathematics, 2024, pp. 29-46. URL: http://css2024.math.cas.cz/proceedingsCSS2024.pdf
(accessed 15.03.2025).

[3] “Kormn M.JI. AGcomroTHbIH napamwiennsM; chepruueckasl CHMMETPHS U CHHTYJsIpHOCTH. 3Be-
ctust By30B. @uzuxa, 1991, Ne 9, ¢. 47-52. URL: https://arxiv.org/abs/gr-qc/0412081v3 (nara
oOpamienus 15.03.2025).

[4] VYpyukoes JLU. u ap. MccrnenoBanne BO3MOKHOCTH HHHIMHPOBAHHS anb(a-pacrana Boibhpa-
Ma 3JCKTPOB3PBIBOM. [lpukin. ¢uz. u mamem., 2017, Ne 1, c. 3-27. URL: urleon.ru/files/
article 65.pdf (mara oopamenus 15.03.2025).

[5] baunos B.®. Pacmywas 3emaa: uz nianem 6 36e30v1. Mocksa, Enuropuan YPCC, 2003, 271 c.
[6] XKorun W.JIL. IIpodonvubie 60HbL U HACMOALHBIL SKChepumenm ¢ masmuukom. 2025,
http://dx.doi.org/10.13140/RG.2.2.17396.26246

Longitudinal Waves in Five-Dimensional Absolute Parallelism
(and a Relativistic Brane) and the Tabletop Experiment
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Abstract. A 5D cosmology, the Universe-on-the-Brane, is discussed, which is motivated by
the special 5D variant of absolute parallelism, in which solutions are free of singularities,
including spherically symmetric ones, such as a longitudinal wave running along the radius
(fifth dimension). We consider motion of masses and photons in this relativistic brane, as
well as nonlinear “off-brane actors” (OBAs), perturbations. The time between the arrival of
OBAs and, later, photons from a “near explosion” (redshift z < 1) is found: At(z) = Az/HO,
Az = 73/24. A tabletop experiment is also presented that can confirm the influence of longi-
tudinal waves on the metric, the Ricci tensor.

Keywords: teleparallelism, brane cosmology, longitudinal polarization, electro-gravita-
tional effect

Introduction. Compatible equations of Absolute Parallelism (AP) were found by
Einstein and Mayer [1] — four classes including the two-parameter class of La-
grangian equations. Checking their compatibility for degenerate co-frames h‘lﬂ (xv)

and frame densities of some weight hP h;' (co- and contra-singularities; see [2] for
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references and notations), and requiring the absence of singularities of solutions,
we arrive at one, exceptional equation, EE, and D=5. The first derivatives of co-
frames give the A-tensor A%, = h%,, —hf, , and its contraction, vector @, =
= hq A%, (it’s not the vector-potential of the EM-field — no gradient symmetry,
etc.). Besides the “curl polarizations” @[, (only they transfer D-momentum, and
cause the growth of three linearly unstable polarizations [2]), the longitudinal po-
larization (LP) belongs to @,. Only the skew-symmetric part of EE participates in
the identity important for compatibility: EE[,,] & Apya;a = 0, EE[),, = 0; %7
is the covariant differentiation compatible with the metric g, = qp h‘flhli,, Ngp 18

Minkowski’s metric. In the symmetric part of EE, the Einstein tensor Gy, (Gm,;v =
O) can be separated, and there is still the linear term associated with LP, which af-

fect the metric, the Ricci tensor (the energy-momentum tensor appears in the fourth
order equation EE (.-, = 0; see [2] and references therein):

2
EE () Gy + g(p(u;V) +(4%) = 0; EE )y fuviv = 3411 Py - ey

A single longitudinal spherically symmetric wave following along the radius
[3] can serve as an optical wave-guide for almost tangential waves, and quasi-
particles, non-linear field configurations carrying topological charges and/or topo-
logical quasi-charges [2].

Methods and materials; results. The formation of topological quasi-particles
in the Brane (Big Bang, etc.) can be accompanied by the departure of topological
charges from the Brane, “off-brane actors” (OBAs). Upon subsequent Brane cross-
ing, OBAs can be captured by brane-particles and produce LENR-type effects (low-
energy nuclear reactions; formation of helium during electric explosion of tungsten
wires [4], the Earth growth [5]; more in [2]). This requires a high density of particles
— photons and matter, nucleons (the center of the Brane and its periphery).

$OTOHbI
B bpaHe
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Fig. 1. Shows the Brane expansion with velocity V and the movement of
OBAs from the point A (an “explosion”) to point C; later the same observer in the
Brane, at the point C', sees the arrival of photons. Two equations relate these events
(see notations in [2]; c=1),

C:TIvy =In(Ty/T,) = In(1 + z;);

C: RZsin?y + (Rycosyp — R,)? = (Ty — T.)? = [CA)?; Ty /T, = 1 + zg;

r=1/Vi-vzx»1.

Removing ¥ < 1, we get z; = exp(zo/+/1+ 2z9) — 1 = zy + z3/24; having
the redshift z; = z, and delay At = (T; — Ty) /I = (z; — zy)t, we find the Hubble
parameter H, = 1/t,. As an OBA detector, one can try (following [4]) a group of
parallel tungsten wires highly heated, in argon stream, where one should find heli-
um. The inner Earth core (angular size ~23°) absorbs OBA working as a shield.

Returning to LP and (1), let's assume that in the region with variable electric
potential U(t) (associated with quasi-particles — virtual photons), the component
@, also varies. Quasi-particles acquire energy by interacting with “weighty” weak
waves d)[u .v]» and the “related” LP can manifest itself as well. The term @, =

@, < U acts in the symmetric part (1) like the mass density, p, and it is interesting
to estimate the coefficient k in the equation p = kdU /0dt.

R - ‘:i:’
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Fig. 2

Fig. 2. shows the scheme of a tabletop experiment [6] with a swinging pendu-
lum and a spherical capacitor (SC), which was charged/discharged (25 kV) when
the ball of the pendulum passed the lower position (maximum momentum) to-
wards/from the SC (mode-“+”). The IR proximity sensor has a narrow response
area (a strip on the ball), its pulse width determines the quality factor and its
change (16-bit Timer-1 with a 1 us clock, the capture mode). The estimate is ob-
tained k ~ 1073 =+ 1072 [g/cm3]/[V/s], see [6].

Conclusion. The experiment shows a link between electricity and gravity,
which is possible in AP, its special 5D version; here the great symmetry of equa-
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tions (it's beautiful) is complemented by the absence of free parameters (the princi-
ple of uniqueness; it's simple if you keep in mind the Kolmogorov theory of algo-
rithms complexity), and by the absence of singularities of solutions (this is im-
portant — solutions can last forever remaining “non-linear” due to the growth of
unstable polarizations). The extra dimension is seen in the Universe expansion and
in non-local behavior of particles moving concurrently by all available paths —
their different parts along the large extra dimension. The superposition principle is
just summation along this dimension of “interaction amplitudes” of quasi-particle’s
“parts” with the ensemble of weak, “tangential” waves @[, 1.
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AnHoTanus. B pabote Ha 0OCHOBE HOBOH MOITyKIIACCHUECKON TEOPUH TATOTCHUS CTPOUTCS
MOJIeNb CIUPATBHBIX TANAKTHK B YCIOBUSAX AMHAMHYECKOTO PABHOBECHS, BKJIFOUYAIOIIAS
3 dekT ckpbITON Macchl WK “TeMHOW Marepun’”’. HoBas Mojaensb SBISCTCS paclImpeHHEM
MOJIENIH CTPOCHHS M 3BOJONHU TUCKOBBIX TAIAKTHK W TTO3BOJISCT OIMMCHIBATH CIHPAIBHYIO
CTPYKTYpBI, HaOIromaeMyto B OOJBITMHCTBE IUCKOBBIX TajdakTWK. OmHcaHUEC AMHAMHUKU
BEIIeCTBA CTPOUTCS C WCIIOJNB30BAaHHEM JIarpamHKeBa IMOIXOIa, IPUMEHIEMOro M K mapa-
MeTpaM CIUIOIIHOM Cpefibl, ¥ K Moo TAroTeHus. IlomydeHHas Moaens moaaep kuBaeT Teo-
PHIO BOJIHBI IUNTOTHOCTH U YCTAHABJIMBACT CBS3b MEXIY CIUPATIbHBIMH CTPYKTypaMH U 3¢-
(hEeKTOM CKPBITOW MAaCCHI.

KuioueBble ¢j10Ba: MOMyKJIacCHUYecKasi TEOpUs TATOTSHHUsI, CIUpaIbHbIEe TaJaKTHKU, TUHA-
MHUYECKOe paBHOBecHE, 3P (HEKT CKPBITON MaCChl, aBTOMOJICIbHAST DBOJFOIIHS

Beenenne. B o0mieli Teopun ITUCKOBBIX TaJJaKTHK MMEIOTCS IB€ OCHOBHBIX IIPO-
onemel. [lepBoii sBNsieTCs TUTOCKAs KPUBAasi BpallleHHs TalaKTHK Ha WX Tepudeprn
[1, 2]. Bropas — ¢opmupoBaHrEe U 3BOJIONUS CIUPATBHBIX CTPYKTYpP, KOTOPHIE
obnanator GonbimM paszHooOpaszueM (opmel [3, 4]. Pemenne mepBoii mpoOeMsr
uuryT 1100 B paMKax THUIOTE3bl O CYNIECTBOBAHWHU IK30THUECKUX (HOPM MaTepUH
(“remHas MaTepus’”’), B3aUMOJICHCTBYIOMINX ¢ OOBIYHOW TOJBKO C MOMOIIBIO Tpa-
BUTAUMOHHOTO 1o [1,2], 1100 B pamMKax IMIIOTE3bl O HAPYLICHUH 3aKOHA TSroTe-
Hus HeroTona Ha MacmTabax rajnakTvk (3¢ ¢GeKT cKpeiToi Macchl, Teopusi MOND)
[1,2].

B paborax [5, 6] npennoxeH HOBBIA MOAXOJ K PELICHUIO TIEPBOH MPOOIEeMBbI
JMCKOBBIX TaTaKTUK — 3¢ (eKTa CKPBITO MacChl, OCHOBaHHBIN Ha MOJyKJaccuye-
CKOIl Teopuu TATOTEHHS M JarpamKeBOM (popMain3Me IMpH OMHCAHUU TOJS TSro-
TeHus. B 3Tux paboTrax Ha OCHOBE HOBOW IMONYKJIACCHYECKOW TEOPHH TATOTEHUS
ObUIM TIOJTYYEHBI U MIPOAHATM3UPOBAHBl YPAaBHEHUS AMHAMHKH JTUCKOBBIX T'aJIaKTHK
¢ 3G PEeKTOM CKPBITOI Macchl, BOHUKAIOIIEM IPH €CTECTBEHHOM PACITUPEHUH HO-
BOT'O MpeJCTaBiIeHUs penleHuit ypaBHeHus [lyaccoHa KiiacCHYeCKOW TEOPUH TSTO-
TEHUsI JJIs CIIOIIHOM CPeAbl ¢ IOMOIIBIO JarpaHKeBBIX IEPEMEHHBIX (MapKepOB).

B nHacrosmeli paboTe, mMoaX0J, W3I0KECHHBINH B padoTax [5, 6] B OTHOIICHUU
JMCKOBBIX T'aJIaKTUK, 00JIQIAIONINX MIITHHAPHYCCKON CHMMETpUeH, MOIu(UIpy-
€TCsl C IIENIBI0 BKIIOUUTH B 3TO OMUCAHME U CIMPATbHONW CTPYKTYpHI ranakTuk. Oc-
HOBHOM 3ajayeil NaHHON paOOThI SIBISETCS IMOCTPOECHHE MOJACTH IWHAMHYECKOTO
paBHOBECHS I'aJIAKTHK CO CIIUPATIBHBIMU CTPYKTYpPaMH.
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MeTtoabl U MaTepuaabl; pe3yabTaTbl. [locTpoeHHe MOJenn AUCKOBBIX Ta-
JIAKTHK CO CIHPAJIbHON CTPYKTYpoil B paboTe ommpaeTrcsl Ha JarpaHXeB IMOAXOX
ONMCAHUS JUHAMKHU BpPAIIAIOMICHCS CAMOIPABUTUPYIOLIEH CIUIOIIHOW cpenbl. B
TaKOM TTOAXOJIE MCIIONIE3YETCS TOydeHHoe B [5, 6] mpencTaBieHne rpaBUTAIMOH-
HOTO I0JIs1 KIACCUYECKON TEOPHUH TATOTEHUS C MOMOIIBIO JarpaHKeBbIX MMEePEMEH-
HbIX. OmnucaHue AWHAMUKU CPEAbl CTPOUTCS B paMKax TEOPUHM JWHAMUYECKOIO
paBHOBecHus actpoduznyeckux 00beKToB [7]. B paboTe BBIBENEHBI ypaBHEHUS
CTPOEHMSI M aBTOMOJEIBHOM HBOJIIOLMU JUCKOBBIX TaJaKTHK CO CIHMPAJIbHOU
CTPYKTYpO#, ¢ yueToM 3¢ deKTa CKpbITOH Macchl. [IpoaHanu3upoBaHbl 0COOCHHO-
CTH aBTOMOJIEIIFHOM 3BOJIOIMH JUCKOBBIX TANAKTHK B JTWHAMHYECKOM pPaBHOBE-
cun. [IpoBenen aHamm3 CTPYKTYPHI 30HABHOTO TIOTOKA CPEMbI U €0 CBS3H C BOJ-
HOU IJIOTHOCTH.

3akirouenue. [locTpoeHHas MOJENb CTPOSHUSI U aBTOMOJEIBHON 3BOIOLUN
JUCKOBBIX TAJIAKTUK MOXKET pacCMaTpPUBATHCS KaK HOBBIM BapHaHT TEOPUHU BOJHBI
TUIOTHOCTH BMECTE, YUUTHIBAIOWIEH dPPEKT CKPBITOH MACCHI.

Paboma evinonnena ¢ pamxax Coerawenus o npedocmasienuu cyocuouu
u3 pedepanvrozo 6100x0cema Ha huHancosoe obecneyerle 8biNOIHEeHUs.
20CY0apCmeeHH020 3a0aHUsl Ha OKA3AHUE 20CYOAPCMEEHHBIX YCIye
(6vinonnenus pabom) Ne 073-03-2025-066 om 16.01.2025, 3axnouennvim
medncoy @I'BOY BO «YalTlV um. H.H. Ynvanosay
u Munucmepcmeom npoceeuwjerus Poccutickoii @edepayuu.
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Abstract. In this paper, a model of spiral galaxies under dynamic equilibrium conditions is
constructed based on a new semiclassical theory of gravitation, including the effect of hid-
den mass or “dark matter”. The new model is an extension of the model of the structure and
evolution of disk galaxies and allows one to describe the spiral structure observed in most
disk galaxies. The description of the dynamics of matter in the structure of spiral galaxies is
constructed using the Lagrangian approach, applied not only to the parameters of the con-
tinuous medium, but also to the gravitational field. The resulting model supports the density
wave theory and establishes a connection between spiral structures and the effect of hidden
mass.

Keywords: semiclassical theory of gravitation, spiral galaxies, dynamic equilibrium, hid-
den mass effect, self-similar evolution

Introduction. There are two main problems in the general theory of disk galaxies.
The first is the flat rotation curve of galaxies at their periphery [1, 2]. The second is
the formation and evolution of spiral structures, which have a great variety of
shapes [3, 4]. The solution to the first problem is sought either within the frame-
work of the hypothesis of the existence of exotic forms of matter (“dark matter”)
interacting with ordinary matter only through a gravitational field [1, 2], or within
the framework of the hypothesis of the violation of Newton's law of gravitation on
the scale of galaxies (the effect of hidden mass, the MOND theory) [1, 2]. In [5, 6],
a new approach to solving the first problem of disk galaxies — the effect of hidden
mass, based on the semiclassical theory of gravitation and the Lagrangian formal-
ism in describing the gravitational field is proposed. In these works, equations of
the dynamics of disk galaxies with the effect of hidden mass, arising from the natu-
ral expansion of the new representation of solutions of the Poisson equation of the
classical theory of gravitation for a continuous medium using Lagrangian variables
(markers), were obtained and analyzed on the basis of a new semiclassical theory
of gravitation. In this work, the approach presented in works [5,6] in relation to
disk galaxies with cylindrical symmetry is modified in order to include in this de-
scription the spiral structure of galaxies. The main objective of this work is to con-
struct a model of the dynamic equilibrium of galaxies with spiral structures.
Methods and materials; results. The construction of the model of disk galax-
ies with a spiral structure in the work is based on the Lagrangian approach to de-
scribing the dynamics of a rotating self-gravitating continuous medium. This ap-
proach uses the representation of the gravitational field of the classical theory of
gravitation using Lagrangian variables obtained in [5, 6]. The description of the
dynamics of the medium is constructed within the framework of the theory of dy-
namic equilibrium of astrophysical objects [7]. The work derives equations for the
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structure and self-similar evolution of disk galaxies with a spiral structure, taking
into account the effect of hidden mass. The features of the self-similar evolution of
disk galaxies in dynamic equilibrium are analyzed. The structure of the zonal flow
of the medium and its relationship with the density wave are analyzed.

Conclusion. The constructed model of the structure and self-similar evolution
of disk galaxies can be considered as a new version of the density wave theory to-
gether with the effect of hidden mass.

The work was carried out within the framework of the Agreement
on the provision of a subsidy from the federal budget for financial support
for the implementation of the state assignment for the provision of public services
(performance of work) No. 073-03-2025-066 dated 01/16/2025, concluded between
the Federal State Budgetary Educational Institution of Higher Education
“UIGPU named after I.N. Ulyanov” and the Ministry of Education
of the Russian Federation.
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Origins of Phantom Cosmology in Superfluid Vacuum Theory
of Quantum Gravity
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Abstract. Using superfluid vacuum approach to fundamental physical vacuum and quan-
tum gravity, we derive the unified model of inflation period and contemporary dark energy
epoch. The model contains the tachyonic phantom field non-minimally coupled to the quin-
tessence field, which is the novel feature in phantom cosmological models.

Keywords: cosmology, quantum gravity, dark energy, inflation, superfluid vacuum theory

Introduction. Superfluid vacuum theory (SVT) is a theory of fundamental physi-
cal vacuum, or non-removable background, where the latter is considered to be a
superfluid [1]. In its “infrared” or “phononic” limit (assuming low-momentum
small excitations), superfluid vacuum theory generates Lorentz symmetry and
curved spacetime, which de-facto makes it a generalization of general relativity [2].
By construction, SVT is also the theory of quantum gravity, which is well-defined
in quantum-mechanical sense and free from divergences and anomalies.

Methods and materials; results. Using the superfluid-spacetime correspond-
ence [2], we demonstrate that laminar superflow of the physical vacuum modelled
by logarithmic quantum Bose liquid in 3D space generates a 4D relativistic system
of the “quinton” type.

This type of theories comprises the dilaton field playing the role of the inflaton
in the early universe and the quintom field, a combination of the quintessence and
tachyonic phantom fields. All three fields are thus shown to be projections of the
dynamical evolution of superfluid vacuum density and its fluctuations onto the
measuring apparatus of a relativistic observer.

Conclusion. The unified model describes the transition from the inflationary
period in the early universe to the contemporary accelerating expansion of the uni-
verse, commonly referred to as the “dark energy” period. The quintessence and
tachyonic scalar components of the derived model turn out to be non-minimally
coupled, which is a hitherto unexplored generalization of cosmological phantom
models.

We thus showed that the dilaton-driven inflation and the effects attributed to
“dark energy” can be viewed as different manifestations of the same object and a
kind of matter, superfluid vacuum [3].
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Abstract. In this paper, we investigate Friedmann Robertson Walker (FRW) space time
filled with a perfect fluid in f (R, Lm) modified theory framework formulated by Harko
(2010), where R is the Ricci scalar curvature, Lm is the ideal fluid’s Lagrangian. Two spe-
cific non-linear f (R, Lm) functional forms are assumed. Here, we adopt a cubic parametri-
zation of the deceleration parameter, which generates an accelerating universe to obtain the
exact solution of the field equations. We investigate the evolution of cosmological parame-
ters including pressure and energy density. Observational data from H(z), BAO, Pantheon
datasets are examined using MCMC methodology to determine model parameters.

Keywords: FRW Model, Modified theory, Deceleration parameter, Observational data

Introduction. Current developments in cosmology and astrophysics have come up
with strong evidence supporting the acceleration of the universe expansion, which
was corroborated using data like Type Ia Supernova (SNIa), Cosmic Microwave
Background Radiation (CMBR), Large-Scale Structure (LSS), Baryon Acoustic
Oscillations (BAO), and space mission data including WMAP, SDSS, and
Planck[1-6]. Dark energy drives cosmic acceleration, though its nature remains
unknown. Various models like Quintessence, K-essence, and Phantom have been
proposed, alongside modified gravity theories such as f(R). In this approach, the
Ricci scalar R is replaced with an arbitrary function f(R), extending beyond Gen-
eral Relativity. This study focuses on f(R, Lm) gravity, analyzing its field equa-
tions and observational constraints.

Methods and materials; results. In this study, we explore the f(R, Lm) gravi-
ty model proposed by Harko and Lobo (2010), which extends the standard f(R)
gravity by incorporating the Lagrangian matter term Lm. The field equations are
derived from the action integral, incorporating the flat FRW metric to describe a
homogeneous and isotropic universe. To close the system of equations, we utilize a
cubic parametrization of the deceleration parameter, allowing for a systematic
analysis of the cosmic evolution. Two specific f(R, Lm) models are considered:
Model I-(f(R, Lm) = R + (1 + aR)Lm) and Model II-(f(R, Lm) = R + Lmn+ B).
Observational constraints are applied using Hubble parameter measurements, the
Pantheon Supernova dataset, and Baryon Acoustic Oscillations (BAO). A chi-
square minimization technique is used to estimate the best-fit parameters, confirm-
ing late-time cosmic acceleration. The OM diagnostic further distinguishes these
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models from ACDM, suggesting potential deviations that provide insights into dark
energy.

Conclusion. In this study, we investigated two f(R, Lm) gravity models using
the FRW metric for a perfect fluid. A cubic parametrization of the deceleration pa-
rameter was applied, leading to an accelerating universe. The models were ana-
lyzed through cosmological parameter graphs over cosmic time, and observational
constraints were derived by converting these quantities into redshift z. Using the
H(z), Pantheon, and BAO datasets, we estimated the best-fit values for the model
parameters and the Hubble constant HO. The deceleration parameter analysis
showed a transition from a decelerating to an accelerating phase, aligning with ob-
servational data. Furthermore, the Om(z) diagnostic indicated a possible phantom
field-dominated phase, supporting the model’s capability to describe the universe’s
expansion history.
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