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AHOTAIIIA

Tarapua M. B. Tepmoaunamika 9opHUX AIp 3 HEJIHITHIMEU MaTepi-
aJbHIMHU noaamvu. — KpaJidikamiiiHa HayKoBa mpald Ha IIpaBax py-
KOIINCY.

HHucepmauia na 300bymmasa nayrxosozo cmynens dokmopa dirocodi 6 2a.ny31
auans 10 «Ilpupodnuvi naykus 3a cneutasvricmio 104 «Pidurxa ma acmpono-
My, — JIveiscokull naytonarvrutl yrieepcumem wment leana Ppanka, JIve6is,
2023.

JlucepTallito MpUCBSYeHO BUBYECHHIO TePMOINMHAMITHOI IOBEIIHKI TPHOX Teope-
TUKO-TI0JIbOBUX MOJIeJIeil YOPHUX JIiP: CTATUIHUX Ta 3 00EPTAHHSM, 3 €JIEKTPHIHUM
Ta MarHITHUM 3apsdj/iaMU, 3 PI3HUMU HEJIHIHHUMU €JIEKTPOMArHITHUMU TOJISIMU,
y IpocTopi-dyaci pi3HUX BUMIpHOCTEll Ta reoMeTpiii B paMKax 3arajibHOI Teopil
BIJJTHOCHOCTI.

[lepmioro po3rIsiHyTOI0 MOJIE/IIO € CTATHYHA, €JeKTPUYHO 3apsjiKeHa dop-
Ha Jipa 13 4OTMpbOMa PIZHUMHU BHUJIAMU HEJIHIHOINO eJIeKTPOMAarHITHOIO IOJIS:
crerieneBuM, BopHa-Iudenbia, JorapudMidHIM Ta €KCIIOHEHIIITHIM Y TPUBUMIP-
HOMY IIPOCTOpi-4aci 3 BiJI'€MHOI0 KOCMOJIOTTYHOIO cTajioi0. OTpuMaHO PiBHSIHHSA
I'PaBITAIITHOTO Ta €/1eKTPOMArHITHOTO TIOJIIB, TXHI TOYHI aHAJITUIHI PO3B A3KH.
[Tokazano, mo s nosiB bopua-Indensaa Ta gorapudmivnoro BiacyTHSA PO30i-
JKHICTH €JIEKTPUYHOIO I0JIS NPU HYJBOBOMY 3HaUYeHHI paJjiiajibHOI KOOPJIUHATH.
[IpogeMOHCTPOBAHO CXOXKY SIKICHY TOBEJIIHKY OTPUMaHUX PO3B’SI3KIB I I0JIB
tunty bopna-Iudenna.

CreneneBe e/leKTpOMArHiTHE I10JI€ MIPU TTapaMeTpl HeJIHITHOCTI pIBHOMY O/1H-
HIIl BIANOBIAa€ JIHINHIA MaKCBeJIBCbKIN ejgeKTpoanHamini. JlocmaiKeHo KoH-
dopMHMIT BUIAJIOK CTENEHEBOI'O TOJIA IPU SKOMY pajliajibHa KOMIIOHEHTa eJie-
KTPUYIHOTO TIOJIA 3aJI0BOJIbHSE 3aKOHY ODEpHEHWX KBAJIPaTiB y TPUBUMIPHOMY
IpOCTOpi-daci, TEeH30p eHeprii-iMIyJIbcy cTae Oe3C/0BUM, & CKaJsgpHa KPUBH-
3Ha NpUIMaE OCTiiiHe 3HAUEHHsI. 3HAlIEHO 3B I3KN MiXK CTAJMMU iHTErpyBaHHS
Ta MAKPOCIONIYHUMU TIapaMeTpaMyu YOpHOI JIIPU — 11 Macoo Ta IOBHUM €JIEKTPU-
YHUM 3aPsIJIOM.

O6umnciieno TemrepaTypy BUIIPOMiHIOBaHHs [OKiHTa Ta €/JeKTPUIHUI MOTEH-



IiaJl Ha TOPU30HTI MoJiil YopHol jipu. lociipkeno posmupenuii (pazoBuit Tep-
MOJIMHAMIYHUN TPOCTIP, e B €éMHA KOCMOJIOTTYHA CTajia 1HTEPIPETYEThC HAK
TePMOJIMHAMIUHNN THCK 3 OOKY CepeJIoBUIA Ha YOPHY JIpY. SalMCAHO TEePIIii
3aKOH TEPMOJMHAMIKHI JIJIsI TEPMOJMHAMIYHOI (PYHKIIT Macu JOPHOI JIipH, MOKa-
3aHO, 1[0 BOHA Mag€ 3MicT eHTasbIil. OTpuMaHo TepMOUHAMITHIH 00’€éM JOpPHOT
JIipH, gKuil criBliajiae 3 IJIONIEI0 Kpyra pajiycy NOPU30HTY IO/Iiil YOpHOI JIipH.
3anucano piBHAHHA CTAHy YOPHOI JIPHW Ta BUSBJIEHO HOTO TPUBIAIbHY KPUTHIHY
IIOBEIIHKY — BiJICyTHICTH (pasoBoro nepexoy. Od4ncieno i3006apHy TEIIOEMHICTD
YOPHOI JIipu, BUJIL/IeHO HediznuHy 001acTh 11 BiJI' €MHOI'O 3HAYEHHS, TKa BiJIITOBI-
Jla€ 00J1acTi BiJI' €EMHOT TEeMIIEpaTypH.

Otrpumani pe3ysibTaTu JijIg METPUIHOI (PYHKIII, TeMIIepaTypu, TUCKY Ta 130-
6apHOI TEIOEMHOCT1 JIEMOHCTPYIOTH CXOXKY AKICHY MOBEJIIHKY JJIST YCIX THITIB 110~
jiB. IIpwm 3pocranni pajiaabHol KOOPJAUHATH UJIeH 13 KOCMOJIOTIYHOIO CTaJIO0 €
JIOMIHYIOUMM, TaK 1110 IpHU (BiKCOBAHUX 1HIIUX MTapaMeTpax JYOpHOI Jipu yci 11 3a-
JIEZKHOCTI $IKiCHO € OJIm3bKuMU MixK co0oro. [loBejiiHKa KPUBHUX JIJIsl CTEIIEHEBOT'O
01 BUSHAYAETHCS MTapaMeTpoOM HEJIIHIITHOCTI, JijId SKOro € pizmaHe 0OMerKeHHs,
KOJIN eJIeKTPpUIHE T0JIe CTA€ PO30IKHUM Ha Oe3Me:KHOCTI. [cHyBaHHS TOPU30HTY
MO/ BUBHAYAETHCS MaCcOI0 YOPHOI JIpH.

HoBusHoro 11i€l Moie11 € BUBYEHHsI PO3IINPEHOI0 (ha30BOr0 TEPMOIMHAMIIHOIO
IIPOCTOPY TPUBUMIPHOI CTATUYHOI YOPHOI JIPU 3 PIBHUMM HEJIHIMHUMU eJIeKTPO-
MarHITHIMU TOJIAMU Ta MOPIBHAHHA 1X MiXK CODOIO.

Jpyroto Joc/TizKeHOI0 MOJE/IIO € eJIEKTPUYIHO 3aps/yKeHa J0opHa Jlipa 3 I0-
BLILHIM 0OepTaHHAM Ta CTENEHEBUM €JIeKTPOMATHITHUM I0JIEM Y TPUBUMIPHOMY
1pocropi-gaci 3 BiJI'€MHOIO KOCMOJIOTTYHOIO cTasioln. OTpUMAaHO PiBHSIHHS I0JIs
Ta 1X po3B’a3Ku. [li po3B’d3KN OMUCYIOTHCA JIBOMA METPUIHUMU (DYHKITISAMU: JTi-
aroHaJIbHOIO Ta HeJllarOHaJIbHOI, a TaKOXK JIBOMa KOMIIOHEHTAMU TEH30pa eJe-
KTPOMAarHITHOTO MOJIS: pajiiaJlbHUM €JIeKTPUYHUM Ta MarHiTHUM ToJisiMu. [ panu-
15 TOBLILHOTO OOEPTaHHA BU3HAYAETHCS MaJIUM IapaMeTpOM, IO € OB’ d3aHuM
13 KyTOBUM MOMEHTOM YOPHOI JIIPH.

Jl1s1 Mar"iTHOTO IOJIA Ta HeJiaroHaJJbHOI MeTPpUIHOI (DYHKILI 3HAIEHO TO-
YHI KBaJIpaTypHI, a8 TaKOXK aHaJITUIHI aCUMIITOTUYHI PO3B’s3KHU, Ii PE3y/IbTATH €

OpI/IFiHaﬂbHI/IMI/I. Posp’askn JJIAd €JIEKTPUIHOI'O Ta MAarHITHOI'O II0JIIB OTpUMaHO B



3araJIbHOMY BUIAJIKY 0€3 HaK/IaJaHHs Ha HUX JOJATKOBUX 3B’si3KiB. OOroBOpEHO
3B'A3KN MIXK CTAJIUMU 1HTErpyBaHHsd Ta MapaMeTpaMu YOpHOI jipu — 11 Macolo,
eJIEKTPUYHUM 3aPsIJI0M, KYTOBUM MOMEHTOM.

PosrsnyTo TepMonnamMiky OTpUMaHUX PO3B’SI3KIiB Y PO3IMUPEHOMY (Pa30BO-
My TepMOJHaMidYHOMY HpocTopi. [Tokazano, 1o y BUNaKy MoBLILHOIO obepTaH-
Hsl pajiiajibHa KOMIIOHEHTa, €JIEKTPUIHOIO T0JIs, JiiaroHaIbHa MeTpUIHa, (DYHKITISA
Ta PO3IJIAHYTa TEPMOJINHAMIYHA TTOBEIHKA YOPHOI JIPH CIIBIIaIAI0Th 13 BIIIIOBII-
HUM CTaQTUYHUM BUIIQJIKOM I1€PIIOl MOJEJI JIJisl CTEIIEHEBOrO I10JId, TOJl K came
MOBL/IbHE 0OepTaHHs 3YMOBJIIOE MTOABY HeJliaroHaJIbHOI METPUIHOI (PYHKINT Ta Ma-
I'HITHOTO TI0JIsi TOIO K TOPSIJIKY MaJIoCTi, 10 1 MOBLIbHE 0OepTaHHS.

KurogoBi 0co0JIMBOCTI TPUBUMIPHUX YOPHUX JIIP 31 CTEIIEHEBUM II0JIEM Ta I10-
BLJILHUM OOEPTAHHSAM € CXOXKIMHU JI0 BIJIITOBIIHIX YOPHUX JIip Y BUIIIX IPOCTOPOBO-
YaCOBUX BUMIPHOCTSX, II€ IIIe Pa3 JIOBOJUTD, 110 TPUBUMIPHI YOpHI Jipu 30epira-
I0Th OCHOBHI BJIACTUBOCTI CBOIX BUCOKOBUMIPDHUX aHAJIOTB.

TpeTboto BUBUEHOIO MOJIETITIO € CTATUYHA YOPHA, /IIpa 3 eJIEKTPUIHUM Ta MarHi-
THUM 3apsijlaMi B eJeKTpoauHamili bopra-IHdenrbia 90TupuBIMIpHOTIO MIPOCTO-
py-dacy 3i cepuynoio, MI0CKOIO Ta TinepOoidHOI0 T€OMETPUIHUMEI CTPYKTYpa-
MU TOPU30HTY TOi{l YOPHOI JIipH 3 BiJI €MHOIO KOCMOJIOTIYHOIO CTaJI010. EjieKTpo-
MarHiTHuit ylarpas:kian Bopna-Indesnbaa odpano B ifioro opurina/bHiil dpopmi 3
JIBOMa TI0JIboBUMHI iHBapianTamu. OTpUMAHO I0JIOBI PIBHSIHHSI Ta 1X TOUYHI aHa-
JITUYHI po3B’a3Kku. [locsizKyBana dopHa Jipa OMICYETHCA OJIHIEIO TiaroOHaAJIHLHOTO
METPUYIHOIO (DYHKINEIO, paiaJbHIM eJIEKTPIHIHIM Ta KYTOBUM MAIHITHIM OIS
M.

[TijicTanoBKY It BEKTOpa MOTEHIIaIy eJIeKTPOMarHiTHOrO M0JId 0OPaHO B Ta-
Kiit popwmi, 1110 3abe311edye 0JIHaKOBI 3HAUYCHHS iHBapiaHTiB o151 bopna-Indenba,
a TaKOK eJIEKTPUYHI KOMIIOHEHTH €JIEKTPOMATHITHOT'O TOJIS JIJIsl YCIX PO3IVISTHY TUX
reomMeTpiit ropusonTy nojiit. [Ipn npamyBanni pajiaabHOl KOOPJAUHATH 10 HYJIS
eJIEKTPUYHE TI0JI€ 3POCTAE MOBLIBHIIIE /I OLIBITNX 3HAYEHb MarHiTHOIO 3apsiLy
1 puiiMae CKIHYeHHEe 3HaYCHHS.

JlociizKeHo TepMOIMHAMIYUHI BJIACTUBOCTI OTPUMAaHUX PO3B’SI3KiB Y PO3IINpe-
HOMY (ha30BOMY TEPMOIUHAMIYHOMY IIPOCTOPI. 3allNCAHO HEPIINil 3AKOH TePMO/TH-

HaMiki Ta criBBigHomeHHss CMappa /11 CKIHIeHHIX TePMOIMHAMIYHIX BEJININH



13 JIOJIATKOBUMU YJIEHAMU TI0JIsipr3allil Bakyymy bopua-Indesia, mo € xapakrep-
HUMHU OCOOJIUBOCTSAME eJlekTpojunHaMiku BopHa-Indenbia. Orpumano piBHIHHS
CTaHy Ta BUBYEHO UTO KPUTHIHY TOBeMiHKY. PazoBuil mepexin Mae Miclle TIIbKN
JJTs1 c(hepIIHOr0 TOPUBOHTY 1011 YOPHOI TP, OTPUMAHO YMOBH Ha €JIeKTPUTHUI
Ta MarHiTHUI 3aps/iu, a TaKOXK ITapaMeTp HeJIHIMHOCTI Ipu SKUX el nepexiji Mo-
kauBuit. OTpuMaHO TepMOJMHAMIUHE KPUTHIHE BiTHONIEHHS Ta ITPOAHAJI30BaHO
iftoro opurinajbhi ocodbuBocTi. O64MCIeHo 1300apHy TEIIOEMHICTH YOPHOI JIipH.

Toit dakT, 1O Maca YOPHOI JIiPU BUCTYIAE B POJIi (PYHKINI €HTaJbIIl y pO3-
mupeHoMy Gpa30BOMY TEPMOTUHAMITHOMY TTPOCTOPI J03BOJIAE POSIJIAHYTH KJIacHU-
gnuit epext [xxoyis-Tomcona, iy yac sskoro mMaca 90opHOI JipH He 3MIHIOETHCH.
Orpumano ymoBy icuyBanus edekty JIxkoyms-Tomcona, moOy10BaHO BiIIOBII-
Hi iHBepCiiiHI Ta 130eHTaJIbIIHI KPUBI, MOKa3aHO 00JIACTI HArpPIBaHHA Ta OXOJIO-
»KenHst dopuol Jipu. Ilpm 3pocranni mapamerpa nesminiitnocti bopna-Indensa
iHBepciiiHl KpUBI aCUMIITOTHYHO HMPAMYIOTH 10 BUNAJAKY YopHOI Jipu Paiicnepa-
Hopacrproma.

EjtlekTpuvnmii Ta MarHiTHUN 3apsiid BXOJIATH JIO METPUYHOI (PYHKINI Ta po3-
IJITHYTUX TEPMOJNHAMIYHIX BEJUYNH Y CUMETPUIHIH popMi, TOMY TPUCYTHICTD
MArHITHOTO 3apsiy He TPUBHOCHUTD JIs HUX HOBUX OCOOJIMBOCTEI, Ha BiJIMIHY BiJl
eJIEKTPUIHOIO Ta MarHITHOIO TOJIB, & TaKOoxK 1X IMOTEHIIaJIB, 9KI 3aJeKaTbh Bl
HAABHOCTI MarHiTHOro 3apsijty. s ycix orpuMaHux pe3y/bTaTiB pO3IJIAHYTO 1X
IPaHUYHI BUIIQJIKU JIJIT MAKCBEJI1IBCHKOIO JIarPaHzKIaHy IIPU BLJCYTHOCT1 MATrHITHO-
ro 3apsay g cepudHOro MOPU30HTY IOIiH, sSIKi CIiBIIAIaI0Th i3 BiIIOBIIHUMN
pe3yJbTaraMu Jijisi YopHoi jipu Paiicnepa-Hopicrproma 3 Biji'éeMHOIO KOCMOJIOT-
YHOIO CTAJIOIO.

VHIKaJILHICTIO III€T MOJAEI € PpO3IJIsi]] MAIHITHOIO 3apsijly B OPUTiHAJIbHII ejie-
KTpojuHamini Bopua-Indenbna, TepMoaHAMITHONO KPUTUIHOTO BiJIHOIIIEHHS, &
TakoK edekty [IxKxoyis-Tomcona.

[IpakTrnaHuM 3HAUEHHAM pPe3yJIbTaTIB MPOBEJEHUX JIOCIIIKEHD € TTONOBHEHHSA
TEOPETUIHUX HAIPAIIOBAHbL (PISUKW YOPHUX JIIP B KOHTEKCTI HETIHIMHIX MaTepi-
AJLHIX MOJIB PO3ISHYTUMI HOBUMHU MUTAHHAMHI Ta MPOOJIeMaMi B TEPMOINHA~
MIYHUX aclleKTax, [IOPIBHsHHSI Ta CIIBCTABJIEHHs 1X MiXK cO000, He3aJIeyKHe IIi/I-

TBEP/KEHHHS OKPEMUX pe3yJIbTaTiB, ICHYI0UnX y JiiTepaTypi. Bee 1e € bazoro jirs



HOJAJIBIINX TOJIOHUX Ta CYMIXKHUX JIOC/IIJKeHb 1 Xo4ya O Ha Iamepi HabJIMXKae
HAC JIO TAaKUX HEJOCSKHUX, €K30THIHIX 1 BOJHOYAC BayK/JIMBUX 00’ €KTIB, SIK YOPHI
TP,

Kuro4doBi cioBa: 3arajibHa Teopisl BiIHOCHOCTI, YopHAa Jipa, HeJliHiiiHa eje-
KTPOJINHAMIKa, CTeIleHeBe eJIEKTPOMarHiTHe 1oJie, eJleKTpoinHaMika bopua-Inde-
JIbjia, noJist Tuity Bopua-Indesnbia, TepMoauHaMika 9OpHUX JIip, pO3IUpennii ¢a-
30BHUil TepMmojuHaMiuHMil 1mpoctip, edekt xkoyis-Tomcona, Torosoriaai 9opHi

JIpU.



ABSTRACT

Tataryn M. B. Black hole thermodynamics with non-linear material
fields. — Qualification scientific work on the rights of the manuscript.

Thesis for the scientific degree of the Philosophy Doctor in a speciality 104
«Physics and Astronomys» (10 «Natural Sciencess ). — Ivan Franko National Uni-
versity of Lviv, Lviv, 2023.

The work is devoted to the study of thermydynamic properties of three field-
theoretical models of black holes: static and rotating, electrically and magnetically
charged, with different non-linear electromagnetic fields, in various spacetime di-
mensions and topologies within General Relativity.

The first considered model is a static, electrically charged black hole with four
various types of non-linear electromagnetic field, namely, power Maxwell invariant,
Born-Infeld, logarithmic and exponential in three-dimensional spacetime with a
negative cosmological constant. Equations of gravitational and electromagnetic
fields, and their exact analytical solutions are obtained. It is shown that the
electric field in the Born-Infeld and logarithmic electrodynamics does not diverge
at the origin. The Born-Infeld type fields possess similar qualitative behavior.

The power Maxwell invariant field with the non-linearity parameter equal to
unity corresponds to linear Maxwell electrodynamics. The conformal source of
the power Maxwell invariant is investigated. In this case the electric field sati-
sfies the inverse-square law in three dimensions, electromagnetic stress-energy
tensor is traceless, and scalar curvature takes a constant value. Relations between
integration constants and macroscopic parameters of black hole, namely, mass and
full electric charge are established.

The Hawking temperature and electric potential on the black hole horizon are
calculated. The extended phase space thermodynamics where a negative cosmolo-
gical constant is associated as environment pressure is investigated. The first law
of thermodynamics is written for the black hole mass, which is interpreted with
enthalpy. The black hole thermodynamic volume coincides with the area of a circle
of the black hole horizon radius. The equation of state of the black hole is written

and its trivial behavior is discovered. Also, the heat capacity at constant pressure



is calculated.

The obtained relations for metric function, temperature, pressure and heat
capacity for all type of fields show some similarities, namely when a radial coordi-
nate becomes large, the term with the cosmological constant is dominating, thus
for some fixed parameters of the black hole all dependences are very close to each
other. The behavior of curves for the power Maxwell field is defined by the non-
linearity parameter, and its values has a physical restriction when the electric field
diverges at infinity. The existence of an event horizon is determined by the black
hole mass.

The novelty of this model is the study of three-dimensional static black holes
with various non-linear electromagnetic fields in the extended phase space thermo-
dynamics, and the comparison of the obtained results to each other.

The second examined model is a slowly rotating, electrically charged black hole
with power Maxwell invariant electromagnetic field in three-dimensional spaceti-
me with a negative cosmological constant. Field equations and their solutions are
obtained. These black hole solutions are described by two metric functions, namely
diagonal and nondiagonal functions, and also two components of electromagnetic
field tensor, namely the radial electric and magnetic fields. The slow rotation li-
mit is defined by a small parameter which is related to the black hole angular
momentum.

For the magnetic field and non-diagonal metric function exact quadrature as
well as analytical asymptotic solutions are found, these results are original. The
solutions for electric and magnetic fields are obtained in a general case without the
assumption of additional connections between them. Relations between integrati-
on constants and black hole parameters — its mass, electric charge and angular
momentum are discussed.

Thermodynamic properties of the obtained black hole solutions in the extended
phase space thermodynamics are considered. It is shown that in a slow rotati-
on limit the radial electric field, diagonal metric function and all considered
thermodynamics are the same as for the corresponding static case of the first
model with the power Maxwell invaritant field, whereas the slow rotation affects

the magnetic field and non-diagonal metric function.



The key features caused by the small rotation of three-dimensional black holes
with the power Maxwell field are similar to those for higher-dimensional slowly
rotating black holes in Einstein-power-Maxwell theory and which once again confi-
rms the fact that three-dimensional black holes possess the main properties which
have their hihger-dimensional analogues.

The third studied model is a static, electrically and magnetically charged
black hole in the Born-Infeld electrodynamics of four-dimensional spacetime with
spherical, planar and hyperbolic black hole horizons with a negative cosmologi-
cal constant. The electromagnetic Born-Infeld lagrangian is chosen in its original
form with two field invariants. Field equations and its exact analytical solutions
are obtained. The black hole is described by one diagonal metric function, radial
electric and angular magnetic fields.

The ansatz for the electromagnetic field potential was chosen in the form
which gives rise to the same form of electric field and field invariants for all types
of considered horizon geometries. The electric field grows slowly near the origin
for larger values of the magnetic charge for fixed the electric one and is finite.

Thermodynamic behavior of the obtained solutions in the extended phase
space thermodynamics are examined. The first law of black hole thermodynamics
and Smarr relation for finite thermodynamic quantities with additional terms of
the Born-Infeld vacuum polarization are written. The black hole equation of state
is obtained and its critical behavior is investigated. A phase transition occurs only
for the spherical black hole horizon, and conditions for its existence are given. The
thermodynamic critical ratio is found and its original features are analized. Also,
the heat capacity at constant pressure is obtained.

The fact that the black hole mass is identified with enthalpy in extended phase
space thermodynamics allows to consider the Joule-Thomson expansion during
which the black hole mass remains unchanged. A condition for the existence of
the Joule-Thomson expansion is obtained, inversion and isenthalpic curves are
plotted, the cooling and heating regions are demonstrated. With increasing of the
Born-Infeld non-linear parameter corresponding inversion curves asymptotically
tend to the Reissner-Nordstrom one from below.

The electric and magnetic field enter into the metric function and the consi-



dered thermodynamic quantities equivalently, and thus the presence of a magnetic
charge does not bring them very significant new features in contrast to the electro-
magnetic fields and their potentials, which depend on a magnetic charge. For all
obtained results their limiting cases for the Maxwell lagrangian in the absence
of a magnetic charge for spherical black hole horizon are considered, and they
correspond to the Reissner-Nordstrom-anti-de Sitter black hole.

The uniqueness of this model is the consideration of topological black hole
solutions, a magnetic charge in origin Born-Infeld electrodynamics, thermodyna-
mic critical ratio, Joule-Thomson expansion.

The practical significance of obtained results is the replenishment of theoretical
studies in the black hole physics in the context of non-linear material fields with
new questions and problems in thermodynamic aspects, their comparison and
independent confirmation of some results existing in the literature. All this is
the basis for further similar and related research, and at least on paper brings
us closer to such unattainable, exotic and simultaneously important objects like
black holes.

Keywords: General Relativity, black hole, non-linear electrodynamics, power
Maxwell invariant, Born-Infeld electrodynamics, Born-Infeld type fields, black
hole thermodynamics, extended phase space thermodynamics, Joule-Thomson

expansion, topological black holes.
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YMOBHiI CKOpOYEHHS

I'1 POPU3OHT MO/Iii (90opHOT ipH)

3TB 3arajibHa Teopist BiHOCHOCTI (afiHIITAiiHIBCHKA TpaBiTAllist )
KTII KBaHTOBa TEOPis MO

Y1 JOpHa Jipa

BI ejlekTpoMartitTae mnoJsie Bopua-ladensia

BTZ TpuBNMipHa dopHa jipa Banados-Teitelboim-Zanelli

EN eKCITOHeHIIliTHe eJIeKTPOMarHiTHe I10J1e

LN JorapudmMidHe eJJeKTpOMarHiTHe I0J1e

PMI crereHeBe ejlekTpoMartiTe mose (power Maxwell invariant)

RN-AdS  4opna xipa Paiicuepa-Hopucrproma B mipoctopi antu-ge Citrepa

IIpuiitasaTi momoBJIeHOCTI

e BukopucToByeThcst reOMETpUIHA CUCTEMa, OJUHUIb, Y AKill HbIOTOHIBChKA I'pa-
BiTamifina craja, IBUAKICTH CBITJIa y BaKyyMi, IpuBeieHa cTaja [l1anka, craia
Boabimana € 6e3po3MipHIMI Ta JOpiBHIOITEL onnanil, Gy = c=h = kg = 1.

e Curnarypa TPpUBHMIDHOTO TIpOCTOpYy-dacy (— + +).

e Curnarypa J40THPUBUMIPHOIO TPOCTOpPY-dacy (— + ++).

e 0, = 0/0z" no3nauae 4acTKOBI OXi/HI 110 KOOpAMHATAM IIOJI.

e V, no3Ha4dae KoBaplaHTHY MOXIJIHY 110 KOOpJAMHaTI T 1ol

e JI /151 3HAKIB KOMIIOHEHT YOTHPUBUMIPHOI'O MOBHICTIO aHTUCUMETPUIHOIO OJIHI-
qHoro Temsopa Jlesi-UusiTu obpamo jgomosienicts V123 = 4-1.

e sinh x Ta cosh x nosHavaOTh PYHKIIT rinepOboJIiTHOr0 CHHYCa Ta KOCHHYCA, Bijl-
IIOBIJTHO.

e CTaTUYHICTD YOPHOI JIpH O3HAYAE, 1110 BOHA HE 0DEPTAETHCS.

[HII11 TOMOBJIEHOCTI 111010 O3HAUYBAHUX BEJIMYUH, TEH30PIB, ClelialbHIX (DyH-
KIGiit i T.;1. npuBegeno y Homatky A Ta 0OCHOBHOMY TEKCTI OE€CIOCEPEHBO B TOMY

MICIIl, JIe BOHU BIIEPIIIE 3YCTPIYaIOThCA.
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Beryn

Oo0rpyHTyBaHHS BUOOPY TE€MU AOCJIII>KEHHS

BarasbHa Teopist BigHocHocTi (3TB) € cyuacHoto Teopieto rpasiTarii i o/Hier0
3 pyHIaMeHTaILHIX (Di3ndHnX Teopiil. BoHa jiae 4y/10Bi pe3yabraTit IpU OIKCI
MaKPOCKOIIYHIX TPaBiTyIounxX 00’eKTiB y BeecBiTi, il HacaiIKu Ta repegoadenns
HepeBipeHo Oararounce/IbHUMEI TOYHUMHU CIIOCTEPEXKEHHSIMU Ta TOHKUMU €KCIIe-
pPUMEHTaMU.

Ak 1 Oynb-gka inmra dizunana teopist, 3TB mae psig oOMekeHb y CBOEMY 3a-
CTOCYBaHHI, KJIIOUOBUMU Ta NPUHIMIIOBUMU 3 SIKUX, € IPaBlTallliiHl B3aeMOJIIl Ta
CTPYKTYPa CaMoro IIpocToOpy-4acy Ha MIKPOCKOIIIYHUX, IIJIAHKIBCHKUX MallTabax.
«IIpupojinoio» Ta MEPCIeKTUBHOIO MOYKJIUBICTIO MPOCYHYTHCH Y PO3YMIHHI ITUX
aCIIeKTIB € PO3IJIs)] (PIBUIHNUX CUCTEM, JI€ OJTHAKOBOIO MipOIO MalOTh ITPOSBIATUCH
sIK IpaBiTaIliiiHi, TaK 1 KBAHTOBI BJIACTUBOCTI MaTepil, IpocTopy, Jacy. TakuMmu cu-
cremamu € dopHi gipu (Y1), npuHIUIOBOIO BIIMIHHOIO XapaKTEePUCTUKOI SIKUX,
€ HagBHicTH y HuUX ropusonty mogii (I'I). 3 oxmoro 6oky /I e kaHOHITHUME
pesastuBicrcbkumn o6’ektamu 3TB, a 3 iHImoro — ix ekcTpeMaJibHi BJIACTUBOCTI
BUMAaraloTh KBAHTOBOMEXAHIYHOTO OIUCY, OCOOJIMBO MIPU BUBYEHHI IX T€PMOJIMHA~
MIYHOI TOBEJIHKM, HAOJIMXKEHI JI0 CUHTYJISIPHOCTI 1 T.II.

[ITupoko Ta rImOOKO PO3BUHYTI CHOI'OJIHI METOAU MaTeMaTHUIHOI (Pi3UKH, I10-
TY2KHOCTI OOYHMC/TIOBAJILHIUX MAINH, HAOIP aCTPOHOMIYHUX CIIOCTEPEXKEHD JTAI0Th
3MOTY OyayBaTw Ta BUBYaTH Mojenl 1/ y pisnomaniTHux koHTekcTax. 1/ Bi-
JIrpaloTh BUHSATKOBY, HE3aMiHHY Ta KJIOYOBY POJb B IUTAHHSIX acTPOdI3NKH,
KOCMOJIOTIT, ITOXO/zKeHHs BeecBiTy, cTaloun TaKuM YMHOM YY/I0BOIO T€OPETUIHOIO
J1ab0opaTOpi€ro I CydacHUX aCTPOHOMIYHIX Ta (PyHIaMeHTAIbHUX (DISUIHIX J10-
CJIIJIZKEHD.

Y npyriit nosiopuHi XX cr. poboramu bekenrreiina, ['okinra 6y/o po3podJie-
HO TepMOJIMHAMIYHUI 1Ti/1XiJ1 10 BUBUYeHHA /I, pO3ryIsTHYTO NMUTaHHS 1X €HTPOIIil,
TemmepaTypu. He Tak maBHO OyJ10 3alIpOMOHOBAHO KOHIIEMIIIIO PO3ITHPEHOT0 (ha3o-
BOI'O T€PMOJAUHAMIYHOTO 1pocTopy U, me Bix eMHa KOCMOJIOrIUHA CTajia aHTU-/e

CITTEPIBCHKOIO ITPOCTOPY PO3IJISAIAEThCs SIK TEPMOJIMHAMIYHNN TUCK cepeoBUIIA
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(isuanoro Bakyymy) Ha Y/, 1 sixe Mozke OyTu eeKTUBHO OMUCAHUM I[EI0 KOCMO-
Jorignoro crajoro. Ile mae 3mory orpumaTu piBagaHg crany /1, gocmiguTn fioro
KPUTUYHY IOBEJIIHKY, TePMOJAMHAMITHY cTabibHICTh. Take posmmpenHs obJacTi
3aCTOCYBaHHs (PI3NYHMX el Ta MeToiB g0 Y/1 1ae 3Mory posriisiiaT OCTaHHI B
OJIHOMY KOHTEKCTI pa30M 3 iHIMUMU «3BUYHUMU» (DI3UIHUMU CUCTEMaMM, a 3Ha-
YUTH BUPOOUTH JIJIsi BCIX X 00’ €KTiB yHIBepCaJbHUN IMiJIX1J1, AKWUT Y CBOIO Yepry
MOXKe IIPUBECTHU JIO0 €JUHOI0 POo3yMiHHsI (bizuky Iux o0’€KTiB i Bchoro BeecsiTy
3araJioM.

Hocnizkennsa B obsacti ¢rpyH, D-OpaH, cyneprpasitariii i T.J. B KOHTEKCTI
KBaHTOBOI I'paBiTallil TPUBOJIATH JIO TOOYI0BH TEOPETUKO-TIOJIHOBUX Mojieseit /1
y PI3HUX MPOCTOPOBO-YACOBUX BUMIPHOCTAX Ta 3 pizauMu reomerpisgmu I'T1. Ba-
JKJINBOIO OCOOJIMBICTIO 3rajlalnX Teopil € BUHUKHEHHS Yy HUX HEJIHIHHUX MaTe-
plaJIbHUX TIOJIIB, y IEPILy 4Yepry eJeKTPOMArHITHUX, Ha BLAMIHY BLJI KJIACUYHOL
Teopil 110Jis1 — MaKCBeJIIBCbKOI eJIEKTPOINHAMIKI.

[Ipo akTyajbHIiCTb JtaHuX IpodIeM B KoHTeKeTi Y /1 cBiguaTh 30KpeMa aKTHBHI
JI0 1€l gucepralnil IpUBEJIEHO PI3HY MOTHBAINIO Ta MPUKJIAIN AOCTIIKeHb ]I
y Pi3HEX MOAM(pIKaIigX Ta y3araJbHEeHHAX aifHINTaffHIBCHKOI I'paBiTallil Ta Ma-
KCBEJIIBCHKOI €JIEKTPOJIMHAMIKI, B PO3HMINPEHOMY (a30BOMY TEPMOIMHAMITHOMY
IIPOCTOPI, Y IPOCTOpi-Uaci Pi3HUX BUMipHOCTEl 3 pizHuMu Tomnosorismu ['I1.

3Barkaloun Ha MIMPOKe Ta IVIMOOKe BUBUYECHHSI 3raJlaHUX ITHUTaHb, Ha ChOIOJIHI,
OJIHAK, € IIPODJIeMHI Ta OKPeMi 3a/iadl, sIKi He € JJOCTATHO BUBUEHUMH 1 e MOXKHA,
crpoOyBaTi OTPUMAaTH HOBI OPUTiHAJBHI PE3yJIbTaTH. 3 METOIO JIOCIIINTUH OKpe-
Mi nikaBl mMojei YJ[ B TakoMy KOHTEKCTI Ta YACTKOBO 3aIllOBHUTH ITIO HIILY, Y
it quceprarliii OyJ10 MOCTaBIEHO 3aB/IaHHs BUBUUTU TEPMOINHAMIYHY MTOBEIHKY
KiIbKOX Mojeseit Y /I pisHOl BUMIPHOCTI, CTATUIHUX Ta 3 00EPTAaHHSX, 3 PI3HUMU
BUJIAMU HEJIHIITHOTO eJIeKTPOMArHiTHOrO 1MoJid. BinoBigHo /10 MUX 3a1a4, TeMy
nuceprartiii 6ys0 copMyIb0BaHO B 3arajJbHOMY gK « TepMogmHaMika YOPHUX 1P

3 HEJIIHIMHUMU MaTeplaJibHUMUA OJISIMU ».

OOG’eKT OOCIiI>KEeHHSI: TeOPEeTUKO-110JIboBl Mojemi Y/l 3 pisHuMu HeIiHIHI-

M MaTepiajabHuM nosstmu y 3TB.
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ITpeamer mocJtigzKeHHsI: PO3B’sI3KM pO3TJIsilyBaHUX Mojeseir 1/ Ta 1X Tep-

MOJIMTHAMIYHA [TOBEJIIHKA Y PO3IIKUPEHOMY (Hha30BOMY TEPMOIMHAMIYHOMY IIPOCTO-

pi.

Meta mocJiia>KeHHS

[3 3a1aH01 TOCTAaHOBKHN 3aja4i: (DYHKIIOHAJIY JIil, IHTepBaJy Ta BEKTOpa eJje-
KTPOMAarHITHOT'O MOTEHIlay OTPUMATU PIBHAHHS IpaBITAllliIHOrO Ta eJIeKTpoMa-
IHITHOTO TIOJIIB Ta 1X PO3B’S3KU JIsT TpboxX Mojeseir Y/ i3 pisnumu BujamMu He-
JIIHITHOTO eJIeKTpOMarHiTHoro moJjst B pamkax 3T1B g TpuBumipHOro ta 4o-
TUPUBUMIPHOTO ITPOCTOPY-Yacy 3 BijJI' €MHOIO KOCMOJIOTIYHOIO CTaJIOK; OTPUMATH
TepMojinHaMivni Beuannu 9/1 Ta jociinTu X KpUTUYHY MOBEJIIHKY; IHTepIpe-
TyBaTH (DIBUIHUI 3MICT OTPUMAHUX PE3YJIbTATIiB, MOPIBHATH 1X MiXK cO0OI0 Ta 3

ICHYIOUMMHI B JIITEpaATyPI.

3aBaaHHS JOCJI1I2KEHHSI

e Mojienb 1. OrpumMaTu piBHAHHSI MOJIS Ta 1X PO3B’SI3KU JIjIsI MOJE CTATUYIHOI,
eJeKTpuaHO 3apsijizkenol /I 3i crerneneBuM, bopua-Iadenbia, gorapudmiaanm
Ta €KCIIOHEHIIIHUM eJIEKTPOMArHITHUMU TOJSMU Y TPUBUMIPHOMY IIPOCTOPI-4acl
3 B €MHOIO KOCMOJIOTITHOIO CTaJIOIO.

e Moyiesib 2. OTpumMary piBHSIHHS HOJIST Ta 1X PO3B A3KH JIJIT MOJEJI eJIEKTPUTHO
3apsijizkenol /1 3 moBiIbHUM 0OepTaHHAM Ta CTEIEHEBUM €JIeKTPOMATrHITHIM I10-
JIEM y TPUBUMIPHOMY ITPOCTOPI-daci 3 BiJI'€MHOI0 KOCMOJIOTITHOIO CTAJIOI0.

e Moiesib 3. OTpumaTu piBHAHHS 1OJIsI Ta X pO3B’si3Ku Jj1s1 Mojiesi /1 3 eekTpu-
YHIM 1 MarHiTHUM 3apsiiaMi B ejleKTpoauHaMini bopua-ladensna goTupuBumip-
HOT'O IIPOCTOPY-4acy 31 cepuuHOIO, IJIOCKOIO Ta rinepodosigHoio reomerpisivu 11
3 B €MHOIO KOCMOJIOIIYIHOIO CTaJIOIO.

e /I/1s1 OTpUMAHIX PO3B’sI3KIB yCiX MoJiesieil BUsiCHUTH (Pi3sUIHII 3MICT OTPpUMaHUX
KOHCTaHT, IIpOaHaJ/i3yBaTH BILIMB Ha OTPUMaHI pO3B’sI3KM MapaMeTpiB HEJIiHIHHO-

CT1 €JIEKTPOMArHITHOTO T10JIs Ta IHIINX [TapaMeTPIB MOJEJI.
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e JlocaijuTu TepmouHaMivHy moBediHKY oTpuManux /1. Ob0uucauTn Temiepa-
Typy BUIIpOMiHIOBaHHs ['OKIHTa, eJIeKTPUIHIIT TOTEHITiaT, 1300apHY TETJIOEMHICTD.
st Mopeni 3 J101aTKOBO OOUMC/IUTH MArHITHUN OTEHIA] Ta BEJMIUHY I10JIs-
puzarii Bakyymy bopra-Iudebia.

e Banucary nepiuil 3aK0H TePMOAMHAMIKNA Y PO3IINPEHOMY (Da30BOMY TEPMOJIH-
HaMIYHOMY IIPOCTOPI Ta JOCTIJIUTU Y HbOMY KPUTUYHY TOBEJIIHKY YCIX PO3IJISIHY-
Tux Mmojeseit. st Mojesi 3 goaaTkoBo 3armcaT ciiBBigHomerHst CMappa.

e Bupuutu tepmopnnamivauii ecpext Jxxkoysga-Tomcona s Mojeoni 3.

Metoau nocigKeHHs

3HavHa YaCTHHA OCHOBHOI'O TEKCTY JIMCEPTAIlil HOCUTH MOJIEIbHO-PO3PAXyHKO-
BIiT XapakTep. B pob0Ti BUKOPUCTOBYIOTHCA yCTa/IeHi MeTO/IN JOC/TiIZKEHHS Teope-
tuanol izuku. Ob6pano TeH30pHUit NokoMmonenTH hopmaizm 3TB. Pipasuns
I0JIST OTPUMYIOTHCSI Y JIarPaHKeBOMY (popMaJIi3Mi, IIJIIXOM 3aITUCy (DYHKIIIOHATY
JIT 13 HACTYIHUM 3aCTOCYBAHHSIM JIO HBOI'O IPHUHIUIY HajimeHInol jil. Bukopu-
CTOBYIOTBCSI TaKi O3/ MaTeMaTuku Ta (Gisuku (1 BiAMOBIIHI IM MeTOAM TOCTi-
JZKEeHHsI) sIK MaTeMaTHIHuil aHatis, gudepeniiajbhi piBHSHH, piMaHoBa aude-
peHIliajbHa IeoMeTpisl pa30M 31 CBOIM allapaToM TeH30PHOI'0 aHaJIi3y, TEOPETUYHA
MexaHiKa, MaKCBEJIBChbKa eJIEKTPO/IMHAMIKa, TEPMOIMHAMIKA Ta CTaTUCTUIHA (i-
suka, 3TB.

Yci rpadiku moOyI0BaHO 3a JIOINOMOIOI KOMII'IOTEPHUX IIPOrpaM — CHCTEM
CUMBOJIBHIX 004HnC/IeHb. TaKoxK 3a TX JIONOMOI'M IePEBIPEHO JiesiKi BPYy4YHY OTPH-

MaHl MaTeMaTU4YHl pe3yJibTaTHu.

Ha}’KOBa HOBHN3Ha OTpMMaHUX pe3y.TIbTaTiB

e VYV Mojeni 1 BuBdeHO posmmpenuii ¢gpa3oBuil TepMOJUHAMIYHUI TPOCTIP TPH-
Bumipnol cratnanol 9JI 31 crenenesum, bBopua-Indensaa, morapudmidanm Ta
EKCIIOHEHIIITHIM eJIEKTPOMArHiTHIMH MTOoJIsIMU. Briepiie mopiBHAHO OoTpUMaHi pe-
3yJIBTATH JIJIsT PI3HUX IOJIB MizK cOOO0I0, TTPOaHAII30BaHO BILIUB IapaMeTpiB HeJli-

HITHOCTI 1UX TIOJIIB Ha OTPUMaHI PO3B’I3KMU.

18



e YV Mojiesi 2 orpumano opuriHajibHi (HOBI) TOUHI KBaJIpaTypHi, a TAKOXK AHAJII-
TUYHI aCHMIITOTUYHI PO3B’A3KM /I HETIaroHa/ILHOI METPUYIHOI (PYHKITIT Ta Marti-
THOTO TI0Jist TpuBUMipHOI Y /I 31 cTeneneBuM eJeKTPOMATrHITHIM IIOJIEM Y BHIAIKY
MOBLJILHOTO obepTaHHs. Po3B’si3KM /11 €JIeKTPOMarHiTHOrO TI0JIs 3HalijIeHl y 3a-
raJbHOMY BUIAJAKY 0e3 HakKJIaJaHHd Ha HUX JOJIATKOBUX 3B d3KiB. Po3riganyTo
NUTAHHSA (PISUIHOTO 3MICTY OTPUMAHMX KOHCTAHT MOJIEJI.

e Y Moyesi 3 po3risHYyTO MarHiTHUii 3apsij, criBsigHomeHHss CMappa 3 djieHa-
Mu Marditaoro norenniany U,,Q),, Ta noasgpusariero Bakyymy Bopha-Indenbia
Bf, TepMmoaunamiuHe KpUTHYIHE BiIHOIIEHHSI, /sl IKOI'O BUSBJIEHO IIKABY OCO-
osmmBicTh, edexkT Jx)oyig-TomcoHa, a TaKOXK TONOJIOINYHI PO3B’sI3KM YOTUPUBU-
mipaoi cratuarol Y/1 i3 3arasbuum (opurinaabanm) nojem Bopra-ladernbia, mo

MICTUTD JIBa IHBApPIaHTU I1OJISI.

OcobucTuii BHECOK 3/100yBada

[TocTanoBKa 3aB1aHb 3/ificHIOBaIaCh HAYKOBUM KEPIBHUKOM JucepTranTa — M.
M. Crenkom. Yci HAyKOBI pe3ysibTaTh JiEcepTaliil Oy/in OTPUMAaH] IUCEPTAHTOM Ca~

MOCTIIiHO, abo 1pu iforo Ge3mocepeiHiil yuacTi.
Anpobarisg marepiaJiB aucepraril

PesyibraTu, HaBeieHl y Iiil gucepTaliil J0N0BIIaInCh Ta 00IOBOPIOBAJIICH HA

HACTYIHIX HAYKOBUX KOH(EpEHIIisiX (Bce yCHi JIONOBII):

e Mixknapo/ina KoH@epeHIis CTYJAeHTIB 1 MOJIOJINX HAYKOBIB 3 TEOPETUUIHOI Ta
ekcriepuMeraibHol (disuku «Eppuka — 2018» (JIbsis, 15-17 Tpasus 2018 p.).

e 18-Ta Bceykpalncbka Imkosa-ceMinap Ta KoHKypc Mojonnmx BUeHnX 3i cTaTH-
crudHol (hizukn Ta Teopil KouaencoBanol pedosunn (JIbBiB, 7-8 gepsus 2018 p.).
e [X naykoBa kondepeniiisi « Bubpani nuranis acTpoHOMIl Ta acTPOMI3UKI», TPU-
cestuena nam’sati Bormana Babis (1936-1993) (JIbsis, 1-5 xosrma 2018 p.).

e 19-ta Beeykpaincbka mkosa-ceminap Ta Konkypc MOJI0NX BUEHNX 31 CTATUCTH-

aHOl (isukn Ta Teopil KougeHcoBanoi pedosunu (JIbBiB, 13-14 gepsus 2019 p.).
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e X Young Scientists Conference «Problems of Theoretical Physics» dedicaded to
the 110-th anniversary of the M. M. Bogolyubov (1909-1992) (Kyiv, December
23-24, 2019).

e MixkHapoHa KOHQEpPEHIlis CTYJIEHTIB 1 MOJIOJAUMX HAYKOBIIIB 3 TEOPETUYHOI Ta
exkcriepumerabHol isukn «Espuka — 2021» (JIbis, 18-19 Tpasus 2021 p.).

e HaykoBa kondepeniis «Actponomis y JIbBiBcbkoMy yHiBepcuteTi» Jj1o 250-
ittt ActporoMidHOT 0bcepBaTopil Ta 25-miTTs Kadenpu acrpodisuku (JIbBiB,
14-17 Bepecust 2021 p.).

By anpoboBanumu Ha HAyKOBUX ceMiHapax Kadepn TeopeTHdHol (pi3uku ime-
Hi ipocecopa IBana Bakapuyka JIbBIBCbKOI0 HalllOHAJBHOI'O YHIBEPCUTETY iMeHi

IBana ®panka:

e M. B. Tarapun. Hopmui gipu y Beecsiti (:koBrens 2019 p.).

e M. B. Tarapun. Tepmogunamixa (3-+1)-BUMIpHOT 9OPHOT [IipH 3 €JIEKTPIUIHIM Ta
MarHITHUM 3apsiiaMu B eslekrpouHamini bopra-Indensaa (smeronar 2020 p.).
e M. B. Tarapun. TepmogmHaMika 9O0THPUBIMIPHOT YOPHOI JIipU 3 €JIEKTPUIHUM
i MmaruiTHUM 3apsigamu B Teopil Aitairaitna-Bopua-Tadenbna (moruit 2021 p.).
e M. b. Tarapun. Tepmoamaamika YOTHPUBUMIPHOI CTATHUYHOI YOPHOI JIIipU 3
eslekTpoMaraiTHuM tosiem bopua-ludensaa. Edexr [dxoysa-Tomcona (ucromnar
2021 p.).

e M. B. Tataryn. Thermodynamics of a four-dimensional black hole in the Einstein-
Born-Indeld-anti-de Sitter theory (February, 2022).

CrpyKTypa Ta obcsar Juceprariil

3arajiom JucepTaliist CKJIaJla€ThCs i3 TUTYJBHOIO apKylla, aHOTallil, CIIUCKY
nyOsikaliil 3j00yBada 3a TEMOIO JIHUCEPTallil, 3MICTY, IepesiKy YMOBHUX CKOPO-
YeHb Ta NPUIHATHX JOMOBJeHOCTel, nporo Berymy, Posginy 1, nmpucsueHoro
diocodpcbKO-TEMATHIHOMY BCTYITY B MIHNPOKOMY (DI3UIHOMY KOHTEKCTI Ta, OlJIst-
Jly JTepaTypH 3a TEMOIO JUCEPTAINl Ta y CYMIXKHUX JOCJITHUIbKIX 00JIacTsX,

Poszninis 2, 3, 4, ne posrisjgaiorbest jgocaimzkysani Moneri 1, 2, 3, BiamnosigHo,

20



Bucnoskis, Crncky BUKOPUCTaAHUX J2KEPE/I, XPOHOJIOTTIHO YIIOPSIIKOBAHUX 38 PO-
KOM 1X 1myOJtikarii, mectn JJogaTkiB Ta 0OKpeMoro J0JAaTKYy, MPUCBIIEHOTO CITUCKY
nyOJrikaliiit 3700yBada 3a TEMOIO JECEepTallil Ta BiJIOMOCTSAM IIPO alpodalliio pe-
3yJbTaTIB Juceprarii (y 3micTi 1efi 10aTOK BiCyTHIIL).

BarajgpHuit 00csar aucepraliil (6e3 TUTYILHOTO apKyiia) ctanoBuTh 130 cTopi-
HOK, 00csir ocHoBHOTO Tekery (Posminm 1, 2, 3, 4 ta BucuoBku) — 78 cTOpiHOK.
Beboro pucynkiB — 28, KUJIBKICTb HaliMeHyBaHb y CHHUCKY BUKOPUCTAHUX JIZKe-
pesn — 131.

OkpeMi BUCHOBKH I110JI0 PO3TJISTHYTUX MOJIeJIell JaloThCs Oe3110Cepe/iHbO B OC-
HOBHOMY TeKcTi. Y BucHOBKax (popMy/IOI0ThCA TIIHKU HAHOLIbIN 3arajabHi OTPH-

MaHl pe3yJbTaTh Ta 1X BIIHOIIEHHS JI0 CYyMI?KHUX JIOC/IJIKeHb, HasiBHUX Yy JIiTe-

parypi.

3B’s30K pobOTH 3 HAyKOBUMU IIpOorpaMaMu, IJIaAaHAMU, TeMaMu, I'PaH-

TaMHU

Pesysbrarn 1oc/IiazKennb, omMcannx y il gucepralil 6y 4acTKOBO OTPUMA-
HUME B pamkax jgepxkOmorkerHol Temu @P-63Hp (No. 01170U007190) Minicrep-

CTBa OCBITH 1 HAYKN Y KpaiHU.
ITpakTuyuHe 3HaAYEHHS OTPUMAHUX PE3YJILTATIB

OCHOBHIM MPaKTUYHUM 3HAUYEHHSAM OTPUMAHUX Y I JUcepTallil pe3yJibTaTiB
€ HoIoBHEeHH JliTeparypu dizuku /I 3rajiaHoro BUille HOBU3HOIO PO3IVISIHYTUX
UTaHb Ta 3aJ/1a4, & TaKOXK IOPIBHSIHHS, CIIIBCTABJIEHHS Ta He3aJeyKHe I11JITBEp-
JDKeHHS OKPEeMHX BIJIOMHUX Pe3yJbTaTiB y JiTepaTypi. PazoMm Bce e cTaHOBUTH
6azy I MOJAJIbIINX MOJMIOHUX Ta CYyMIXKHUX JIOC/TKeHb. OKPIM IIHOT0, MaTepi-
aJu 1€l JiucepTallil, BKJIIOYAOUN JedKl TeXHIYHI PO3LJIAHYTI MOMEHTHU, MOXKYThb
OyTu Oe31ocepeHbO KOPUCHUME Ha IMPAKTUI IIPU BUBUYEHH], 0COOJIMBO MOJIOIUMI
JIOCJTTHUKAMU, 1HITIX TeOPeTHKO-I0JIboBuX Mozeseit 3TB, neminiiinol esiekpoiu-
Hamiku, TepmoauHaMikn 1/, OKpiM OCHOBHOT'O TEKCTY, KOPHUCTH MOYKYTb MaTH

Posnin 1, ne npuseneno orysy giteparypu ¢izukn /1 i3 HepiHIiHIMET eJIeKTPO-
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MarHITHUMU IIOJIIMU Ta JesiKi Mojudikamil aiiHIITailHIBChbKOI IpaBiTallil, a TaKoxK

Honmatku A, T
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Poznin 1
PistocopchbKO-TeMaTUIHNIT BCTYII

Ta OTJILA[ JTepaTypu

QiznKa, K HAyKa, [1I0 BUBYAE CBIT y OI0 PISHOMAHITHUX MPUPOJIHNX SIBHUIAX
Ta Ipoliecax, MposiBax Ta B3a€MO3B’s3Kax, Oepe CBiif 1MOYATOK 31 CIIOCTEPEKEHD
1 cTaBUTHL KIHIIEBOIO METOIO y3araJlbHEeHHs Ta CUCTEeMaTU3allil0 yChOI'o HaKOIInve-
HOT'O TEOPETUYHOI'0 Ta eKCIepUMEHTAJIbLHOI'O MaTepiajy /il OIHUCY Ta ITPOrHO-
3yBaHHsI, € BOJHOYAC OJIHIEIO 13 fistibHOCTEH (mpodeciit) JroMHI, 3yMOBJIEHOIO
IIKaBICTIO Ta CTPEMJIIHHAM JI0 TMi3HAHHA HPUPOJN, Y AKIfl MU KUBEMO. ¥ IIbO-
My PO3yMiHHI (}i3nKa € caMOIOCTATHBOIO i 0€3BIIHOCHOIO 10 OYy/Ib-40ro. 3HAHHS
3 isuku, HAOYTI BIPOJOBXK TUCAIOJITH, CHOIOJHI MPOJIOBXKYIOTH HEBIIWHHO Ta
CTPIMKO IIOIIOBHIOBATUCH 1 € HaJIDAHHSIM yChOT'O JitojcTBa. Ha 1muisxy cBoro cra-
HOBJIEHHsI Ta PO3BUTKY (pi3uKa cTaja cBoepiannM mucrernTBoM. CMinBi 310ra1Km
[EePIIONPOXIIIB, )KEPTBU 3apa/id 1ICTUHU, PAJIICTh Ta PO3dapyBaHH:d, HECTPUMHE
OarkaHHS JII3HATUCH OlJIbIIIe PO OTOYYIOUNIT HAC CBIT, IeJaroriyia MaiicTepHicTb
MHUTIIB B IIOPUBI 3allIKaBUTU Ta HABUYUTHU 1HIITUX CBOEMY PeEMeC/y IOCTIIHO Ta He-
CIIPOCTOBHO HAralyl0Th HaAM IIPO TIE.

3 inmoro 60Ky, Oy/iyun QpyHIaMEHTAIbHOIO HAyKOIO, (hi3nKa € He3aMiHHOIO Te-
OPETHIHOIO Ta MPAKTUIHOIO 0A3010 [IJIsT BCHOTO CTBOPEHOI'O CHOTOJIHI JIIOIIMHOIO.
CxJ1aJTHO TIEPEOIIHUTH BeCh TOI HayKOBO-TEXHIUHUIT MIPOIpec, AKIUM Bejle Hac ¢i-
3UKa BiJ] MOYATKY JIIOJCTBA 1 ayK JIO CbOTO/IHI, 1 30BCIM HEMOYKJIMBO YSIBUTU CODI,
JI0 SIKUX 1JIefiHUX Ta TeXHIYHUX 37400YTKIiB IpuBejge Hac dizuka y HafOIIMKIOMY
(i me myxe) MailbyTHHOMY, siKe OCOOJIMBO CHOTOJIHI € TAKUM KaJaHuM Ta 360J1e-
HUM. ACTpoHOMIsI, XiMist, OioJIOrist, T€0oJIoTisI, MaTeMaTuKa — Iie MaJIdil IepesiiK
HAyK, CTAHOBJIEHHS 1 PO3BUTOK AKWUX, 3a3HAJM Ha COO1 BUHATKOBOI'O BILJIUBY iJ1eii
Ta JOCATHEHb (Pi3uku. BUABIAIOTHCS HOBI B3a€MO3B I3KU Ta POOJIATHCA BarKIH-
Bl BIIKPUTTA Yy MIXKTaTy3eBUX CTHKaxX X HayK. Pisnka € ekcrmepruMeHTaJIbHOIO
HayKOIO, V Hifl BayKJIMBO Ta HEOOXI1JIHO OYTH YeCHUM Tepej; coOOI0 Ta IPUPOJIOIO.
CMHIMI KPUTEPIIMEI CIPABEIMBOCTI (PI3UTHUX TEOPIii € TX Y3ro/zKEeHHS B PaM-

Kax CBOI'O 3aCTOCYBaHHS i3 HAOOPOM CIIOCTEPEXKYyBaHUX JIAHUX Ta €KCIIEPUMEHTOM.
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Oxpim 116010, Pi3uKa Mae BeJuKe 3HAUeHHs JJIs JIIOJMHU Ta BILIUB Ha Hel,
BOHAa, IIPEICTaBJISI€ HAM IPAKTUIHO OE3rOPU30HTHE T0JIE JJIsl MIOIIYKY 1 € HeBHYep-
ITHUM JIZKepeJioM HATXHEHHsI Ta Ii3HaHHs. MoKHa He IOJ0pOoXKYyBaTH i He 6aduTu
CBITY, aJjie 3aiiMalovnch (PI3NKOI0, HEMOXKJIMBO HEe DAYNTH Kpacu Ta rapMOHIl 11bO-
ro Beecsity. ®i3uka jgae JIFOAMHI MOYKJIMBICTD JIJISI CAMOBUPAYKEHHs, MOYK/INBICTD
BUOY/IyBaTH CBOI »KUTTECTAHOBYI NPUHIUIIN Ta CHOPMYBATH CBITOIJISA, MOXKJIU-
BICTb PO3BUHYTHU 1 3aCTOCYyBaTH CBOI TBOPYI Ta PO3YMOBI 3/I0HOCTI, MOXKJIUBICTH
OTPUMATHU HE3PIBHAHHUI JOCBIJ Ta BTLUIUTHU Y peaJibHICTh CBOI MPil, MOXKJ/IUBICTH
peaJizyBaTu cebe y IbOMY KUTTi, HAIIOBHUTU HOT0 paJicTio Ta 3MicToMm. AJte ¢i-

31Ka I[Ie IIIe He BCe.

1.1. IloHgaTTda YOopHUX Iip

Y cyuacHiit pyHgaMeHTaJIbHIN (i3ulll BijjoMo JoTHpu PyHIaMEHTaJIbHUX B3a-
emosiil y BujuMiit obsiacti BeecBiTy: rpaBiTaliiitHy, c1abKy, eJIeKTPOMArHiTHY Ta
cubhy. Cabka Ta eJleKTpoMarHiTHa B3aeMosil Oysau ob’eaHaHi B OJIHY — KBaH-
TOBY €JIEKTPOCJIa0KY Teopiio (fﬂemoy, CaJsiam, Baitnbepr, HobesiBcbKa mpemis
3 disuku 1979 p.). Iliznime mo Teopito Oy10 06’€JIHAHO 13 TEOPIEIO CHILHUX
B3aEMOJIi#l — KBAHTOBOIO XPOMOJIMHAMIKOIO, 1 oTpuMaHo TakuM dnHom Cranap-
THY MOJIe/Ib, B 3aBeplieHiit popMi chopMyIboBany i3 BIIKpUTTAM 60301y Xirrca
(Anrnep, Xirre, HobeniBebka npemis 3 disuku 2013 p.). Cranmapraa Mojesb
OITHCYE CJIAOKY, €JIEKTPOMArHITHY Ta CHJIbHY B3a€MOJIil MK yciMa BiJJOMUMU eJie-
MEHTApPHUMU YaCTHHKAMU B TepMiHax KBaHToBOl Teopil mosst (KTTI).

['paBiTaniitna B3aeMo1id, Oyaydn HaiicabII01o0 3 yeiX YOTUPHOX, ChOT'OJIHI OITH-
cyerbest B pamkax 3TB — reomerpudHol Teopii rpaBiTallil, i € MposBOM BJIACTHU-
BOCTell caMoro mpocropy-dacy. Ha choroini Hemae 3aBepiieHol copMyIb0oBaHOT
teopii (O6’eqHana Teopis moJist), sika 6 06’eIHIOBaIA B 061 yCi 90TUPH B3a€MO/TiI.
PoboTa na 1 Takoro Teopiero € 6e3cyMHIBHO OTHIEIO 13 HABAXK/IMBIIINX Ta HallCK/Ia-
JIHIIINX 3a/1a9 Cy4acHOl TEOPEeTUIHOI (Pi3UKH.

«[Tpupomaum mtsxom» mobyaosr O6 e qHaH0l TEopil moJtst (a00 KBAHTOBOT I'pa-
BiTanii) € BuBUCHHST 00 €KTIB, Jie PIBHO3BHATHO MAIOTH MPOSIBIATUCH K IX I'PaBi-

Taliitii, Tak i KBaHTtoBi BaactuBocTi. Takumu ob’ekramu € YJI. Bonn € kano-
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HivauMu ob’ekramu 3TB i, cyjgaun 3 cydacHUX JIOCTI2KEHb, eKCTpeMaJibHi BJia~
CTUBOCTI 1X CUJIbHUX TI'PABITAIIIHUX TIOJI1B BUMAraloTh KBAaHTOBOIIOJILOBOT'O OIIUCY.
Taxum unaom, BuBdenag /1 € nezaminaum ura posyMminag rpasitarii, KTTI 1 ix
B3a€MO3B’SI3KiB, a 3HAUNTH, HAIIOTO €JIMHOIO PO3YMIHHA yciel (hi3uKM Ta CBITOC-
MPUIHATTS TPUPOJIA 3aTaIOM.

OueBnjiHo, Take 00’€THAHHS TEOPiil HEMOXKJINBO 3poOUTH, BUBYa0un /1 y
«kJsiacnuHiit» 3TB, sika cama 110 cobi € He KBaHTOBOIO Teopi€to. ToMy CbOrojiHi 1mo-
Oy10BaHO OaraTo y3araJbHEeHb aifHIITaHIBCbKOI I'paBiTallil y pi3HIX ITPOCTOPOBO-
JAaCOBUX BUMIPHOCTSAX, PO3TJISAIAI0THCA MOAUMIKAIlill MAKCBETIBCHKOI €JIEKTPOJIH-
HaMiKW, aKTHBHO BUBYAEThC TepMojnHaMika 1/, OctanHs € 0coOJMBO BarKIH-
BOIO, TaK $K MPUHITUIIOBO BUMara€ 3aCTOCYBAHHS KBAHTOBOTO OINCY JIO CHJIHBHO
IrpaBiTyIlounX cucteM. Bce 1ie Mae Ha MeTi MepeKNHYTH MICTOK MiXK I'DaBiTalli€lo
ta KTTI, abo xo4da 06 3HaiTH Y HUX MPUHITUIIOBI 00 € THIOIOYI PUCH.

Brepire ijieto, sika TpuBoAUTh J0 MOHATTS /1, 1 s7ka hakTuIHO cTasa iX me-
pejidadeHHsIM, OYJI0 BHUCJIOBJIEHO He3aJsiexkHo y 1783 p. [Ixkomom Mirdgessiom Ta
y 1795 p. IT'epom-Cimonom Jlammacom |15]. Buxoasan i3 MipkyBaHb, 10 Y HbIO-
TOHIBCBKIl MeXaHilll IpaBiTallis i€ TaKOyK Ha CBITJIO, OyJIO 3p00JIEHO MPUITYIIEH-
Hs TIPO iCHYBaHHS y TPUPOJi 00’€KTIB i3 TAKOIO BEJIMKOIO I'YCTHHOIO Ta, CHJIbLHUM

rpaBiTAIitHIM 110JIeM, Ha [OBEPXHi '

SAKUX JIpyTra KOCMIYHa MIBUJIKICTh JIOPIBHIOE
IIBUJIKOCTI CBITJIa y BaAKYYMi, TaK 110 HABITH CBIT/IO, OINPIOIOYNCH 0118 TTOBEPXHi
X 00’€KTIB, HE MOXKe IX IMOKMHYTH, & OT:Ke Il 00 €KTU € HEeBUIUMIMU.
OcHOBHOIO BiJIMiHHOIO XapakTepucTtukow /1, 1mo Bijyiisie iX Bij iHIINX Hebe-
CcHUX 00’€KTIiB B acTpodi3uIli Ta iHIINX MoJIeJiell y TeopeTuuHiil (hi3ulli € HasgBHICTD
y Hux I'II. BiamosijgHo 10 11boro, CbOroIHi € JiBa B3a€MO/I0IIOBHIOBAJILHI 111 JIXOIH JI0
posyminng noudartd Y/1 y mpuponi — «acrpodizudnes Ta «Pi3UKO-TEOPETUIHES.
B acrpodizuni mig Y1 posyMiroTh pessiTUBICTCHKUI criocTepexKyBaHuili y Beecsi-
Ti 06’exT 3 I'll. lonejpaBua acTpoHOoMiuHi jgociigkenHs: 9/ Besuch TiJIbKU He-
HPSIMIMI METOJAMU, IO I'PYHTYIOThCA Ha I'paBiTamiiinomy Biiusi Y/1 Ha pyx Ta
CIIEKTP €JIEKTPOMArHITHOIO BUIIPOMIHIOBaHHS OTOUYI0UNX 11 HEOECHUX 00 €KTIB —

3ip, TaJakTHK, TyMaHHocTei i T.i. HeqaBae BIAKpUTTS (JIeTEKTYBAHHS) BIITPOMIi-

HIOBaHHs IpaBiTaniitnux xsuib (Baiic, Bapimt, Tops, npoekt LIGO, HobeniBcbka

! Croromui mim Taxoro mosepxHero pasymiors I'TI 971
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npemist 3 ¢izukn 2017 p.) cTago €IUHUM HA CHOTOJIHI MPSIMUM METOJIOM CIIOCTe-
pexkennsa /0. ['pasiTaiiiiie BUITPOMIHIOBAHHSA € JTyKe CJTA0OKNM IPOIIECOM 1 MOXKe
OyTH BUSBJICHUM IPU TPUCKOPEHOMY pPYCi MacHBHUX I'PaBITYyIOUNX 00'€KTIB, Ha-
HMPUKJIAJL, TTPU 3JIUTTI YOPHUX JIip, 1110 i Oysio 3adikcoBano B ekcriepumenTi LIGO.
[le BIIKPUTTS CTAJIO MOXKJIMBUM 3aBJISIKN CY9aCHUM aBTOMAaTH30BaHUM OOUNCIIIO-
BaJIbHUM MOYKJIUBOCTSIM 1 € BUHATKOBUM I ITBepkeHHsAM 3TB, e icHyBanHs rpa-
BITAIIITHNX XBUJIb € 11 IPAMUM HACI1IKOM.

Cam I'Tl, gk 1 Te, MO 3HAXOIUTHCA IIiJT HUM, € HECIHOCTEPEXKYBAaHUM, TOMY
HEMOXKJTUBO B IIPUHITAII CTBEP/XKYBATH, YU € Y JIAHOTO CIIOCTEPEXKYBAHOT'O acTpPO-
disnunoro o6’ekra I'Tl, Tobro um € Bim Y. OjHak, B OKpeMUX BUIAJIKAX TaKi
00’eKT MOXKYyTb OyTH npuitaaTi 3a 9/] mpocTo «3a 03HAUYEHHAM», BHAC/IIOK IX
CXO0KOCTI JIO TOTO, IO MU po3ymiemo iy Y/1, abo kosm s 1ux 00’€KTiB HEMAE
iHmmx BapianTiB, okpim gk Oytu YJI. Crorojni B acTpoHOMIl € YUMAaJIO KaH/ -
naris na pois YJI y Beecsiti. Y 2019 p. 6yia0 orpumano nepie ¢gporo? Y —
naamacusaol YJI M 87* 3 macoro 6.5 - 10? mac Conust B neHTpi rajgaxtukun M
87, Bijyta/ieHol Ha HS MIJIbIOHIB CBITJIOBUX POKIB Bij Hac. Y Tomy K porii Hobe-
JIIBCBKY TIpeMito 3 ¢izuku Oysio mpucsoeno [I. ITibacy «3a Teoperndni BiAKPUTTS
y dizuuniit Kocmosorii» Ta M. Maitopy pazom i3 /1. Keso «3a BIAKpUTTS eK30-
IJIAHETH, 1110 00epTaeThCsl HABKOJIO COHIIENOAIOHOI 30pi». Y 2020 p. jaypearamu
HobesniBebkol npemil 3 ¢izuku craau P. Ilenpoys «3a BiIKpUTTH, 1110 YTBOPEHHA
qoprol fipu € BruesHeHnM nepenbadentsaM 3TB» ra P. Tennens i A. Tes «3a Bin-
KPUTTA HAJIMACHBHOTO KOMITAKTHOTO 00’€KTY B IeHTpi Harol [ajakTukuy. [Iporo
POKY OYJI0 OTpUMAHO (POTO IHOI0 «KOMIIAKTHOI'O 00’€KTY» — HajmacuBHOI /1
Sagittarius A* 3 macoro 4 - 108 mac Conrg na Bifgcrani 27 THCSY CBITJIOBHX POKiB
Biji Consiunol cucremu. e craso npyrum dgporo Y/, sike sk 1 nepiie Oy/10 oTpuMa-
HO B paMKax npoekTy Event Horizon Telescope i Tex cTajio MOXKJIMBUM 3aBJIsIKI
CYyJacHUM OOYMC/IIOBAJILHIM MOYKJIUBOCTSM KOMII IOTEPIB.

Taka «acTpoHomiuna TenaeHIlisg» HobesmiBebkol ipeMil 3 hi3ukn ocTaHHIX po-
KIB € JOCUTH PIJIKICHOIO 1 MOKe CBLJIYUTHU PO BUHSTKOBI HAYKOBI JIOCITHEHHS B

obsiacti rpasitamii Ta Y/I 30kpema.

2Tounime, 306pakeHHS aKPeAIiffHOTO IICKY B PaJiolianas3oHi HABKOJIO TeMHOI KPyrJoi objiacTi, mo i mpu-

imMaeThesa 3a mosepxuio I'TT Y/I.
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B acrpodiznunnx teopisx Y/ BUHMKAIOTH BHAC/IIOK I'PaBITAIIIHOTO KOJIa-
1ICy MacWUBHUX 31p Ha IX KIHIIEBOMY eTalli eBOJIOINII pu rmeBHuX ymoBax, mmij ['T1
MaTepid /1 3HaxoanTbes y CHHTYIIPHOMY CTaHi. TaKoxK po3TIAIa0THCA HaIMa-
cuHi YJI He30pAHOrO MOXOXKEHHS, PO3MIIIEH] y KBa3apaxXx — aKTHBHUX sJpax
rajakTuk. OKpiM IHOro, y KOCMOJIOTIT € MOHATTS TioTeTHIHuX rnepBuHHIX /1,
SIKI MOTVIN BUHUKHYTHU Ha paHHIX CTa lisx eBoJoMil BeecBiTy He3amoBro micys Be-
JINKOTO BHOYXY.

Tammmit migxin go posyminag Y/1 mae Teopernyuna dizuka. TyT mig Y/ posy-
MiIOTh KJlac po3B’s3kiB piBHsiHb 3T B, 1m0 xapakTepusyorbes HasisaicTio ['TI. Y /1
y TeopeTH4Hiil Piznill HOCATH TEOPETUKO-MOJICTbHIIN XapaKTep 1 4acTO MaroTh J10-
CUTH BlJIJIaJIeHNil XapaKTep BiJI aCTPOHOMIYHUX CIIOCTEPEXKEHD, ITPOTE MMOE THAHH A
Ta MOPIBHAHHA Pe3yJbTaTiB Jlociaikerb /1 y Teopernuniit ¢gpiszuii 3i criocrepe-
JKYBaHUMH aCTPOHOMIYHUMHE JIAHUMU JIAIOTH 3MOTY, 1 € €JJMHUM CIIOCOOOM, Kpallle
3po3yMiTi (piszuky 1nux o0’eKTiB. 3aBjaHHs nepeBipkn Hacaiakis 3TB «Ha npa-
KTHIT», 30KpeMa, MMIJIIXOM aCTPOHOMIYHUX CIIOCTEPEKEHD, € BAXKJIMBOIO YaCTUHOIO
Teopil. 3 iHIOro OOKY, pPe3y/AbTATH X CIIOCTEPEXKEHDb JIAf0Th 3MOTY YTOUHIOBATH
caMy TeOopIIo.

Takoxk y TeopeTHdHiil (Di3UI € MOHATTH TaK 3BAHUX IIAHKIBChKuUX Y/, dKi,

sK 1 mepBuHHI Y /I, 3a/MIIa10ThCsT CHOTOJIHI MIIOTE3010.

1.2. Orasaa gditepatypn

Posp’azok [IBapimm/ibia € nepimM HalpoCTilmM HeTpuBiaIbHUM TOUHUM
poss’siskoMm 3TB y Bakyywmi, onybsikoBannii Kapsiom [Isaprmuiabmiom y 1916 p.
[3], maiizke ompasy micast myOsikariit Ansbeprom Aftaimraitrom pisasiab 3TB y
1915-16 pp. |1, 2| micasa crBopennss Hum y 1905 p. creniaabHOT Teopil BijHO-
cuocti (CTB). Leit po3s’si30k BusHavae chHepUIHO-CHMETPUIHY KOHDITypaIiito
pOCTOpy-vacy (rpapitalfiiiHe 1oJie) CTBOPIOBAHY HEPYXOMOIO I'DABITYIOUO Ma-
COI0 1 XapaKTePU3YETHCA OJIHIM ITapaMeTpoM — Iieto Mmacoio M. Binminmoro xapa-
KTEepHOIO 0co0/mBicTIO po3B 3Ky IlIBapumuibia € icayBanus ['II — cdepuanoi

MOBEPXHI 3 MEHTPOM y TpaBiTyioduiil Maci Ta 3 rpaBiTaiiffium (IIBapIiINIbIiB-
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cokuM) pagiycom?. Tliznime, y Tomy »x poui Y/ Isapuimmibia 6y/10 y3arajibHe-
HO 1 OTpUMAHO PO3B’d30K ejeKTpuunHo 3apsmkenol Y/ Paiicnepa-Hopacrproma
[4] 3 KymOHIBCBKIM ejileKTpocTaTHaHIM osieM. 1efi po3B’si30K MicTHTD /1Ba mapa-
Merpu — M Ta noBHU eseKTpuaHIi 3apsia Q.

Y 1963 p. orpumano po3s’sizok Keppa [6] — ysaranbuennst /1 Hsapuimmib-
Jla Ha, BUIAJIOK 0OepTaHHs, 1eil pO3B’sd30K BU3HAYAETHCS JBOMA MapaMeTpaMu —
M ta KyTOBEM MOMEHTOM (MOMeHTOM iMmiysbey) J. ¥ 1965 p. mobymoBaHO Haii-
oibin 3arasbHIil po3B’s30k Keppa-Hbtomena 7] — Y1 3 esiekTpuanmM 3apsijiom
Ta obepTaHHSIM, sIKa 00’€JHIOE Y cOOl IoIepeHl TPU PO3B’sA3KH 1 XapaKTepu3ye-
Thcst HAbopoMm napamerpis M, Q., J.

L{i yoTupu po3B’I3KN € «KJIacCUHIHUMIy» MojieisiMu /1 B aliHITaiiHIBChKiil rpa-
iTarii 6e3 KOCMOJIONYHOI CTaJIOl Ta MaKCBEIIBChKi eJleKTpoarHaMilll 4-BUMIPHOIO
IpoCTOpy-4acy. 3rijHo /10 Teopemu «ipo BijgcyTHicts y YJI Bosocess (no-hair
theorem) [12], cTocrepexkyBannmMn MakpocKomigHuMu mapaMerpamu /1 € Tiib-
ku M, Q)., J. Y Bceciti He MoxKe icHyBaTn abcostoTHO HepyxoMux /I, Tomi gk
iX MOBHUI €JIeKTPUIHII 3apsi)] 4aCTO MOYKHA BBAyKaTH HYJIBOBUM (CKOMIIEHCOBA-
HuM). Takum 9uHOM, HAROLIBIN «peaTiCTHIHHUMY 13 [[UX PO3B’'SI3KIB JJIs OIICY
Y1 B acrpodizuii € Y1 Keppa.

Y 1970-80 pp. y poborax Bekenmreiina, ['okinra, Ileiizka 0ysi0 po3BUHYTO
TepMOJIMHAMIYHWI 1Ti/1X1J1 /10 BUBYeHHA /I, 1110 JaJ10 3MOry onucyBaTH Ta JIOCTi-
JIKYBaTH OCTAHHI B TepMiHAX <«3BHYAMHMX» TEPMOJIMHAMIYHUX CHUCTEM, BUKOPU-
CTOBYIOUH Ti caMi MOHSTTs Ta MeTojan. ¥ [8] 6yso posrishyTo enrporio S Y1 ta

orpuMaHo 11 38’s130K 3 1omnieo A nosepxni 'l (3akoH 1po eHTpOIiO Ta MOy

nosepxui ['TT YJI):

A
S—Z.

Y crarrax 9, 11] Tokinrom ta ['i6601COM 6YII0 PO3IVITHYTO BHIPOMIHIOBAHHS
(HasBane mizHime BunpominioBanasaMm [okinra) Y[ — xkBanTOBHIl HpoTec HAPO-
JIZKEHHsI 11ap eJeMeHTapHUX YaCTHUHOK i3 (PI3MUHOIO BaKyyMy B CHUJIBHOMY I'pa-
BiTanitroMmy mosti noosmsy ['II Y. Oxna i3 nux gactuHok nomnajae g 'l a

inma nommproeThes Bia /1. Take BUIIpOMIHIOBAHHST € CXOXKUM JIO0 BHUIIPOMIHIO-

37“9 = QGNM/C2 V «3BUYHUX» OIUHUIIAX.
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BaHHSI HArpITOro TLjla 1 XapaKTepU3YEThCs MEBHUM CIIEKTPOM, & 3HAYUTh HOMY
MOXKHA CITIBCTABUTH TeMIIepaTypy — TeMIlepaTypy BUIpoMiHIOBaHHS [OKiHTa Ha
I'TI Y/1*. Canm 1meit mporiec, sIKHit e Ha3uBaeThCs BUapoByBaHHsIM U/, € Ha13BU-
yafiHo c1abKUM, 1 B TOIl »Ke 9ac € OJHIM i3 MICTKIB MiK IpaBiTalli€io Ta KBAHTOBOIO
TEOPIEIO.

K Bimomo, piBHsiHHA AHIITaHA IPaBITAIIIHOIO 1OJISI MOXKYTh OYTH 3allica-
Hi 3 JOJAHKOM ¢, A, MHIHAM 328 KOMIIOHEHTaMI METPHYHOTO TEH30pa Gy, Je A
— TakK 3BaHa KOCMOJIOTIYHA CTaJia, 1 sika po3rvsgaiach me ANRHIITaiHOM Y CBOIX
PIBHSIHHSAX B HAMaraHHSX OTPUMAaTH PO3B’sA3KM cTallioHapHOro BeecBiTy B paMKax
3TB. Hanpuxinti 1990-tux pokiB O6yJ10 BUsIBJIEHO TPUCKOPEHE POSIIMPEHHS BHTH-
moro Beecsiry (Ilepamatrep, IIminr, Pice, Hobenisebka npewmis 3 disuku 2011
p.), IO 3HOBY MPUBEPHYJIO IHTEPEC JI0 IPABITAIl] 3 KOCMOJIOTITHOIO CTAJION, SIK JI0
MOZKJINBOTO OIIUCY TAKOIO IpUCKOpeHHs (ijest TemHol enepril). Chorojti mody1o-
BAHO TpaBiTamiiini Mosesi sk 13 gogaraiM (mpoctip jge Citrepa), Tak i Bij eMHIM
(mpoctip antu-ge Citrepa) 3HaUEHHSAM KOCMOJIOTIYHOI cTasol. [Ipobiaemy Kocmo-
JIOTTIHOT CTAIOT MOYKHA 3HAHTH, HAIPUKJIAJ, B ONIs 0Bl poboti Baiinbepra [18].

Posrisn Bij'eMHOT KOCMOJIOTIYHOI CTaJIOl BiIIpae 0COOIUBY POJIb JJIsl TEPMO-
muaamike Y1 Y pobori [13| 6yso nposegeno TepmouHamivdauil ome Y/1 y xa-
HOHIYHOMY Ta MiKPOKaHOHIYHOMY aHcaMOJIgX 1pocTopy anTu-je Citrepa. Y crart-
i [32] mociizkeno repmounamivai Biaacrusocri Y/1 Paiicuepa-Hopcerproma 3
Biji'eMHOI0 KOCMOJtoriunoto crasion (RN-AdS) y BequkoMy KaHOHIYHOMY aHCAM-
o1, Tozi sk y [36] posrysiayTo YJI Keppa-Hbromena y kaHOHIIHOMY Ta BeJIUKOMY
KaHOHIYHOMY aHcambJiax. Mikpockoriuni oorpyHTyBaHHs TepMogumHaMmikm Y /1 1o-
3BOJIIIOTH BUPOOUTH Ta BUKOPUCTOBYBATH Y HACTYITHUX 3a/la9axX MaKpPOCKOIIIHNI
(benomenororiaHMit) 1 IXiI.

[Ipn nmomanbimomy posrigami TepmoanHaMmikn 1/1 ofmiero i3 KOpUCHUX Ta mmep-
CIIEKTUBHUX i/iefl BUSIBIJIACH IHTepIIPEeTallisl BiJl'€MHOI KOCMOJIOIIYHOI cTajIol He
K (PIKCOBAHOTO IapaMeTpa, a AK OJHIEl 13 TepMOJAMHAMITHUX 3MIHHUX — 30B-
wimuporo Tucky P ua YJI 3 60Ky cepegopuina ((bismaHOrO BakyyMy) B sIKOMY

3HaxouThess /1, 1 sike epeKTUBHO MOyKe OyTH OINMCAHUM €0 KOCMOJIOTTIHOIO

4Jlauti 1 CTHCJIOCT] 9ACTO TOBOPUTHCA IIPOCTO Hpo Temmeparypy /1.
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crasoro [64]°:
A
P=——.
87
TepMomHAMIYHII TTPOCTIP 13 TAKMM 3B SI3KOM HA3UBAETHCS PO3ITUPEHUM da-
30BIM TepMo iHaMitHnM mpoctopoM /1%, v HboMy mepImit 3aKoH TepMoImHaMi-
Ki MicTuTh 4ieH VdP, ie cupsi>keHa JI0 TUCKY BeJrmdnHa V' — TepMOIUHAMITHNIM
o0’eM Mae 3MmicT «BuUTicHeHOTO» /I 00’e€My JJaHOTO cepejloBHINA, i BUABJISIETHCA

7 IpocTopoBoMy 06’eMy, obMezkeHoro rosepxueto I'Il, Tomy B TakoMy Tep-

PIBHUM
MOJIMHAMIYHOMY pPO3YMiHHI #oro MoxkHa HasaTu 06’emom camol YJI. Cama Tep-
MOJIMHAMIYHa (DYHKIIIA, JJIs sIKOI 3allUCyIOTh IIePIINil 3aKOH TePMOJMHAMIKK €

Macoro /1. s mBaprmmiabaiBcbkol /1 11eit 3aKoH Mae BUIJISII:
dM =TdS + VdP,

ne T, S — srajani Buile TemiiepaTrypa BUIIpoMiHioBatHs [okinra ta enrporis Y/1,
BiAnoBiHO. TaKuWil BUIJISIT IEPIIOTro 3aKOHY TePMOIMHAMIKI A€ 3MOTY 1HTepIIpe-
TyBatn Macy 4JI gk iT enrasbio®.

Posrysan posmmpenol TepMOAMHAMIKE 3HAYHO PO3IMMIPIOE 00J1ACTH BUBUEHHS
TepMoinHaMivHNX BjiacTuBocTeit YJI, 30Kkpema 11e jgae 3Mory oTpuMaTu 11 piBHS-
HH$I CTaHy Ta JOCIINTH 0ro KpUTHIHY MOBEHKY (dasosuil nepexin). Y [71]
PO3IJISIHYTO IIBAPIIIIIbIIBCHKY /I 3 BiJI'€MHOIO KOCMOJIONIYMHOI CTAJIO0 Y PO3-
mUpeHoMy (a30BOMY TEPMOJIMHAMITHOMY ITPOCTOPI, 3aIlMCaHO PIBHSHHS CTaHY,
00YmCIIeHO 1300apHy TelIoeMHICTh. Takoxk oTpuMano crissijgHoiendss Cyvappa —

BayKJIMBE CIIBBiJIHONIEHHS B TepMojnHaMini I/I, sike moB’s3ye MizK coOOI0 CKiH-

JeHH] TePMOIMHAMITHI BETMINHA:
M =2(TS - VP).

Apropamu |76] merasbHO BuBYeHO posimpeny TepmouHamiky /I RN-AdS.

HocmizKkeno KpUTUIHy MOBEJIIHKY PIBHAHHA CTaHy, BUSIBJIEHO (ha30BUil Tepexis,

SInTeprperamnia (Bix eMHOT) KOCMOJIOTIYHOT cTasiol SIK cepeiopuia (MaTepii) MOB'A3aHa 3 THM, MO 3Ta aHuil
BUIIE JOJAHOK ¢y, A y piBHAHHAX ARHINTaNHA MOXKHA PO3IVIANATHU fK 3JiBa y «IeOMETPUYHiN» yacTuHi, TaK i
clipaBa — y TE€H30pi eHeprii-iMIryabcy MaTepil.

63amicTh ILOrO TEPMiHy MHI YaCTO BUKOPHCTOBYBATHMEMO TIOHSATTS <«PO3IIMPEHa TePMOJIMHAMIKAS.

7Y HafmpocTimUX BUNaJKaX, HAIPUKIAL, Mg crarnaanx 91, takox maua 9J1 3 moBIIbHIM 0GepTaHHAM.

8V kiacmuniit Tepmommmamimi 3 hiKCOBaHOIO KiIbKicTIO wacTMHOK audepeHmian exrajpiil H pismuit

dH = TdS + VdP.
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OTPUMAHO Oro KPUTHUIHI IapaMeTpH, siki BU3HAYAIOTHCS eJIeKTPUIHUM 3apsIIOM
Y/1. Beranosneno anagoriio mixk 9/I RN-AdS i peanbaum razom Ban jep Ba-
aJibca, 30KpeMa CIIJIbHE /)T HUX 3Ha9eHHd TePMOIUHAMITHOIO KPUTHIHOTO Bij-

HOIICHHA:

P, 3
7. 8

ne v — mromuii 06’em (specific volume), moB’si3anuit i3 TepMognHAMIYHIM 00’6~

MoM V' posmipunmu kouctantamu. Takox jsg YJI RN-AdS i razy Ban gep Ba-
aJibca CIIBIIQJIAl0Th YCl IX KPUTUYHI TOKA3HUKU.

B [72] pocnimzxeno kputnany tepmosmnamiany noseainky /1 Keppa-Hpbome-
na. [TopiBHaAHO 31 MBAPIITUILIIBCHKIM BUIIAJIKOM, TYT JO MEPIIOTO 3aKOHY TeP-
MOJIMHAMIKHI JIOJIAIOTHCA YJIEHHU, MOB’si3aHi 3 eJIEKTPUIHUM 3apsiIOM Ta 0bepTaH-
Ham Y/

dM =TdS + U.dQ. + QdJ + VdP,

ne U, — eyekrpuanuii norenmiaj, () — KyToBa HMIBHUJKICTH obepTaHHsd. TakoxK
posmupeny Tepmounamiky /1 Keppa-Heromena 6ys10 obrosopeno y crarti |77].

Y npoMmy BuIlaJIKy ciiBijHomeHHss Cyvappa npuiiMae BULISLI:
M=2(TS+QJ—-VP)+U.Q-..

B orsosiit mparti [86] posriistayTo posmmmpeny tepmoguaamiky 91 sap-
mmuiabia, Paiicnepa-Hopierproma ta Keppa. Takox BapTo BiI3HaYUTH I'PYHTOB-
my pobory [100], nmpucssueny tepmogunamini /I, «3aHypeHUX> y cepeoBuUIle
BiJI'€MHOI KOCMOJIOTTYHOI €TaJI01, OTOTOXKHEHOI 3 I0ro THCKOM. 30KpeMa y Iiiil po-
60Ti po3TJIAIAEThCA MUTaHH IHTepIpeTallil TepMonHaMigHoro o6’emy /1.

Tepmoannamika Y1 po3risgaaeTbes i Tpu HASIBHOCTI J0JaTHOI KOCMOJIOMIHOL
CTaJION, fKa BXOJIUTD Y IEePIIil 3aKOH TePMOJIMHAMIKH, aJie IIPU IbOMY He aCOIliio-
erbest 3 TuckoM. Hampukiia, y [48] mocrimkerno YJ1 Keppa-Hbromena y mpoctopi
ne Citrepa, je okpim «3Buuaiinoro» I'll 3’saBisierbest koemostoriunmii I'T1L

AxkruBzi nocnimzkennsi Teopii crpyn [14], D-6pan [19], cymeprpasitarii [44]
B KOHTEKCTI KBAHTOBOI I'paBiTallil MPUBOAATH JI0 MOOYIOBH TEOPETHKO-II0JIbOBIX
mogtesieit /1y pisHEX MPOCTOPOBO-YaCOBUX BUMIpHOCTSAX. Y poboti Birrena [17]

OyJ10 POIJIIHYTO 3-BUMIPHY MOJE/b I'PaBiTallil Ta 3p0o0/IeHO BUCHOBOK IIPO TOYHO
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pPO3B’s3yBaHi y Hiil KJacU4HI Ta KBAHTOBI cucTeMu. KanoHiunuMm npukiagom /1
y Takiii HUBbKOBUMIPHiit Teopil € 3ampononoBana y 1992 p. mojie/ib 3-BUMIpHOI He-
sapsiprenol Y/1 3 obeprannsm [21]. Taka Y1 orpumasa nassy BTZ B gects cBoix
asropis (M. Baniados, C. Teitelboim, J. Zanelli). [eomerpito mpocropy-dacy aHTH-
ne Cirrepa B okosi BTZ mocimkeno B [22]. YV crarti [26] posrisinyTo mpobsiemy
sapsrenol BTZ y sunajxy gosiibHOro obepranusi. B [37] orpumano poss’sisku
BTZ 3 enexrpuanum 3apsiiom 6e3 obepranusi, a B [93| BuBdeHO ix TepMojnHa-
MiYHY CTaOl/IbHICTh Y KAHOHIYHOMY Ta BEJIMKOMY KaHOHIYHOMY aHcambOJisax. Byro
IIPOJIEMOHCTPOBAHO, 10 3-BuUMipHi /[ 30epiraloTh KJI0Y0BI 0COOJMBOCTI, Xapa-
KTEepHI CBOIM 4-BUMIDHUM aHaJoraM, aje MpU IbOMY € 3HAYHO MPOCTIMNUMUI I
BUBYEHHS.

B konTekcTi posmmpenol TepmoanHaMmikn gocyipkenna BT7Z MoxHa 3HAMTH,
HAIPUKJIQJl, Y BUIe3rajaniit pobori [71], me 6yso okpemo mpoaHai30BaHO 3-
BuMipHHUii Bunagok. Kpurnuny noseninky 3-sumipaux Y/ posrisiayto B [77]
OKpEMO TSI BUINAJKIB eJeKTpuuno 3apsypkenol U/] 6e3 obepranms Ta mezaps-
qxenol Y/1 3 obepTaHHsIM, BCTAHOBJICHO BIJICYTHICTB JIJIsT HUX (Pa30BOTO MEPEXO-
ay. Coorojai 3-Bumipui YJI BUBYAIOTHCA y PI3UX KOHTEKCTAX, IO BUXOJATH 34
paMKM aiffHIITaliHIBChbKOI I'paBiTallil Ta MaKCBeJIIBCbKOI eJIeKTPOJIMHAMIKY, JIesKl 3
HUX OYIYTh PO3IVISHYTI HIZKIE.

OcobsmmBo akTuBHO TepMoinHaMika /[ BUBUAETHCS Y BUCOKOBUMIPHUX TEOPi-
sx rpasitaiil. ¥ crarti [16] poss’sasku [Isapmuibia, Paiicaepa-Hopacrproma
ta Keppa 6y y3araibheni /10 d > 5-BumipHoro npocropy-uacy. B [71] mocuimke-
HO TE€PMOJIMHAMIYUHI BJIACTUBOCTI d-BUMIPHOI IIBapIIUIbIiBCbKOlI /0. Y pobori
[65] posrisinyTo nepuuii 3aKoH TepMmouHamiku jiist d-sumipaol Y/1 Paiicuepa-
Hopacrpboma 6€3 KocMOJIOrIHOL cTalIol.

Y crarri [73] BuBdeno Tepmopnaamiky H/1 3 eieKTpuaHIM 3apsiioM Ta obepTa-

HHAM y mpoctopi anTn-ge Cirrepa pisHux BUMipHOCTE(! d i3 3aKOHOM JIs THCKY":

167
9B mesaxmx pobOTaX BHKOPHCTOBYEThCA 3rajlaHmii pamimre zakon P = —A/87 mesajexkHo Bim BuMipHOCTI

[IPOCTOPY-4Yacy, Iie He € CyIePewINBIM, TaK AK IIPOCTO O3HAYaE pi3He o3HauYeHHs A it pisHuX d i BiApi3HAETHCS

Bl,/'l IpuBEJCHOI'O TYT CTaJIUM MHO2KHUKOM.
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Posuupeny repmojnnamiky d-sumipanx 41 RN-AdS Busueno asropamu |77, 78].
Y srajaniit Buie orisiiosiit pobori [86] posrsinyTo criBsigHoeHHST CMappa st

d > 4-pumipnol YJI 3 eJIeKTPUIHUM 3apsAI0M Ta 00epTaHHSIM:

d—3 d— 2
M T Q e e
— S + J+d U.Q.— —

VP.
Hani TakoxKk Oy/lyTh HaBeJIeHl iHII MPUKJIAIU I'paBiTallil y BUINUX BUMipax Ta 1T
3HAYEHHS JJIs JToCTixKeHb 1 /1.

[lepcriekTuBHOIO MOXKJIMBICTIO noeaHaHHsT 3TB 3 KBAHTOBOIO TEOpI€I0 € PO3-
IIsI]T HEJIHIMHIX MaTepiaJIbHUX II0JiB, OCOOJIMBO — €JEKTPOMAIrHITHUX. Takmii
MIX1JT He Ma€ sKUXOCh IPUHITUIIOBUX 3allepevdeHb 1 € JaBHO BIJIOMUM Ta BUKO-
PUCTOBYBAHUM Yy TEOPETUUHiH (i3ulli, a B 3aCTOCYBaHHI J0 I'PaBITYIOUNX CUCTEM
00yMOBJIEHIIT 30KpeMa caMoro HeJliHilHIcTIO rpaBiTaliii. HeobxigHo0 yMoBOIO Npn
moOyI0Bl TaKUX Mojiesieil € TaK 3BaHUil IPUHIUIT BiAIOBIIHOCTI, 3TiHO 3 SIKUM,
HOBa TeOpid Yy CBOEMY I'DAHUYHOMY BUIIAJIKY Ma€ JaBaTH BIJIOMI CIIOCTEPEXKyBa-
Hi pe3yJibTaTu CTapol Teopil, TOOTO MOBMHHA MICTUTH 11 SIK YacTKOBUII BUITQJIOK.
Hanpukiiaj, Teopil HeJIHIITHOrNO €/IeKTPOMArHiTHOTO T10JIsT MAIOTh MEPEXOJIUTH Y
MaKCBEJIIBCHKY €JIEKTPOJIMHAMIKY B IpaHUIll CJIA0KNUX TOJIIB.

[TepmmM mpuKJIaI0M TAKOTO IIXOMY cTaja HesliHiitHa eJeKTpoanHaMika bop-
na-ladenpna (BI), mo Bunukaa y crnpobi ycyHyTH po3biKHICTH (6e3MeXKHICTD)
eJIEKTPUYHOTO T10JI TOYKOBOI'O 3apsjly B TOUIl PO3MIIIEHS 1LOTO 3apsjly Y Ma-
KCBEJIBCBKIN ejiekTpouHamini. B opurinasbhiit pobori [5] 6y/10 3ampornonoBano
JlarpaHzKiaH TaKol MOJIEJI i3 OJIHIM PO3MIPHUM ITapaMeTpoM HeJiiHiitHocTi 8 1 1BO-

Ma [0JIbOBIME iHBapianTamu') F = F " ra G = F,, F*:

Ly =4p5%1- 1+i— ¢

282 164
[Tapamerpom [ > 0 BU3HAYAETHCSI BEPXHSI MeyKa 3HAUEHHsI HAIIPYKEHOCTI eJjie-
KTPUYHOTO TOJIsl, Y IPAHUYHOMY BUIAJKY [ — 400 (abo, TouHilie, y BUITAJI-
Ky ciabkux nojie, |F| < %) narpamkian Bl nepexomuTh y MakcBeTiBCHKHIA
Ltaxwen = —F. Ilpn BimcyTHocTi MaraiTHOro moJs iaBapiant G = 0, mo 103B0-

Jisie Jiyisi cTaTucTuaHux (i 63 MarHiTHOrO 3apsijly) CUCTEM PO3TJIAIATH CIIPOIIEHY

I0TTostcHEeHHST [IUX BEJMYHH JAHO B Honatky A Ta OCHOBHOMY TEKCTI JUCEpTAaIlil.
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dopmy opurinagbHOro JjarpanxKiany Bl:

F
Lgi=46%1— 1+2—52

Crorojai iHTEpec j10 Mojiesi Bl 3ymoBiennii HU3Ko0 NpuyanH, HacaMIlepe/, Te-
opieto crpyH [14], D-6pan [19], e 1eit arpaszkian NpUPOJHO BUHUKAE Y TX HU3BKO-
eHePreTUIHNX TPaHuIAX. KaekTpoannaMika Bl akTUBHO BUKOPHUCTOBYETHCS TpH
o0y 1081 pisHoMaHiTHIX Mojeseit Y/ B afinmraiiniBebkiii (1 He TibKn) rpasitarii
PI3HUX BUMIpHOCTEl Ta 1X JIOC/IL/ZKEHb Y PI3HUX aclleKTaX, BKJII0YAUYN PO3IJIs /]
posmupenol Tepmounamikn /1.

V crarri [41] orpumano poss’szox UM B Teopii Aiinmnraiina-Bopua-Indenbia
3 KOCMOJIOTIYHOIO CTaJI0I0, IIPOAHAI30BAHO BUIAJIKH 11 JI0JaTHOIO Ta, BiJl €MHO-TO
3HAYeHb, oOuncyieno temmeparypy lokiara. Asropamu |58| moctimkeno Tepmo-
nunamiky 9JI 3 nosiem BI y npoctopi antu-jie Citrepa, oTpumaHo i1 TepMojIu-
HaMigHy (QYHKIIO BUIBHOT eHepril y mmiaxomi eBKioBol il [49]. ¥V posropryTiii
npari [77] meragbHO BUBYEHO TepMOJMHAMIUHY 1moBeaiHKy po3s’s3kiB RN-AdS 3
nosieMm BI, 3amucano nepiuit 3aKoH TepMoanHaMiki Ta criBBigHomeHHsT CMappa
i3 gomarkoBuMu diaeHamu Bdf ta B, BiANOBiIHO, 110 BiJANIOBIIal0Th TakK 3Ba-
Hiit osistpusarnii Bakyymy Bopra-ludenbaa (Born-Infeld vacuum polarization) i
€ XapakTepHuMmu s ejnekTpogunamiku Bl Busueno daszoBuil nepexi cucremn,
nobyoBano P — v miarpamu. B po6ori [79] obuncieno kpurnani nokasuuku 9/ 3
nosieM Bl ta Bijg'emuoro kocmosoridaoro crajion. Takox y [101] 6ysio goctikeno
nuTaHHs criBBijHomeHHs CMappa y HeJHIHIA eJeKTpoauHaMill, 1 9K OoJuH i3
HMPUKJIAJIIB, PO3IJIIHYTO 3rajaHuil Buiie 4ieH Bf.

Y /1 3 mostem Bl BuB"atoThesd y pizHUX BUMIPHOCTSAX ITPOCTOPY-9acy. &y CTaTTIX
|45, 46| mobynoBano poss’ssku crarnanoi Y/1 y d-BumipHiit Teopil Aitninraiina-
Bopua-Iudenbaa y npocropi ge Citrepa Ta antu-ze CiTrepa, NnpoaHaJi3oBaHO
X TeOMeTpPUYHI Ta TepMOJMHAMIYHI BJIACTUBOCTI, BUBYEHO TEPMOJIMHAMIYHY CTa-
O1JIbHICTD CHUCTEMU JIJIsI BUIAJKIB JIOJATHOI Ta B €MHOI KOCMOJIOTIYHOI cTasiol. Y
pobori [80] pesybraTu, orpuMani y Buinesrajauiit crarti [79] 6ysio yzarajabHeHo

JI0 d-BUMipHOI'O BHIIQ/IKY.

U Tyr i maji, sSIKIIO TOJATKOBO He BKA3aHO BUMIpHICTH Ta obepramms /I, To HaeTbes mpo 4-BUMIpHY CTATHYHY

Y. Takox MaeThbcst HA yBa3i alHIMITalHIBCbKa TeOPisd TpaBiTallil, KO He CKa3aHO iHIIOTO.
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Enexkrponnamika Bl crasa mepeyMoBoOro 10 BAHUKHEHH IHIINX TeOpiil HeJTi-
HITHOI'O €JIEKTPOMArHITHOTO 110JIsI 11X 3acTocyBaHs 30kpeMa 10 Y. Cronn BijnHO-
carbest gorapudmitne (LN) [27] ta ekcronenmifine (EN) [81] mosst, siki Hasieskarn
JI0 KJIacy HeJliHiiinol ejekrpoanHaMiky Tumny Bl, Busnadaiounch oJJHIM PO3MipHIM

apaMeTpoM HesiHifiHoCTI (-

Lin = —452 In (1 -+ 4_ﬁ2> LNy = 4&2 (exp [_4iﬁ2] — 1) .

['pannanuii Bumnaiok [ — +00 IPUBOIUTE JI0 eJIeKTpofunaMikn Makcsesua, sik i
y Bunaaky noJjs Bl. Posknaan narpanxkianis Lyr, L1y Ta Ly B paa Makiiopena

o crenensx 1/8% e cxoxumu, Jie epiii HONPaBKU [0 MAKCBEIIBCHKOIO JlarpaH-

Kiany Diyfaxwell = —F' CIIBIIaaioTh 1 € KBaApATUIHIMUI 110 BiIHOMIEHHIO 70 F:
Lgi=—F+ 8_/322 - 31;;4 +0(879),
Lix=—-F+ 8%22 - 4224 +0(87°),
Lpn = —F + 8F—; — 9?24 +O0(p7%.

Y crarti [81] orpumano pos3s’s3kn 3-umipaol crarnanol Y/ 3 moasmu BI,
LN Ta EN y npocropi antu-je Citrepa, 004MC/IEHO TEMIEPATypy Ta €JIEKTPH-
YHUI IMOTEHIIA I, 3alllCaHO IEPIINii 3aKOH TepMOJIMHAMIKKI. Bys1o mokaszaHo, 110
LN mosie Tak camo, sik i Bl ycyBae po30i2KHICTH €/IEKTPUIHOIO T10JIsI TOYKOBOI'O
3apsity, Toji sk EN 1ojie mpuBouTh 10 floro ¢j1abiiol CUHTYJISIPHOCTI MTOPIBHSHO
3 MakcBe/iBcbkuM Bunajkom BTZ, aje He ycysae i1 nosuicrio. Apropamun [87]
po3rItHyTO TepMoHaMiuni Besinunau 9J1 3 nosiibamm obepranisy B LN ta EN
eJIeKTPOJMHAMIKaX. 30KpeMa OYJI0 IMOKa3aHo, M0 Y BUIAJJAKY IOBLILHOIO obepra-
HHsI HI obepTaHHs, Hi HEJIHIHHICTH €JeKTPOMAarHITHOIO I10J1s He BILUIMBAIOTH HA
ripomaruiTie Bignomenusg /[, sagummmaiodn Horo piBHUM BiIITOBIIHOMY BBIiJIHO-
mennto st 1J1 Keppa-Heiomena. B po6ori [98] mocnimxkeno kpuruany P — V
1oBeJIiHKY ctaTtu4dHol d > 4-umipnol Y1 3 LN Ta EN mojisimu y npocTopi aHTH-j1e

Citrepa.
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[amuM crieniaJIbHUM TUIIOM HEJTIHIHHOTO €JIEKTPOMArHiTHOTO I0JId 1 J0BOJI
OYEBUJIHUM y3araJilbHEHHAM MAKCBEJIIBCHKOI €JIEKTPOJNHAMIKY € TaK 3BaHe CTelle-

rese noste (power Maxwell invariant, PMI) [54]| 3 marpamxiamom:
Lpyn = (= F),

Jle pallioHaJIbHII TTOKA3HUK CTEIeHd § € 0e3pO3MIpHUM TapaMeTpPOM HeJIiHIITHOCTI
Mozesil. HacTkoBuil BUIAA0K s = 1 IPUBOANUTD J0 JIHIMHOIO MOJSA Lfaxwell = —F'.

4K BijjoMO, MaKCBeIiBCbKa €JIEKTPOINHAMIKA € KOHPOPMHO-IHBapiaHTHOIO Te-
opiero. Y Takiif Teopil ckaJgpHa KPUBU3HA JIOPIBHIOE HYJIEBI, TEH30p €Heprii-
IMITYJTbCY €JIeKTPOMATHITHOTO TI0JIst cTae 6e3cioBuM (¢t piBHUIT HyII0), a Ta-
KO’K BUKOHYETbCsI 3aKOH OOCpHEHHUX KBaJpaTi o< 1/r? [JIsd eJleKTpUYHOro 1oJ1st
HEPYXOMOI'O TOYKOBOTO 3apsiy (3akon Kysona). 3okpema 1ie Bce Mae Mictie Jiist
Y /1 Paiicnepa-Hopjicrproma 6e3 Kocmostoriunoi craJjol. Ha nmporusary mbomy, Jri-
HIITHI Teopll eJIEKTPOMAIHITHOI'O II0JI Y IPOCTOpI-4acl BUMIPHOCTE BIJIMIHHUX
BiJI YOTUPHOX He € KOH(POPMHO-IHBapIaHTHUMU, K, HATPUKIa, 111 BTZ, e ene-
krpuane nosie < 1/r. Y PMI enexkrpopnaamin kondopMHa iHBAPIAHTHICTH 115
d-BUMIPDHOT'O TIPOCTOPY-YaCy JOCATAETHCA 3a PYXYHOK HEJIHIHHOIO mapamMerpa S
npu fioro 3uadenti s = d/4. Takum qunOM, y 4-BUMIpHOMY BHIIAIKY KOH(DOPMHO-
IHBapiaHTHOIO € JiiHIlTHA eJIeKTpOo/IMHAaMIKa 1 HaBIaKM, JiiHifiHa eJIeKTpoJuHaMiKa
€ KOH(OPMHO-IHBapiaHTHOIO TLIbKN Y 4-BuMipHOMY mpocTtopi-daci. [Ile pamnirre,
y crarTi [38] 6ysno posriaanyTo 3-sumipny craruuny 9/ 3 Kymonisebkum oc 1/r2
eJIEKTPUIHUM TI0JIeM, JIe eJIeKTPOMAarHiTHI JarpaHzkia Oyj10 BUOpaHo y BUTJIs I
(—F )3/ 410 y3TOKYEThCs i3 IpUBEIeHOI0 Buile yMoBow. Di3udHi oOMerKeHHS
Ha JIOIYCTUMI 3HAUYEHHS IapaMeTpa S BU3HAYAIOTHCI KOHKPETHOIO JIOCIIZKYyBa-
HOIO CUCTEMOI0, 30KpeMa, 11 BUMIPHICTIO.

Kondopmua imBapiaHTHICTE Ma€ BarkjmBe 3HaUeHHs i1 1 /] B KOHTEKCTI Tak
sarol AdS/CFT signosignocri (anti-de Sitter/conformal field theory correspon-
dence), 3anpononosanol Masgacenoro [33]. Y Hiit po3misiiaeThest IyaabHICTD MikK
KocMoJtorigauM rpocropom antu-je Cirrepa B 3TB Ta KoHdopMHOIO TEOpI€O 110-
Jish — Teopi€ro, iIHBapilaHTHOIO BiHOCHO KOHpopMHMX TepeTBopenb y KTII. Pos-
rrgayTi Buie nosg BI, LN ta EN He BoJiomifoTh KOH(DOPMHOIO iHBapiaHTHICTIO,

TaK K MICTATh po3MipHmil mapamerp (. Bee e pasom cTaHOBUTH OCHOBHY IIPH-
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quny s po3risry PMI esrekTpojnaaMikm Ta 11 3acTocyBanus 1o mojiestein 91
B [54] orpumano cratudni poss’ssku /1 3 KoHDOPMHEM eJIeKTPOMATHITHUM

/4 1s pisHux BuMipHOCTEH d IPOCTOPY-Uacy 6€3 KOCMOJIO-

marpaikianom (—F)
rigrol crajgol. OTpuMane eleKTpUdHe ToJie Y [ILOMY BUIIAJIKY He 3a/IeKUTh B d
i criBnajiae i3 BignoBigHuM po3B’sskoM st 1/ Paiicaepa-Hopacrproma, To6TO
e o< 1/r2. B pobori [61] Tumu K aBTOpamu 1e JI0C/IZKeHHs 6yJI0 y3araibHeHo Ha
BUIIQI0K JOBLILHOrO 3HavUeHHd S. OTpuUMaHO Ta MpoaHai30BaHO PO3B’a3ku /]
y PI3HUX BUJIJICHUX Jlialla30HaxX 3HAUYEHb IapaMeTpa s, 30KpemMa 0yJio MoKa3aHo,
o Bubip d = 2s + 1 npuBoguTh 10 X 1/7 3aJ1€KHOCTI JIJIsT €JIEKTPUIHONO 1101
1 STK HACJIJIOK, JIO MOSIBY JIOrapu@dMITHOrO djieHa Y MeTpUUHiil pyHKIIT rpaBiTa-
IITHOIO TI0JIsI, ITOJIOHO 0 TOTO, 9K Ile Ma€ Micle i 3-BuMipHOI ctaTtudrol /1
3 ginifianm s = 1 ejekTpomartiTHuM mojieM, Tooto st BTZ [37].

Tepmopuuamika Y/ 3 PMI jkepesiom BuB4aeThest y pisHux Konrekcrax. B [66]
JIOCJTIJIZKEHO TEPMOJIMHAMIYHY CcTabLIbHICTD craTnydnol d-BumipHoi 9. V crar-
Ti |67 orpumano d > 4-sumipni poss’ssku 1J1 3 mosimbHuM obepranHsaM. O6-
JUCJIEHO 11 30eperKyBaHi Ta TePMOJIMHAMITHI BeJTUINHN, BCTAHOBJIEHO, IO TTOBILIb-
He obepTaHHsd He 3MIHIOE TepMojuHaMmiuHol noseinku /1 mopiBusHo 3 Bijro-
BigHuM crarnaauM BunajgkoM d-pumipaol Y[ RN-AdS. Orpumano ripomarxitae
BIJIHOIIIEHHS, K€ BU3HAYAEThCA TIJIbKNU BUMIPHICTIO ITPOCTOPY-dacy 1 BiJIIIOBIIA€
d-sumipuomy anasiory 4J1 Keppa-Hbtomena 3 nosisbauM obepratusam [50]. YV
crarti [82] posrsinyTo TepmouHamiuni Besmanan 3-sumMiptoi U/ 6e3 P—V ue-
Ha, y poboTi [83] moctizkeno posimmpery TepMoHAMIKY d > 4-BUMIDHUX CTATH-
qyaux YJI, 3ammcano mnepimii 3aKoH TepMOJIMHAMIKI, 00YNCIEHO BiJIbHY €HEpriio.
Apropamu [88] BuBueno 3-pumipny craruuny YJI, obumcieno ii remieparypy,
eJIEKTPUIHUIN TTOTeH a1, 30epeKyBaHl BeJIMUNHN, 3allCaH0 MEPIINil 3aKOH Tep-
MOJIMHAMIKH, ToJl siK y [89] Oyso gociikeno ocobiuBuil Bunagok s = 1/2 mja
takol /1.

Posrisijiatorbest Takoxk MeHI Bijiomi HejtiHifiHl Mojesi. ¥ crarti [68] 3ampo-

MIOHOBAHO y3araJbHeHHs OPUTIHAJILHOTO Jarpanzxkiany Bl 3 1Boma mapamerpamu:

GQ
262 168292 )’

LE =487 [1— 4|1+
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sIK ePeKTUBHY €BPUCTUIHY MOJE/b JIJIsd OINCY CUJIbHUX €JIeKTPOMATHITHUX ITOJIIB,
OTPUMAHO BIJIMOBIHI PIBHAHHS €J1eKTPOMArHITHOTO TOJA. Y BUMAJKY PIBHOCTI
napameTpis Mozesi, = v, narpanxian LY crisnazae 3 L%rlig. B [102] 3aificneno
«CTerneHeBey y3araJbHEeHHS 1IHOT0 JarpamKiany J10 TpunapaMeTpudnol (hopMu:

F G2 7
o—gen 2
L™ =45 [1_ (“40/32 - 3206272> ]

IILISIXOM JI0JIABAHHSI I1e OJIHOr0, Oe3PO3MIPHOIO MapaMerpa o, 3HaueHHs o = 1/2

SKOTO MPUBOJIUTH 10 Jarpatxkiany L3 . YV pobori [103] Gyno CKOHCTPYHOBAHO

) . o—gen
posB 430K /1 3 sarpanzkianoMm Ly,

B po6ori [94] posrisinyro gaBomapamerpudanii Ly Ta ojHOmapaMeTpudHuii Lo

€JIEKTPOMATHITHI JIarpaHzKIaHU:

aF F

[ = _F_ -
! 2BF + 1’ 2BF + 1’

3 OE3PO3MIPHUM (v Ta PO3MIPHUM [ IMapameTpamMu HetiHiftHocTi. ['panudni Burma/I-

K1 L1’ — —F juist 6yap-sikoro (8 ta Lo — —F npuBoasaTh 510 1mosis

’B—>O
Maxkcsesta. JIjnsg obox Mojeseit O6y0 OTpUMaHO CKiHUEHHE 3HAYEHHS €JICKTPH-

a—0

JHOIO TI0JIsl 3apsi/ly B TOUIN Horo repedyBaHHsl, Bu3HadeHe nmapamerpom (. Ilapa-
MeTPOM (v TIePIIOT MOJIeJIl 3a/1a€ThCsl J10/IaTKOBa HEJIIHITHICTL €JIeKTPOMATrHITHOIO
moJist. Y ctarTi [95] aBTOpoM ux Mojesedi arpanzkian Lo OyJ10 BAKOPUCTAHO JIJIst
o0y 10Bu po3B’si3ky UJI 6e3 kocmosioriunol KoctiitHol, sikuit y rpaxuii S — 0
nepexoquth y /1 Paitcnepa-HopacTproma.
Y crarti [110] 3amponoHoBano MoJeIb:
F
~ cosh /—pBF’

sIKa Y TPAHUIl CJIabKNX eJleKTpoMariTHux moJis, 5| F| < 1, nepexoaurs y JjiHiii-

Ly =

HY Laxwel = —F. ABropamu [116] 6y/10 mpejcTaBiieHo Jiarpamxkias:
F
1 —+/—pBF’

SIKUI TIepexo/inTh y MakcBesiBebkuit ipu S = 0. Byno orpumano po3s’sa3ku /1

Ly=—

3 TaKUM I10JieM 0e3 KOCMOJIOTIYHOI CTaJsI0l, JOC/TIIXKeHO IX TePMOJIUHAMIUHY CTa-

OLJIbHICTD.
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B po6ori [104] 6ysi0 posrisinyTo y3arajibHeHy eQeKTUBHY MOJIe/b HeJiHIiHOT

ejekTpoaunamiku tumy Eitnepa-Taitzenbepra 3 inBapiantom G

G2
Lpn = —F + BF? + 77

i 1BOMa pO3MipHIMHI mapameTpamu 3, v. Y BHIAJKY caabknx momis, SF? < 1,
7G? < 1 = Lgg — Lyaxwen. IIpun v = 0 smarpamxian Lgg HepexoanTsb y
KBaJIpaTHIHy BiIHOCHO F' Mojesib, posriguyTy B [96], me HeminiiiHOCT] €1eKTpo-
MarHITHOI'O 10JisI OyJi 0OrOBOPEH] B KOHTEKCTI KBAHTOBOI €JIEKTPOJIMHAMIKH.

OKpeMoI0 MOXKJIMBICTIO y3araJbHEHHs e/IeKTpoMarHiTHOI Teopil Makcpesia €
PO3IJIsi/T MAarHiTHUX 3apsAaiB. 1/l 3 elekTpuIHuM Ta MarfHiTHUM 3apsjaMu OyJin
OTpUMAaHi Y HI3bKOEHEPreTHIHNX TpaHulisax Teopil crpyH [20, 23], cymeprpasita-
mii [39]. [iubokwuii inTepec 1o enektpudno-MaraiTHux 1 MoTHBOBaHUIT TAKOK
norastbiiiM possuTkom AdS/CFEFT Bignosigrocti, 1T 3acToCy BaHHSAMIE 110 TIPOOJIEM
bi3uKI KOHJIEHCOBAHOTO cTany, 30KpeMa edexry Xosuta [55], ormcy edpexry Heph-
cra mobJin3y KBAHTOBOIO (hasoBOro IMepexojly HaJITeKydnX HpoBiAHUKIB [56], ro-
sorpaditHIX HAIIPOBLIHUKIB [62].

Posrys enekrpuano-maraiTaux Y /1 B iHIHINE eJIeKTpoIMHAMII MOXKHA 3HA~
iiru, nanpukia, y [84]. docipkeno dpazosuit nepexij, TepMouHAMIUHY CTaOLIb-
HICTH, OTPUMAHO KPUTHUUHI TOKa3HNKH. [lokazano, mo /11 oTpuMaHHs CITiBBIIHO-
menHss Cmappa HeoOxigHo posrisuyTn dieH U, (), OB’ sI3aHnii i3 MarHiTHUM
3apsioM (), Ta CIPSIZKEHUM JI0 HbOTO Mar"iTHuM morenmiajgom Up,, 110 B CBOIO
Yepry MpUBHOCUTL HOBE «BoJioccsy i /1.

Maraitai Y/I BuBUaioThCs y KOHTEKCTI HEJTIHIMHIX €JIeKTPOMArHITHIX TOJIIB.
V poGoti I'i660mca 1995 p. 28] Oysi0 pO3IIISTHYTO €JeKTPUTHO-MATHITHY JTyaJib-
HICTH €JIeKTPOMArHITHOIO MOJIs, 1 1K NPUKJIaJl 3acTocoBaHo 1o Y/1 3 marpan:xia-
nom BI. Tlokazamno, 1o ejleKTpuyanmii Ta MarmiTHUN 3apsa/ii BXOJAATH /10 (DYHKIIIT,
10 BU3Ha4ae rpasitaiiiine nmose Y/, y cumerpuuniii ¢popmi. Takoxk po3B’si3ok
YJI 3 maraiTHuM 3apsijioM B Teopil BI 6e3 KocMOoJ10Ti9HOT ¢TaJIol CKOHCTPYHOBaHO
B [40].

Y crarti [74] orpumano cratuani poss’ssku /1 3 MaraiTHUM 3apsagoMm y 3-
BuMipHiit rpasitamii 3 PMI momem, mociimzkeno posmmpeny TepMoamHaMiky. Ta-

KOYK PO3IVITHYTO BUITQJI0K MapHOl BUMipHOCTI d = 2 + 2n, n € N npocTopy-yacy.
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B pob6ori [103] gocuiizkeno po3s’sasku marnitanx 91 3 smarpamxianom L 5"

JJIsT JIOBLIBHOTO 3Ha4YeHHs apamerpa o, a B [117] posrignyTo ix TepmojnHami-
Ky JUIsl 9aCTKOBOTO BuNaAky o = 3/4. ¥V crarti [110] Busueno Y/1 3 marmiTomm
3apAJI0M B eJeKTPOJANHAMII L3, OTpUMAHO IX TeMIepaTypy, JOCIIIZKEHO TEPMO-
JIMHAMIYHY CTaOLIBHICTD.

Y/1 3 semiHitHIMEI eJIeKTPOMATHITHUME TOJISAMU PO3TJIAAIOTHCA Y «ITPUKJIa-
JHIX» 3aj@adax. Y IbOMY AaCIeKTi MOTPIOHO BII3HAYUTU JOCTIIZKEHHSI CIEKTPY
KBasziHOpMaJbHIUX MO, B okoji YJI. HacroTrm KBasiHOpMaJILHIX MOJ B TeOpil
Bopua-Tudenbua-ne Citrepa O6yio posrusiayro B [105], Togi sk st PMI nosis
y 3-Bumipromy komdopmuomy s = 3/4 [111], 4-Bumipuomy s = 7/6 [112], 5-
BrMipHOMy KoMbopmiomy s = 5/4 [123| Bumagkax 6e3 KOCMOJIOTIUHOT CTATON.
PisHi acniekTn KBa3iHOpMAaJILHIX MO/ 110 BijHOIIEeHHIO 10 /I B KOHTEKCTI acTpo-
bisuku Ta Teopil CTPYH MOXKHA 3HANTH B ONJIsOBiil npari [75].

Ax npukran Y1 3 MarHiTHIM 3apsiioM MOXKHa HaBecTu ctaTTio [51], 1e Oyio
BUBYEHO TpaBiTaliiifie JiH3yBanHs ejgeKTpuwano-maraiTaoro 9/ 3 mogem BI. [lo-
CJJIZKYBaHy MOJIeJIb OyJI0 3aCTOCOBAHO JI0 HajiMacuBHOI /I B 1IeHTPI rajakTuKu
ta /] HeBeslMKOl Mach y rajJakKTUIHOMY TaJo.

PosrngnyTi Buiie acnekTn TepMoguHaMikin 1/1, pisHIX TPOCTOPOBO-YACOBUX
BUMIpHOCTE(, HEeJIHIHOI eJIeKTPOJIMHAMIKI Ta MAarHITHOI'O 3apsijly BUBYAIOTbHCH
TaKOXK y HeaflllTaliHIBCbKUX TeopldX I'paBiTallll — B 11 y3araJibHEHHSAX Ta MOJIM-
dikarigx. OcobMBO MOMNUPEHNMI € CKAJISIPHO-TEH30PHI MOJIEI, e JIO aifHIITai-
HiBCHKOI Jii rpaBiTaliifHoro mosis'? J104aloThCs WIEHH, HOB'A3aHi 31 CKaJISPHIM
OJIEM.

B pob6oti [25] posrustnyro /1 3 eekrpudHuM, MArHITHUM Ta KOH(MDOPMHUM
cKkaJisipHUM 3apsijgamu, y [42] mocaimkeno Y/l 3 KoHGOPMHUM CKATSPHUM 110~
JIeM Y MAKCBeJIBChKiil elekTpognaamini B mpoctopi je Citrepa. B [57] orpumano
qncesibHl po3B’sa3ku MaraiTHol /1 3 mosem BI y ckaisgpHO-TeH30pHIN rpaBiTa-
il 3 0e3MacOBUM CKAJSAPHUM TIOJIEM, JIOCTIZKEHO TEPMOJIUHAMIYHY ITOBEIHKY.
Y crarti [63] posriistayTo eHTpoIIito eeKTpuaHo-MartiTHol /1 3 munaroHHnM Ta
AKCIOHHIM CKaJIAPHUMU IOJISIMU B eJieKTpoauHaMili Bl 6e3 KocMo10riaHOl cTasIol.

B [90] ckoncrpyitoBano HoBuit kiac poss’sskis Y/ 3 EN mosem ta mmmatorom,

12Taka gia getanbpro posriggaeThes y JomaTtky A.
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JIOCJIJIZKEHO 1X TepMOJIMHAMIUH] BJIACTUBOCTI.

B po6ori [29] posrisinyro 3-BuMmipHy crarnany Hesapsiikeny UJI y rpasita-
1il 3 6e3MacoBUM KOH(MOPMHUM CKAJIAPHUM II0JIEM Ta BiJ'€MHOI KOCMOJIOTTIHOIO
crayoro. Y [106] BuBdeno repmojuHamiky 3-Bumiproi cratuanol /1 3i crere-
HEBUM €JIEKTPOMATHITHUM Ta CKaJISIPHUM JIJIATOHHUM TOJIAME, ToMi K y [107]
JOCITIZKeHO reojiesudni GoroHiB B okoi Takol YJI. V crarri [113| posrisayTo
3-suMipny ctatnuny 1/1 3 momem BI ta gumaronom, BuBdeHo i1 TepMOANHaMIKY.

Y |59] orpumano posp’sisku d > 4-Bumiprol YJI 3 moBiabHUM 0GepTaHHSM,
JHHIIHUM eJIEKTPOMArHITHUM IOJIEM Ta JIUJIATOHOM, Tojl sik y [118] 6yso moci-
JIZKEHO PO3MUPeHy TepMmojnHaMiky Takol YJI, po3rigHyTo piBHAHHS CTaHy Ta
floro KpuTH4IHy TMOBEJIIHKY, OOYMUC/IEHO TEepMOJNHAMIYHE KPUTHYHE BiTHONICHHS
Ta KPUTUYHI TOKA3HUKH.

Y crarri [85] BuBueno repmojuHamivdni Biaacrusocti YJI 3 esekrpudHuM Ta,
MarHiTHUM 3gpsaaMu B Teopil rpasiTarmii Kamynn-Kieitaa 31 ckaagpHuM 1moJieM.
Takoxk mojesi Y/ 31 ckaJIsipHIM «BOJIOCCSIM» OYJIM PO3IJIAHYTI B OTJISAJIOBII Ipailii
197].

Aropom crarti [124] 6ys10 BUBUYEHO PO3IMIMPEHY TEPMOJNHAMIKY d-BUMIpHOT
crariarol /1 3 aunaronom ta mosiem fnra-Misuica. [isuime y pobori [127] i
JIOCJTIJIZKeHHsI OyJIn y3arajbHeH] Ha BUIIAI0K MAaKCBEIIBCbKOI'O €/IeKTPOMArHITHOIO
110151, TojIi 1K y [128] 6yJ10 3pobIieHo 11ie ojiHe y3arajJbHeHHs Ha BUIIAJI0K CTEIeHe-
BOI HestiHiftHOCTI o1t fHra-Miica ta eleKTpoMartiTHoro mnoJs. KaaiopysajibHe
noste Adura-Miica onucye B3aemo/iil y CranapTHiit Mojes i MizK eJleMeHTapHUMI
YACTUHKAMU, TOMY PO3IVIS 110/l TAKOT'O THUILY Y T'PaBITAIl € Ie OJHUM MiCTKOM
Mmizk Hero Ta KTTI.

[Ile oguum y3arajbHeHHsIM afiHIITaliHIBCbKOI Ipasitanii € f(R) Teopis, e
cKaJIIpHa KpWBH3HA [ BXOAWTH 0 MAil IpaBiTAIlifHoro mojs y BUTVIAML JesAKOl
byl f(R) gx, Hanpukiam, y Mojgensx [52]:

f(R):R—%, f(R)zR—%JreRQ.

Y crarri [88] orpumano 3-sumipny craruany U/ 3 kondopmuum s = 3/4
PMI mkepesnom B f(R) rpasirtarii, i1 Tepmopunamivtai Besmanau. B pobori [91]

JocipKeno Mojeri rpasitaiil Tuiy Bopha-ludenbaa 3 f(R) wienom. [lerasinb-

41



mime f(R) Mojeni Ta IX 3acTOCYyBaHHs 30KpeMa JI0 KOCMOJIOTiT MOYKHA 3HANTH B
oA oBrx poborax |69, 70|, Tosi sik Mogesi rpasitarii Tuy Bopaa-ludenbia —
B posropuyTiit mpari [114].

Taxox y memoasHiit crarti [129] 6ys10 J0CHZKEHO PO3MUPEHY TEPMOINHAMI-
Ky /I 3 eJleKTpr9IHUM 1 MarHiTHUM 3apsiaMu B ejieKTpoanHamiil Bl Ta y3araib-
HeHiit Teopil affHmraiiniBcbkol rpasiTarii — Teopil l'opumecki 3 wienom [aycca-
bonne y ail rpaBiTamifiioro moJis.

PosrngnyTi Buiie mojeni YJI xapakrepusytorbest chepuunum ['IT 3 moctiii-
HOIO JIOJATHOI0 KpuBU3HOI. OKPIM IIHOr0, PO3IJIALAI0THCS TaK 3BaHI TOIOJIOrIUHI
po3p’si3ku Y1 3 mockoro Ta rideprosiunoro reomerpisimu 'l 1m0 BigmosigaoTh
IIOBEPXHSIM HYJIBOBOI Ta ITOCTiiTHOI BijJi'€éMHOI KpUBU3HE, BijosijgHo. Hamnpukia,

st 91 RN-AdS kBajpat iHTEpBaIy 3 TAKUMU TOIOJIOTISIMI Ma€ BULJISII:

IM  Ar? 2 N Ar2 2\ —1
ds? = — (k== - S Eo )P4 (k- = = S 2 ) dr 4k,
r 3 T2 r 3 T2

zie dQ% — MeTpUKa Ha JIBOBUMIPHII TOBEPXHI:

[ 462 + sin® Bd 2, k=1
A% = < do* + 62d?, k=0
| d6° + sinh? dy?, k=—1.

Suavyennss k = 1,0, —1 1OpiBHIOIOTH MOCTIHIM KPUBU3HI CcEPUIHOI, IJIOCKOTI
Ta rirnepOOoJIiTHOI JIBOBUMIPHUX MOBEPXOHB, BIAOBIIHO, BKIAJICHUX Y 3-BUMIpPHUIA
OXOILTIOIOUNH eBKJILIOBHIT pocTip!s.

[eoMeTpudHy CTPYKTYpPY TOMOJIOTIYHUX PO3B’sA3KiB OyJ10 mociikeno B [30).
Taxi YJI xapakTepu3yrTbCsl He3BUYAHUMEI 0COOJIMBOCTAMU, HAIIPUKJIAI, JIJIsT Ti-
nepbostianol k = —1 ronosorii poss’sizok Y/1 (tobro ') icuye maBith npu Hy-

nbosiit eneprii Y, ko M = @), = 0, 1110 € MOXKJIUBUM 32 PaXyHOK BiJ €MHOI

13Y 1poMy MOKHA 6e3M0CepeHBO IIePEKOHATHCH, 3aCTOCYBABIIN 0 METPUKI dQ% Bimomy dopmyry aude-
PEeHIaIbHOT TeoMeTpil JIJIsT TayccoBOl KPUBU3HU Kk OPTOTOHAJBLHO MTapaMETPU30BAHOI JBOBUMIDHOI MOBEPXHI 3

IO KBaJApaTHaHoo dopmoto ds? = Edu? + Gdv?:

. (8Gu +0Ev)
 2/EG \OuvEG OvwEG)'

TyT HUXKHI 1HJIEKCH TO3HAYAIOTh YACTKOBI IMOXiJIHI TI0 BiJIIIOBIIHUM ITapaMeTpaM.
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KOCMOJIOIYHOI CTaJIOl, OCKIJIBKI Yy IboMy Buiaaky pasiyce ', sik BujgHO 13 dop-
MyJiu Buile, pisanit 7 = 1/3/|A|. Sokpema poss’asku rakux Y/ icHyiors i s
Bl emuoro 3uadenng macu M < 0.

B po6ori [31] Tonosoriani po3s’sasku orpumano s UJ1 3 MakcBeiBebKIM
II0JIEM Y Teopil TpaBiTallil 3 JUJIATOHOM Ta BiJI' €MHOIO KOCMOJIOTTIHOIO CTAJI0M0. Y
[53] mocnimxeno Tomosoriuni YJ1 3 MAKCBEIBCHKIM €JIEKTPOMAIHITHIM Ta KOH-
GOPMHIM CKaJIIPHUM ITOJISIMU JIJI PIBHUX 3HAKIB KOCMOJIOTIYHOI CTAJION.

Y crartax [60, 92| orpumaHO TOMOIONIYHI PO3B’sI3KU d-BUMIPHOI CTATHIHOL
Y1 B Teopil Aitamraitna-Bopua-Indensia-antu-jie Citrepa 31 cheputHoro, 1110~
CKOI0 Ta Tinepbosiiunoto crpykrypamu [T, po3risinyTo 30epeKyBaHi Ta TepMO/IH-
HaMI4YHI BeJIMUNHU, 3allICAHO IePIINil 3aKOH TEPMOJIMHAMIKHN Ta CIIIBBIIHOIIEHHSA
Cwmappa, BuBdeHo daz30Buil mepexis Ta 00UncaIeHO KPUTHIHI TOKa3HIKH. ABTOpa~
mu [99] nocstizkeno eslekrpuano-maruitTay YJ1 B estekrpopunaming Bl 3 pisauvu
tonosiorisivu I'TL. Y poboti [108] BuB4eHO pO3IMINpeHy TepMOANHAMIKY TOMOJIOTI-
YHUX PO3B’s13KiB d-BuMipHOol ctarmdHol U/ 3 PMI jxepesom, Tomi sk y cTaTTi
[119] e Gys10 3pobiieHo y BUMAJKY CKaJsipHO-TeH30pHOT rpasitarii. ¥ [120] ckon-
crpyiioBano po3s’ss3ok U/1 3 PMI mosiem Ta mosiibEIM 0bepTaHHSIM Y ITPOCTOPI
antu-Jie Citrepa 3 miockoio ctpykTypoto I'TI, mo Bijgnosigae Topoinatshiit /1. B
poboti [125] BuBdeHo d-BumipHi Torosioriani po3s’s3ku crarnanoi Y/1 3 mogzem Bl
y CKaJIIPHO-TEH30PHII Teopil rpasBiTalill 3 JIOBLJILHUM 3HAYEHHSIM KOCMOJIOTTYHOL
CTaJIOl.

[Topeprarouncek 10 po3mupenol TepmoguHamiky 9/1, BigzHaduMo 1e ojgHe 11
3aCTOCYBaHHsI, PO3IVISTHYTE 30BCIM HeJlaBHO. PiBHsinHg cTtany /1 nae 3mory dop-
MaJIbHO JIOCJIJIUTU JIJId HUX TaKWil KJIACUYHWI TepMOJMHAMIYHUI ITPOIeC, sK
edexr JIxoyius-Tomcona [35, 47]). ¥V crarti [109] Takuil mporec K0CiKEHO JIJist
YJI RN-AdS, mobymoBano iHBepciitHi Ta i30€HTAIBIIHI KPUBI, PO3IVIAHYTO 00JIa~
CTiI OXOJIOJI?KEHHsI Ta HarpiBaHHg. OTpuMaHi pe3y/jbTaTH IOPIBHIHO 3 e(MeKTOM
xoyasi-Tomcona st rasy Ban iep Baasbcea [47]. B pobori [115] ecpext [xkoyiisi-
Tomcona orpumano jiis d-sumipraol 91 RN-AdS. Takox edexrt Txxoyis-Tomcona
JocipKeno i 1/1 3 MakcBeTIBCHKIM €JIeKTPOMArHITHIM IOJIEM Yy TEH30pHO-
ckaJIApHiit Teopil rpasitarii [121]. Takox y memomaswiit crarti [130]| ebexr xoy-

ng-"Tomcona 0yJ10 pO3IVISHYTO JIJId e/1eKTpudHo 3apspkenol /1 3 mogem BI.
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Pozain 2
Mogaeas 1. TpuBumipHa cTaTuvHa YOpHa Jipa

3 HEJIHINHIMHI eJIEKTPOMAaTrHITHIMHU II0JISIMU

2.1. IlocTaHOoBKa 3aaa4l

Posrngnaerbesa Mojiens craTuaHol, enekTpudno 3apspkenol /1 3 PMI, BI,
LN Ta EN neminifinnmn egeKTpOMarHiTHUMHA TOJAMU Y 3-BEMIPHOMY ITPOCTOPI-
Jaci 3 BiJI'€MHOIO KOCMOJIOTTYHOIO CTAJI0I0 B paMKaX aiflHIITaliHiBCbKOI rpaBiTaliil.
Taxa YJI onucyerbesd JBOMa MaKpPOCKOIIYHUME MapaMeTpaMu — Macoio Ta TOB-

HUM €JIEKTPUIHIM 3apsijioM. Jlany cucreMmy MOKHA 3a/aTH 00’ €MHUM 1HTErpaJjoM

it
1

][g,U/V7 AN] - 167T

/d?’x\/_—g(R —2A+ L), (2.1)
Q
Jle IHTerpyBaHHs BiIOYBAETHCA IO eleMeHTy o0sacTi ) 3-BUMIpHOTO MPOCTOPY-

vyacy. HesiniiiHi ejleKTpoMarHiTHi 10Js1 3a1al0ThCsl JlarpaHzKianamu L:

1. Crenenese moJiel®:

Lovt = (—F)°. (2.2)

2. Tlone Bopna-Indensall:

F

Lpp=48% 11— 4/14+—|. 2.3
pr = 4 + N (2.3)
3. Jlorapudmiune noJe:
F
. 2
LLN = —4ﬂ In (1 + 4—62> . (24)

4. Excrnonentiiine moJie:

Lpx = 4/8° (exp [—i] — 1) : (2.5)

14 BuxkopucroBysannit popmasizm 3TB, noscHenHs Bi3MIHIX Ta TEOMETPUYIHIX BeJINUNH, OTPUMAHHS PIBHSIHD

oJist y JiarpaH:keBomy ¢opmastismi npusesieri y Jlogarky A.
15 Bemmumna F BXOIUTD 31 3HAKOM «MiHyC», 60 fK ToKazano Hmxkde F < 0.

16 [Tarpamskian L31® 3 ABOMa HOJIbOBEME iHBapiaHTaMu po3rIsHyTO B Posnini 4.

44



I'pannani Bunajgkn s = 1 g PMI ta f — 400 gua BI, LN, EN nosis
IPUBOAATEL J0 JIHIMHOI eJIeKTpoAnHaMIKi. TaKuM YMHOM, pPO3IVIS] HEJIHITHUX
eJIeKTPOMAarHiTHIX I10J1iB (PaKTUIHO 3BOAUTHLCA JIO aHAJI3y BILIMBY IapaMeTpiB

HEeJIIHIMHOCTI WX TI0JIIB Ha OTPUMaHl pe3yJIbTaTi MOPIBHIHO 3 MaKCBEJIBChbKHUMIU.

2.2. PiBHaHHYA 11014

3acTocyBanus IpUHNUITY Hajimenmol mii 6, 1 = 0 g0 (2.1) 3 (2.2)-(2.5) nae:

1
Spd = x| (R = 20+ D)3, V=9 + V=9(8, B+ 8, D)|. (26

Inw 167
Q

Bukopucrosytouu dhopmynn (A.5), (A.6), (A.7) domarky A, a Takox:

oL
0,0 L aF(SgWF (2.7)
OTPUMYEMO DIBHSHHSI AffHIITaiiHA:
1
Ruu - ég/wR + g,uVA T,uu; (28)
Jle TEH30p eHeprii-IMIYJIbCy:
1 oL
THV = §gWL — 28—FFMpFl,p. (29)

punnun maiimenmnol gif 64,1 = 0 3 ypaxysannam (A.13), pisHocreil amaJo-
rivnnx jo (A.15), (A.16), a Takox:

oL
04 L_8_F6A (2.10)
nae piusHus Makcsesnial”:

8, (J_S}L?FW) = 0. (2.11)

Y piBusaHAx nous (2.8)-(2.9), (2.11) yei ingekcn mpobiraioTh Tpu 3HAYEHHS BiJl-

oBiHO 110 3-BHMipHOCTI IpocTOpy-uacy'®

"My yMOBHO HA3HBAEMO DIiBHAHHA eJeKTpoMarmitaoro moid (2.11) piBHammamm MakcBesa, He3BasKaroHuw
HA Te, III0 TYT MOBa iijle PO HeJHIHHY (HEMaKCBEIIBChKY) €JIeKTPOIMHAMIKY.
18Brim, 3ammcani piBHIHHS PyXy 3aJIHIIAIOTHCS CIPABEIIMBIME ISl JOBIIBHOI IIPOCTOPOBO-4aCOBOI BUMIp-

HOCTI.
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2.3. Po3B’a3ku moJbLoBUX PIBHAHb

Jl1s1 po3B’ 13Ky pPiBHSIHB 110JIs1 HEOOX1JIHO 3a1aTH HEBiToMi (DYHKIIT — METpUIHI
dbyukmil rpasiTamniitnoro mojist Ta GyHKIH eJIeKTPOMArHITHOTO MOTeHIary (abo
caMoro 1oJist), ki 6 BpaxoByBa/Ju BHOpaHI KOOpAMHATH, CHMETPil Momesi i T.I.
Ockinbku jociimpkyBana 91 € crarndHoro, i1 rpaBiTalliiiHe 110Jie BOJIOIIE€ KYTOBOIO
(a3uMyTaJIBbHOIO) cuMeTpiero. BifmoBiHo 10 1pOT0, 00epeMo 9acoBy KOO/ HHATY
2" = t i monapHi KoopaUHATH ' = 7, ¥ = @ I TPOCTOPOBOT YACTHHN iHTEpBa-
ay. Tyr t € (—o0; +00) Mae 3MiCT TI06aIbHOTO Yacy, M0 BUMIDIOETHCsT OE3MEKHO
Birasiennm BT /1 criocrepiratdeM, a r Ta ¢ € paJiiaJbHOIO0 Ta a3UMYyTaJIbHOIO KO-
opJuHaTaMu, Bijnosiano, r € [0; +00)Y, ¢ € [0;27). ¥ Takiii cucremi KoopuHaT
KBaJIpaT iHTepBaJy IpocTopy-dyacy B okoji Y]l npuitmae giaroHaabHU BUIVISLT i

MU [ITYKATUMEMO PO3B’30K y Burs [88]:

dr?

f(r)

ne f — emmHa MeTpudHa GYHKIIA?Y, M0 MOBHICTIO omicye rpasiTariitae mome Y /1.

ds® = —f(r)dt* + + rdp?, (2.12)

Kommnonenrtn g, Ta g"” MeTpu4HOIro TeH30pa Ta 00epHEHOro J0 HbOIro, iX Je-

TepminanTu npuseneni y logatky B.

YacTroBuit Bumajiok L = 0

IIpn BijcyTHOCTI €JeKTPOMArHiTHOIO 10JIs TeH30p eHepril immynbey 1), = 0 B
(2.8) i HeHysIbOBI KOMIIOHEHTH piBHSHB IpapiTariiinoro moss (2.8), 3acrocosami

710 MeTpukn (2.12) natorh cucremy?!:

f'+2Ar =0, (tt), (rr)
f”+2A =0, (@@)7

(2.13)

PO3B’I3KOM sIKOI, € (DYHKIIid:

f=—-Ar*—m, (2.14)

19 Acrpodisnunnit 3micT MaroTh 3HAaUeHHS 1 > 74, 1e vy — pagiyce IIT 9/1,
20Tyr i masi aprymenTn y pisHnx yHKIif 9acTo 6yIyTh OIyCKATHCH.

2Ty i gani nozHauenHs | («mMTPHEX») MO3HAYAE YACTKOBY MOXIiTHY 32 KOODJMHATOIO T
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Jle cTajia IHTerpyBaHHs m JIiHIITHO 1oB d3aHa 3 Macoio /I, 1eit 3B’930K BCTa-
nosseno jaji. e Bakyymumit po3s’szok /1, akuii icHye 3a paxyHOK BijI €eMHOI
KOCMOJIOTI9HOI CTaJIOl, OCKIJIBKHI Yy IbOMY BUIQJIKY icHye 3HadeHHs pasiycy [T,
r=ry =+/m/|A|, upu axkomy f(r;) =0.

[ToBepHEeMOCH JI0 3arajibHOIO BHIIAJKY HEHYJIBOBOTO Jarpamxiany L B (2.1).
CrarnanicTs i KyToBa cumeTpiss /I o3HaYat0Th, 1110 11 TEH30p €JIeKTPOMArHITHOI'O
110J1s1 MICTUTH TLIBKHM pa/ilaJibHY €JIEKTPOCTATUYHY KOMIIOHEHTY Fﬁ(fr’)m. Bimro-
BIJIHO 10 IIHOT'O, HEHYJIOBOIO KOMIIOHEHTOIO BEKTOPa eJeKTPOMAarHITHOI'O MOTEH-

1iaJly € TIJIbKU 4acoBa:

AN = [At(?"), 0, 0]7 (215)
1: A
Fp=—" 2.1
! dr (2.16)

Orke, y piBHstHHAX 110151 (2.8)-(2.9), (2.11) HeBimomumu € Gyukuil f, F, gki
MOBHICTIO ONUCYIOTH Jany Mojeab 1/1.

[Tounemo po3B’si3yBaTH 1[I0 CHCTEMY PiBHsIHB 3 piBHsAHB Makcsemia (2.11), tak
AK JI0 HIX HE BXOJIUTh MeTpHuHa byHKIia>S. [HBapianT moas nd (2.15) piBHmi
F = —2F?. Heny/b0B010 KOMIIOHEHTOIO piBHsAHB (2.11) € snie yacosa, sKa jae

nudepenniaabie PiBHAHHS 1-10 MOPAAKY A Fly:

PMI:
(25 tsrF2 ) =0. (2.17)
BI:
F, '
il — 0. (2.18)
V1= F/p?
LN:
TFrt /
— 0. 2.19
= F3/C) (249)

22[Ipore, y Poszimi 4 6yme posrignyTo Momens craTwanol )1 3 eJeKTpHIHIM Ta MATHITHEM 3apSIaMH, IO
JIO3BOJIUTH HaBiTH HepyxoMmiit Y/ cTBOpioBaTH HABKOJIO cebe pa30M 3 eJIEKTPUYHHUM I10JIEM TaKOXK MAarHiTHe.
211e 3ymMoBIeHO THM, MO /10 PiBHAHD (2.11) BXOAUTH TiIMBLKH KBaJIPATHIH KOPIiHb i3 JeTepMiHaHTa METPUKH,

i sixmit BigmosizHO 10 (2.12) He MicTuTh DYHKIIT f, TAK K OCTAHHSI CKOPOIYETHCSL.
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EN:

<7“ exp [;—5’;] Frt) = 0. (2.20)

[HTerpyBaHHS IIIX PIBHAHD Ja€ TOUHI PO3B’A3KH>:

PMI:
Ge \1
Fro= (—) . 2.21
! 25~ 1gr (2.21)
BI:
Fp = ¢ (2.22)
vVt az /B
LN:
62
Fy==—(\/r*+2¢2/>—r). (2.23)
EN:

F = B/ (2). (2.24)

TyT g. € cTayoro iHTerpyBaHHs, JIHIITHO OB’ sI3aHOIO0 3 TIOBHUM €JIEKTPUYHUM 3a-
psiiom /1, 1ieit 38’130k BeTanoBsieHO HuKUe. Y (opmysti (2.24) st 3pydHOCTI
BBe/IeHo nosHadenns z = ¢2/(8*r?). Beanuuna W(z), mo sunnkae j11st EN nojist

€ crieniajibHoO0 QyHKINE JlamMmbepTa, BU3HAUECHOIO CITiBBITHOIIEHHSIM:
W(x)exp[W(z)] = x. (2.25)

[Ipoanasizyemo orpumani ejekrpudni moss (2.21)-(2.24). [lapamerp s s

PMI nosnst y (2.21) mae pospus (3minioe 3uak) mpn § = 1/2, a nmpu s < 1/2

2TloTpi6Ho 3ayBaykuTH, MO y Hamiii crarti [122], ge 6y/10 OMyGIiKOBAHO Pe3y/ILTATH IHOTO POBJILLY, JIs

€JIEKTPUYIHOIO 10Jis1 y Bunaaky PMI jnarpamxkiany crajy g. Oy/0 BUBHAYEHO IO-IHIIIOMY, TaK, IO:

J
Frt = (%> o )
T

TOJI #K y Iiif JucepTaril e 3MiHEeHO JJTsi OLIBIIOT siCHOCTI, a TakoXK yHidikaril 3 Pozmimom 3.
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CTA€ BiJI'€MHUM, IO PUBOJIUTH JI0 HEOOMEYKEHOI'0 3POCTaHHs HAIIPY?KEHOCTI eJie-
KTPUYHOTO T0Jisd Tipu Bijyiasteni Big Y/, ko r — +00. 3 dizuaHux MipKyBaHb
MU He PO3NVISIATIMEMO T BUIAJIKN, HAKJIABIIN TUM CAMUM HUKHE OOMEYKEHHS
s > 1/2 na mapamerp PMI nosa. Tlpu s = 1 (niniiine mosie) dyukuist Fry € 0bep-
HEHO TPOTOPIiitHOI0 10 BijcTani r Bijg Y/, Taka moBejliHKa eJIeKTPUIHOTO TOJIA
€ XapaKTepHOIO OCOOJIMBICTIO 3-BUMIPHOCTI NpocTopy-dacy. 7K Oy/0 ckazaHo B
Possini 1, y 4-BumipHOMy TpocTopi-daci Jijist JiHITHONO (MaKCBEJTiBCHKOIO) eje-
KTPOCTATHYHOIO 10JIsl BUKOHYEThCA 3aKOH OOepHeHuX Kpajparis, Fj; oc 1/r2 Y
3-BUMIPHOMY BUIIAJIKY 1€ JIOCATAETHCS TIPU 3HadYeHHI § = 3/4, TOOTO JI7Ts1 HeJTiHiii-
HOro 1oJjist. Acumurornydna noseainka GyHKil Fy; g PMI moss BusHadaeThes
3HAYEHHSIM S, 3pOCTaHH I[HOTO TTapaMeTpa MPUBOUTD JI0 CIabIIOro craJanns Fi.y
Ha OE3MEXKHOCTI, 1 10 cyrabiioro 3pocranud Fi., nipu r — 0.

[Tonst BI ta LN natorh ckindenne suadyenns Fr, npu r — 0, Toxi sk moJist PMI
ta EN posbiratorbest B 6e3merknicrsb. Ha Puc. 2.1 mokazano rpadiku F(r) mis
yCIX TOJIIB MPHU OJTHAKOBOMY 3Ha4eHHl ¢.. PUCYHOK 1eMOHCTPY€E OHAKOBY SKICHY
MOBE/IHKY pO3B’s13KiB (2.21)-(2.24) mya ycix tunis mesiniitnocTi. 3 ypaxyBaHHIM
oomexxkennst s > 1/2 ang PMI noss, samexuocti (2.21)-(2.24) € MOHOTOHHUMHE
cnagunMu pyHKIigMu 7. Takoxk i3 TpadikiB BUIHO, 10 HA BEJUKUX BiJICTAHHSX

kpuBi g o Bl, LN, EN smuBatoTbesa B oy JiiHifo.

g - PMI, s=3/4
: - PMI, s=1

' -- PMI, s=2
— BI, B=1
— LN, B=1

— EN, g=1

Puc. 2.1: Pagianbna komononenTa F4(r) eJleKTpuaHOro moJist upu ¢, = 1.

[lepeiigemo 1o piBugans Aitrmraiina (2.8)-(2.9). Cumsosm Kpicrobdesnrs, kom-
MOHEHTH Ten3opa Piddi Ta ckajsgpra kpusnsna npuseieni y dogarky b. Hemyibo-

BIMH KOMIIOHEHTaMU piBHHD (2.8)-(2.9) € TiabKn giaroHasbHi, SKi B CyKyITHOCTI
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JJIsT KOZKHOTO 13 TOJIIB, 3 ypaxyBaHHsIM po3B’s13kiB (2.21)-(2.24) nators nudepen-

iaJibHe PIBHAHHS 1-10 MOpsijKy jisd f:

PMI:

_2s
f/ _|_ ZAT, + 28(28 . 1) (QSqel )231 /]"_ﬁ _ 0
S

TyT BapTo BugiMT 0COOJMBUIT BUIAJIOK § = 1:

2 2
f42nar+ 2 —
r
BI:
B2p2
4 (2N — 48%)r +4Bqeq [ 1 + o= 0.
LN:
/ 2,2
4+ (2N — 48Hr + AN2Bqey |1+ qu +
27,2 202
+452T<ln (qu ) +In ( 1+ 52(1;2 - 1)) = 0.
EN:

4 (2A + 45%)r + 453q, ( W(z)— ( W(z))_1> =0.

[HTerpyBaHHs 1UX PiBHSAHB Ja€ TOYHI PO3B’SI3KU:

PMI, s = 1:
f=—-Ar*—2¢°Inr —m.
PMI, s # 1:
257125 —1)? / g \T5 201
— 2 ¢ 2s—1 —
f=—Ar- s—1 (2513> " -
BI:

f= (252 - A)r2 — 2q§ arsh <%> — 2Bqery 1+ ﬁ;f —m.
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(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)



LN:

f=(38*—=A)r* + (28°r* — 2¢7) arsh

Br
322

V2¢,
2
—3\/§6qu 1 + 7 — 2627°2 ln M

—m. 2.34
Qe CIe ( )

EN:

f=—(A+26%)r*+2¢? %—2 exp —W2<Z) —¢?Ei @ —m. (2.35)

Y merpuusiit yHKIil (2.31) apryment r jiorapudma MOXKHa BBAXKATH 3HEPO3Mi-
pennm. HagBHicTb jorapudmivaHol 3a1e:KHOCTI JId JiHITHOrO s = 1 10151 € 0cOo-
OJIMBICTIO 3-BUMIPHOCTI IPOCTOPY-Yacy, 1MOB’ s13aHOI 3 MOBEJIIHKOIO €JIEKTPUIHOIO
noJist Fry o< 1/r y nbomy Bunajky. Bemununna Ei(z) e crenianbhoo dyHKIen —

eKCIIOHEHIITHUM 1HTerpaJioM, O3HA4YEeHUM:

Fi(z) — / o (2.36)

[3 posB’a3kis (2.31)-(2.35) BUIHO, IO P BEJUKHUX 3HAUCHHAX 1 [T YCIX TH-
1B HEJIHITHOCT1 JIOMIHYIOUUM € 4JIeH 13 KOCMOJIOITYHOIO CTaJIO0, 1110 MPUBOJIUTH
JIO KBaJIpATUIHOI aCUMIITOTHYHOI TOBEIIHKKM MerpudHol (yHkiii f. HaromicTb,
IpU MaJINX 3HAYEHHAX T JOJAHOK i3 A crae HEXTOBHO MaJsiM, 1 MOBeIiHKa f B
JlaHlii 00J1aCTI BU3HAYAETHCsI UIEHAMH, IIOB SI3AHUMU 13 €JIeKTPUUHIM 3aPsIIOM,
TOOTO 13 HEJIIHIHHUM TToJIeM. 30KpeMa Il YJIeHH JaloTh MiHIMyM METPpUYHOI (DyH-
Kiii?°. Yepes Te, Mo f 3aJe2KUTh BiJl MACOBOIO IIapaMeTpa m JIiHifIHO, Horo 3Mina
IPUBOJIUTH TIPOCTO JI0 BEPTUKAJIBLHOIO 3¢yBY rpadika f(r), 1o y cBOO depry po-
ouTh MoxkuBuM icayBanHs ['IT YJI, pajiyc ssKoro Bu3HaYa€ThCsI MaKCUMaJLHUM
3HAUCHHSIM 7 = 7, Takoro 1mo f(ry) = 0.

30i/1bIIIeHHS A0COIIOTHOIO 3HAUEHHsT KOCMOJIONMHOT CTaJI01 IPUBOAUTD JI0 O1IbII
PIBKOro 3pOoCTaHHsl METPUIHOI (DYHKIIT JIjIsT BEJIMKUX 3HAYEHb 7, 1 B TOl »Ke Jac

J1o 3Mmentiennd pajiycy 'Ll r, mpu 3ajjanux iHIMUX mapaMeTpax.

25Brrim, neit MiniMyM 3HaxomuThCs g T'TI.
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3pocTaHHsI 3apsiIoBOro mapamerpa ¢, jJist PMI nosst npu s > 1 Bejie 10 ciiabd-
moro pocty GyHKIl f mpu 30iabIIeHH] 7 1, BIIIOBIIHO, /10 301IbIIEHHS PaJiiycy
T4, Tomi gk npu s € (1/2;1) 30ibIeHHsT ¢, TPUBOAUTE JI0 MIBUAIIOTO 3POCTAHHS
dyHKIT f 3 BifcTaHHIO, 1 SIK PE3YJIbTAT, 0 3MEHIIeHHSI 3HAUEHHS 'y, OCKIJIbKI Y
[IbOMY BHUIIJIKY JIOJIAHOK, 10 MICTUTB ¢, B (2.32) 3MiHIOE 3HAK (CTae JOJATHIM)
3a paxyHOK MHOKHIKa 1/(s — 1).

['padiku byukmii f(r) misg yeix Tunis HeTiHIAHOCTI TP 0HAKOBHUX (DiKCOBa-
HIX 1HIINX 3HAYEHHIX IIapaMeTpiB mpejcTasieHl Ha Puc. 2.2. 4k BugnHO, sgKicHa
noBeJIinKa Beix KpuBux 3a Mexkamu ['I1 e nmogionoro, a jisa nonis BI, LN, EN —
npakTuaHo igenTnydnoio. lloseninka kpuBux PMI nong BusnHavaeThes mapame-
TPOM §, KHil Oe3mocepeIHbO BiumBae Ha 3HadenHs '] (Touka, ie KpuBa mepern-
Ha€ Bich abCIC), a caMe — MPUBOIUTH JI0 foro 3pocTanHst pu 30iibineHni s. Ha
BeJIMKUX BijcTansx Bijg /1 1T rpapiTaliiiine moJjie acCHMITOTUYHO HAOJIMYKAETHCS JI0
IOPOZKHBOTO TTpocTopy anTu-1e Cirrepa, To6To 10 —Ar?, mpudoMy, IpH 3pOCTAHHI
s (st s > 1) 11e IpsMyBaHHsI CTAE CIAOIIIM, OCKIIbKE 301IbITIEHHST § TPUBOJUTD
70 GLIBIIOrO BHECKY YJIEHA, MOB’SI3aHOTO 13 eJIeKTPUIHIM 3apsiioM B (2.32) 1 mei
JIOJIAHOK € BiJ' €MHUM 3a paxyHOK MHOXKHEKaA 1/(s— 1), ToOTO «CIIOBIIbHIOE» KBa~
JIpaTUIHUN acuMITOTUIHM picT GyHKINT f. [3 puCyHKY TaKoXK BHIHO, IO KPUBI
it osris BI, LN, EN acumnrorndsno € 0Jiu3bKuMu JI0 JiiHiftHOrO § = 1 BUIAIKY
PMI nonsg npu Benukux r. Lle mos’sizaHo 3 TuM, 110 3 BiJICTAHHIO €JIEKTPUYHE
nojie crajiae, a ockinbku F = —2F2 1o |F| < 1, a 1e 3riHo 3 OPUHIUIOM
BiAnoBigHOCTI 03Hadae, mo Jarpamkiann BI, LN, EN npamyiors o miniiiHoro

(MaKCBEJIIBCHKOTO) TMOJIA.

40,
- PMI, s=3/4
30"

-+ PMI, s=1
20"
-~ PMI, s=2

or — BI, B=1

r — LN, g=1
8 B

_1ob — EN, g=1

-20-

Puc. 2.2: Merpuuna dyukisa f(r) npu A = —1, g. = 1, m = 10.
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Oxkpemo cij BijsuaunTu, srajganuniit y Posmini 1 korndopmHuuii Bumajok s =
d/4 = 3/4 naa PMI nonga. [lng narpanxiany (2.2) 3 ypaxysauusim (2.9), (2.32),

CJIJT TEH30pa eHePTii-IMITYJIbCY Ta CKaJIsdpHa KPUBU3HA MalOTh BUTJISI, BIJITOBIIHO:

1 S S— 14 3 S
T = 50— F)" + 2s(=F) " Fu B = (5 - 2s> (=F)”, (2.37)
ey 5 ge \=
R=—- = 6A + 2°(4s — 3) (25137") : (2.38)

[Tpu s = 3/4 orpumyemo 6e3¢/1iI0BIIT TEH30D €HEePrii-IMITYJIbCY, T/ﬂs = 0, Tojui

—3/4
SIK CKaJIIpHa KPUBU3HA NPUITMAE MTOCTiiTHEe 3HAUEHH R{SZS = 6/, 1 obepraernbes

B HYJIb IIPU BIJICYTHOCT1 KOCMOJIOTTYHOI CTaJIOl.

2.4. TepmMmoamHaMidHI BeJIMYNHNI

Temmeparypa sunpominioBans [okinra na 'l YJI gaetsest hopmysioro [88):

1 1

—=(Vuxw) (VExY)

T=—
27 2

, (2.39)

r=r4

ne x* — Bekrop Kimrinra. Posmumemo gactuny migkoperesoro supasy (2.39):
(VX)) (VX") = (VuguaX ) (9" V x") =

= (X"V,ugva + Gva VX" 9"V 5x"). (2.40)

Takum gurOM, JjIsT o64uCaeHHsa (2.39) 10CTATHBO 3HATH JII0 KOBApiaHTHOI 1MO-
XiJIHOI V,, Ha «KOHTpaBaplaHTHU{l BEKTOP» Ta <«KOBaplaHTHUII TEH30p» JPYyroro
panry?®. Jlna crarmunoro sunajky sekrTop Kistinra y* MicTuTb Jmiie dacoBy
HEHYJIbOBY KOMIIOHEHTY [88]:

X" =(1,0,0). (2.41)
3 ypaxyBaHHSM IIOI'0, BUPa3 JIJId TeMIIepaTypu IpUiiMae BULISLI:

_f

C Ax —

T . (2.42)

T+

Bukopucrosytoun piusuast (2.26)-(2.30) aist GyHKIGT f, oTpumMyemo:

261le dpopmymn V, VY =9, V¥ +T7,,V? 1a V, T\ = 0,Tyr — I'?,, Tpn — I? 2T, Bimmosiamo [10].
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PMI:

1 s de 232i1 _ﬁ
T = —E <2A’T’+ + 2 (28 — 1) <25_13> 7”_|_ ) . (243)
BI:
1 5 | B
T = i ((2[\ — 485 ) +48qey |1 + Z ) (2.44)
LN:
1 5 B2r2
T=——( (2N —48%)r, +4V2Bqy |1+ =—+
4 2q?
2,.2 2
2 6 T+ 2q6
+483 r+(ln( e ) +In < 1+527ﬁ —1))). (2.45)
EN:

7= (@A + 48, + 450 (VT - (VITE) ). 246)

B (2.46) BBesieno nosnavenns zy = z(ry) = ¢2/(6%r%).
Orpumani BuUpas3u Jijisi TeMIepaTypu € MOHOTOHHUMHU 3POCTalOuNMU (DYHKITI-
MU PaJIlycy 7o JJId yCiX THUIB HEJIHIHHOCTI 1 JEMOHCTPYIOTH TOJIOHY AKICHY

MOBEJIIHKY, TToKazany Ha Puc. 2.3.

T
0.6

-+ PMI, s=3/4
0.4+

-~ PMI, s=1

0.2+
-- PMI, s=2

4 v — Bl =t
-02F — LN, B=1

04/ ¢ — EN, g=1

-06- '

Puc. 2.3: Temneparypa T'(ry) npu A = —1, ¢. = 1.

Kpupi temieparypu lepeTuHalOTh BiCb aOCIUC, BUIALISIOUN TUM CaMUM JIBi

obJ1acTi 3HaYEHb 1T, , Jie TeMIlepaTypa MpHuiiMae BiJIIOBIIHO BiJI'€MHI Ta JI0JIaTHI

54



snadenHst. llepmry obJiacTh MOXKHA BBakaTu HE@I3MUIHOIO, 1€ O3HAYATUME, IO
YJ1 31 3mavenngavu pajiycy I'll 3 ganoi obiacti npn 3aiannx iHITIX TapaMeTpax
He MOXKYTh icHyBarn. Sk i mist dywexiil f, kpusi T'(ry) mag nonis B, LN, EN
3JIMBAIOTHCS B OJIHY JIHIIO TP 301IbIIEHHI apryMeHTYy, OJIU3bKY JI0 JIHIITHOTO § =
1 Bunagky PMI moJis.

Esekrpmannit morenniaa Ha I'IT Y1 moxkna BusHaunTn gpopmyJioro:

Ue = —A, X" (2.47)

r=ry’

Bepyuu o ysaru 38’s130k (2.16) ta Bupas (2.41) misa Bekropa Kimtinra, maemo:

Ue = _At}T:hr - _/Frtdr ’ (2.48)

r=r4

Jle 6epeThbcs 3HAYEHHs IepPBICHOI B TOYI 7 = 7. BUKOPUCTOBYIOUM PO3B’SI3KU

(2.21)-(2.24) mrst Fy, OTPUMYEMO /IS €IEKTPUTHOTO TTOTECHITIATY:

PMI, s = 1:
U.=—q.Inr,. (2.49)
PMI, s # 1:
- ELETE e
BI:
af:—%amh(i*>. (2.51)
LN:
Ue = 622;5 — ¢e arsh <§;;> — % 1+ 522;"5 (2.52)
EN:
Ug=~—%exp[—EK%32]—-%?Ei(ﬂﬁgil). (2.53)

['pacikn 3amexuocreit U, (r, ) nokasani na Puc. 2.4, BOHI € MOHOTOHHUMU CIia-
JHUMHI (DYHKIIAME T4
Amnasorigai poss’sizku st BTZ 3 monmavm BI, LN, EN orpumano y crarri

[81], Toi six 3 PMI srarpamxianom y [8§].
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- PMI, s=3/4
100 = PMI, =1
-- PMI, s=2
— B, B=1

— LN, B=1

-5t

Puc. 2.4: Enexkrpuunnit norentian U, (ry) npu g, = 1.

2.5. Posmmupennii pazoBuii TepMoaAMHAMIYHAI IIPOCTIip

Tepmommnamiunoro dyukiieo YJI € i1 maca. Bona € JjiHiiiHO OB g3aH0I0 31

3HAYeHHsIM MacoBoro napamerpa m(ry) na ITT%7:
M = m(ry), (2.54)

e A = const. I3 3akony npo enrporito Ta 1oty nosepxui ['TT Y/I:

A
S=— 2.55
: (259
MAEMO:
2T
A= /r+dg0 = 27r,, (2.56)
0
T
= —. 2.57
: (257

Taxum qunom, earponig Y/1 mopiBHIoe UBepTi JOBXKUHN KoJa pajiyca ri. Jlaui,

BiJI KOCMOJIONIYHOI CTAJIol epeiieMo 10 TepMOIMHAMIYHOIO THCKY

po_A (2.58)

—3

2TTak sk maca YJ] Bucrymae B posi TepMomuHaMiunOl (DYHKINI, ME BU3HAYAEMO i1 TYT «TePMOIMHAMITHIM
criocobom», Gepyun 3a ocHOBY opmyiy (2.39) mis Temieparypu, a TakoxK 3aKOH PO €HTPOINI0 Ta ILIONLY
nmosepxui ['TI Y /1.

28 Posr1s1 KOCMOJIOTTIHOT CTa/Iol sIK TePMOJIMHAMITHOT 3MIHHOT He CyTepednTh TOMY, II0 TP Bapiamii i (A.4),
(A.12) KOCMOJIOTIYHA CTajla BBAXKAETHCSI KOHCTAHTOIO, TAK sIK Jisl BAPIIOETHCS 10 BiJHOIIEHHIO JI0 TOJBOBHUX

3MIHHEX ¢y, A, & BiJ HIX A He 3a/IeXKUTh.
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Toni nepmmuit 3akon TepMomHaMmiku Y /1 zanurmersest:
dM =TdS + VdP + U.dQ.. (2.59)

Temmneparypa T' naerbest Bupasamu (2.43)-(2.46). Bukopucrosyoun (2.54), (2.57),

(2.59), a taxkox f(r,) = 0, maemo?:

T oM _)\dr+ om(ry) 20 f
~\ oS P,Qe_ ds \ or, A,qe_ T

[Topisuioroun (2.60) 3 (2.42), orpumyemo A = 1/8, Tobro M = m(ry)/8 ana ycix

(2.60)

r=r4

TuiiB 110J1st. BukopucroBytoun poss’s3kn (2.31)-(2.35) ms byHKINT f, oTpuMyeMo

macy Y/0 B zasexknocti Bij pajiycy 11 I'TI:

PMI, s = 1:
1
M = 3 (—Ari —2¢2Inry). (2.61)
PMI, s # 1:
1 s 257125 —1)? /g \z3 2D
Aizzg(—Ar+— = (%_%) o (2.62)
BI:

M:

ol

((2ﬁ2 — A)r? — 2¢2 arsh (qu) —2B8qery [ 1+ BZ?) : (2.63)

M = é((SﬁQ — A)r? + (287 — 2¢2) arsh <j;;e> —

_3\/§5qerﬂ [1+ ﬁ;;} —28%*% In (Vﬁqﬁ”)). (2.64)

29 BukopucTaHa piBHICTD:

LN:

om(ry)
a’f‘+

el
- 'f ‘T:T+

€ CIPABEJJIUBOIO JJIs CHEIiaIbHOro Bulaaky dopmy (2.31)-(2.35), ae crana m BxoauThb 10 GyHKHl f 31 3HAKOM

«Minyc», ockimpki y oMy pasi m(ry) = (f(r) +m)|

s Amnajioriuni popMy/IM BUKOPUCTOBYIOTHCS JaJIi JIJIst
=T+

noxizuux Big m(ry) wo g, ta A.
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EN:

M é( — (A 428202 +2¢ (W(1z+) — 2) exp [_W(QZ+)] _

—q; Bi (W(;+)> ) (2.65)

Bupasu (2.61)-(2.65) MoxkHa TpaKTyBaTH 30KpeMa Tak, 10 DU 3aJaHOMY eJie-

KTpuaHoMy 3apsaoBi 1/ 11 maca jaia manoro pagiycy 'l BusnadaeTbesd KocMo-
gorianoro cranon. Oynkionasii 3amexknocti M (r; ) mokazamni na Puc. 2.5. Tlo-
YUHAIOYN BiJI JESTKOTO 3HAUeHHST 7y (ToYKN MiHiMyMmy ), Maca /1 3poctae pasom 3i
30LIbIIeHHsAM 7 11pu (bikcoBaHux A, g.. Jdogawoun cioan yMOBY J10/IaTHOCTI MacH,
M > 0, orpumyemo ob1acTh «dizndnux» 3nadenb pajiyey [T ro, ansg akux Y0

MOKe ICHYBaTH.

- PMI, s=3/4
-~ PMI, s=T1
-- PMI, s=2
— BI, B=1

— LN, B=1

Lr = ENpet

Puc. 2.5: Maca M (ry) upu A = —1, ¢. = 1.

Ak Oys10 cKazaHo, 3apsJIOBUIl TapaMeTp (. JIIHIITHO OB I3aHNIi 3 TTOBHUM €Jie-

krpuaHnM 3apsioMm Q. /1. Hexait, Q. = nq., n = const, Toji 3 (2.59) orpumyemo:

oM 1 dq. <8m(r+)> 1 of
U, — _ - _ . 2.66
<6Q€>S,P 8dQe 8q€ T+,A 877 aqe ( )

r=r4

ObuucJo0un 3a 1i€l0 GOPMYJIOI eJIeKTPUYHUN TIOTEHIa , Oepydr pO3B’s3KU
(2.31)-(2.35), i mopiBHiofoun 3 (2.49)-(2.53), orpumyenmo = 1/2; 10610 Q¢ = ¢./2
JUIsT yeiX TUMIB moJist. TakuM 9umHOM, BiI «cTapux» 3MIHHEUX 7y, A, ¢. Mu mnepe-
XOJIIMO JIO0 «HOBUX», TepMOAuHAMITHUX 3MiHHUX S, P, ()., Binnosiano. B 3axkoni

(2.59) ni Besmuunn € crpsizkernmu g0 1, V', U,, BignosinHo. BukopucroByrodn
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(2.31)-(2.35) Ta 3akon (2.58) st THCKY, OTpUMYy€eMO 3 (2.59) TepmomHaMidHMIT

o0’em V' 174 ycix THUIIB MOJIS:

V= oM _1dA (Om(ry) __Wﬁ
- \OP Jgq, 8dP\ oA ), . OA

KNI CIiBIaJIae 3 IJIONIEI0 Kpyra paJjiyca 7.

=72, (2.67)

r=r4

Tepmopnuamiuna yukig macu Y1 y (2.59) 3a cBoiM BUIJISLIIOM Ma€ 3MiCT
TepMOJIMHAMIYHOI (DYHKIIT cTaHy — eHTaJibllil. OT2Ke, 10 1epIIoro 3aKOHYy TePMO-
mnamikn Y1 (2.59) Bxoggars Tepmopnuamivai Bemanaun M, TS, V., P, U, Q.,
a caMa (yHKIsT Macu M € BEUpaKeHOI0 y TepMoAnHaMidHuX 3MinHuX S, P, Q..
Takoxk, BpaxoBytoun (2.57), (2.67), enrporist Mozke OyTH 3aMIHEHOIO HA T€PMOJIU-
Hamivynuit o6’em V = 452 /7.

Ak ckazano y Poszmiii 1, inTepruperaliiss KOCMOJIOTIYHOI CTaJIOl K TEePMOIU-
HAMIYHOIO THCKY cepejioBullia (Bakyymy), B sikomy 3HaxouTbest /1 mae 3mory
nocaignt kpurnany P — V noseninky /1. YV Bupasax (2.43)-(2.46) jist Temire-
paTypu mepefiiemMo 1Mo IpuBeIeHNM Buine GpopMyiamM Bij 3Minaux 74, A, ¢, 10 V|

P, Q., BiAIOBIIHO 1 BUPA3UMO THCK, OTPUMABIIN TAKUM UNHOM PiBHSIHHSI CTAHY

PV.T,Qc) 11

PMI:
T [7 242s—1)( Q \*1/V\ =1
P=—4/—= — . 2.
4\VV + 0 <23_23> (W) (2.68)
BI:
T |7 BQe gV B
P=—4/— 1 - —. 2.
4\V + N1V + Ar@Q?  Arw (2.69)
LN:

T |m  BQ. B2V
P=—\/—= 1
4\VV * 2wV + 87TQ3+

32 B2V 8m(Q)? 3’
+E<ln <47TQ2> —}—]n( l—I—BQ—Vl)) —E. (2.70)
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EN:

T [ BQ. [W(Z) BQe 3
P_Z\/;+ o Vv T amvwz) | an 27

V (2.71) BBeaeno nosnauenns Z = 4wQ?/(B*V). Izorepmu P(V,T,Q,.) pisusnb
crany (2.68)-(2.71) npu ¢dikcoBarnomy 3apsoBi (). € MOHOTOHHUMU CIIATHUMI
dyuakuisgymu od’emy V', i P’V—>O — +00, TaKy HOBEIHKY MTPOJIEMOHCTPOBAHO Ha
Puc. 2.6.

. PMI, s=3/4
- PMI, s=1
6 -~ PMI,s=2
— BI, p=1
— LN, =1

— EN, B=1

0.0 0.5 1.0 1.5 2.0

Puc. 2.6: I3orepmu piusiab crany P(V,T,Q.) npu T =1, Q. = 1.

CTporo MOHOTOHHA, IIOBEJIIHKA [IHIX 130T€PM 03HAUYAE BiJACYTHICTH JJIsT HUX TO-
YKU IIeperuHy, To0To ¢a30BOro mnepexoiy sl JOCIIZKYBAaHOI TepMOIMHAMITHOT

cucremu 4/1. Ile o3nauae, mo cucrema piBHSIHD:

((or
oV ) ro.

<
<62P)
L oV?2 T.0.

HE Ma€ PO3B’S3KY JIJId KPUTUIHUX 3Ha4YeHb V., 1. B objacTi JifiCHUX JI0/IaTHIX

=0

Ve, I
(2.72)

=0

Ve, T,

snadenb V', T juid Oy/ib-SKOro THITY TI0JIdd, B YOMY MOKHa Oe3rocepejHbo Iie-
PEKOHATHCh, PO3B’s3ytoun cucremy (2.72). Takum 9uHOM, KPUTHIHA TTOBEIHKA
posrigHyTnX 3-BuMmipnnx 1/l € TpuBiasbnoio.

Pozrisinemo e i306apny rertoemuicts I/1:
T\ d T\
Cp=T (8_3) 7 <@_) _r % (@_) e
aT PQ. aS PQ. d?‘+ 67"4_ Age
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Buxopucrosytoun Bupasn (2.43)-(2.46) mist Temiieparypu Ta 38’s130K (2.57), oTpu-

MYEMO:
PMI:
= A
Cp = —27°T (2/\ e (25_?2 m) ) . (2.74)
BI:
-1
3
Cp = —2m2T (20 — a2 + D14/ I . (2.75)
V1+ 62/ q
LN:
3
Cp = —27°T | 2A — 452 + 2v/25 7;+/qe +
V1+ 621 /(2¢2)
-1
2 2 2.2 2
+4B2 9 _ Qe/(ﬁ 7"+) 1+ 2;]62 -1 i
VI +2¢2/(8%%) CR
-1
2,2 2 2
+1n (qu+) +1In (, 1+ 52‘552 = 1>>) . (2.76)
e +
EN:

_ 7T2 2 46(16 > 1 -
Cp=—2 T<2A+4B (1+W(Z+))T+< W ( +)JF—W(Z”)) . (2.77)

VY nnx Bupaszax remreparypa 1 Busaadaerbest hopmynamu (2.43)-(2.46). Tyt Cp

BHUParKEeHO B 3MIHHUX A, ¢, ry, mpoTe 11 MOKHA, [TePEINCATH B TEePMOIMHAMITHIX
BesimanHax P, ()., V', BAKOpUCTOBYIOUN IIPUBE/IEH] BUIIE CIIIBBIIHONIEHHS.
I'padiku Cp(ry) mokasani va Puc. 2.7. I3 HBOro BUJIHO, 10 Jijist YCIX TUIIB
110JIsl ICHY€E TaKe 3HaUYeHHs 7'y, JIJI IKOTO KPUBI TEIJIOEMHOCTI IePEeTUHAIOTH BiCh
abcrie. e symosieno nymsivu byl T'(r, ), kpusl Temneparypu Ha Puc. 2.3
TeXK IepeTUHAIOTH BiCh abCIUC, MPUIOMY, V THX K€ K TOYKax, 10 1 KPUBI Te-
I0eMHOCTI, Tie BujHO i3 (2.73). ToMy Ha pHCYHKY MH OTPUMYEMO JBi 00JACTi,
ne Cp < 01 Cp > 0. B cuny monotorHOro 3pocrantst Gyukiil T'(r) 1i obmacti

CHIBIIQIAI0Th 13 BiOBIIHIME obacTamu Ha Puc. 2.3 mis remneparypu, ge T < 0
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i T > 0. dx 6ys0 3ayBakeHO BUIIE, 00J1aCTh 3Ha4YeHb 7, Je 1T < ( BBaXKaeThCsd
HeI3UIHOI0, TOMY Ha I'padiKy J/Is TEIIOEMHOCTI MU HE PO3TJIATAEMO 00JIaCTh,
e Cp < 0, sika TexK € Hedi3UIHOI0, OCKIJIBKHU, IIPU BiJ'€MHIN TEIJI0OEMHOCTI Tep-
MOJITHAMIYHa CUCTeMa, € HecTabiabHoIo, 1 3HaunTh /1 3 pagiycom ' r i3 manoi
00J1aCcTI HEe MOXKYTb iICHYBATU. TaKOXK, OCKLJIbKIM MEHII 3HAaUYeHHs 7"y MaloTh BiJ-
noBigaTn Menmiit maci 91, ymoBa s MiHIMAJIbHOTO 3HAYEHHSA T4, MIPHU SIKOMY
Y/I icHye 1pu 3a/IaHUX HIIUX TapaMeTrpax, € (PaKTUIHO YMOBOIO JjIsi MiHIMa/IbHOT

Macu 91 i3 manum pajiycom ['TI.

Cp

2.0

s - PMI, s=3/4

o - PMI, =1

05 -~ PMI, s=2

, Bl

-05 N

10 — B
-15

Puc. 2.7: [306apua Temnoemuicts Cp(ry) mpu A = —1, ¢. = 1.

Y crarti [98] 6y/10 POrIsiHy TO PO3IIUPEHY TepMOJNHAMIKY d > 4-BUMIpHOI CcTa-
trnarol 91 3 LN Ta EN nosavmu. Ha BiaMiny Bij po3risHyToro y msoMy pos/iii
3-BUMIPHOTO BUIAJIKY, KpUTHUUIHA MMoBeAinKa 9/ y Bummx BuMmipax He € TpuBia/ib-

HOIO 1 XapaKTepU3yeThCsA HASABHICTIO (pa30BOI0 ITEPEXO/LY.
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Poznain 3
Mogaenns 2. TpuBumipHa dJopHa Jipa
3 MOBLJILHIM OOepTaHHSIM

Ta CTEIICHEBIIM eHeKTpOMaI‘HiTHI/IM 110J1€EM

3.1. IlocranoBKa 3aja4i Ta piBHIHHS MOJIs

30 cramionapanM obeprannsM Ta PMI

Hocmiyerbesa Moaens /1 3 moBlibHUM
10JIEM Yy 3-BUMIPHOMY ITPOCTOPI-Yaci 3 BiJI'€MHOIO KOCMOJIOTTIHOIO CTAJIO B paM-
Kax affHmraiiHiBcbKol rpasiTariii. g Momens € y3arajbHEeHHAM PO3IVISHYTOl Y
norepeHLOMY po3ii cratnanol 1/ 3 PMI monmem na Bumaiok 11 MOBLJILHOTO
obepranns, Tomy Taka I/ okpim M Ta ()., onmcyeTbes TakoxK J. InTerpan il

CUCTEMH CIIBIAJAE 13 po3radHyTnM y Po3mini 2 jidg sarpamxiany Lpyr:

1

g ) = 1= [ doy/=glR ~ 20+ (~F)'. (3.)
Q

Came (moBisibHe) obeprantst U/1 BpaxoByeThCst MpH 3alliCi iHTEPBATY Ta BEKTOPA
IOTEHIIla/1y eJIEKTPOMAIrHITHOIO T10JIS.
Pipusinust Afinmraiina-MakcBesuia criBiagaioTh 3 oTpuManumu B Posmia 2

st PMI o

1
R, — §g,wR + g\ = Ty, (3.2)
1 oL
Tw/ = ig/wLPMI - 2%FupFup; (33>
OLpwmi -y,
o, <\/—g oOF F! ) =0, (3.4)

i marorh cucremy AftHimTaiina-Makcsesa:

1 1 _
Ry, — Eguz/R + g\ = §guu(—F)S +2s(—F)° 1FMPFVp
(3.5)

Ou(sy/=g(~F)" " F™) = 0.

30MaremaTwanmit 3MicT HOBLIBLHOrO 06GEPTAHHS BCTAHOBJICHO HIKYE.
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3.2. JliaroHajbHa MeTpuYHa PYHKIIISA Ta eJIeKTPUIHE I10JIe

s Toro, 106 BpaxyBaTi obepTaHHs (He 000B’'sI3KOBO TOBLIbHE, ajie CTaIio-
HapHE), JOCTATHRO MOANDIKyBaTH miaronajbHuii inTepsas (2.12) crarmanoi Y4/1
JI0 HeJliaroHaIbHOl (hOPMIU:

2 r 2 d_TQ 7“2 r 2
ds® = —f(r)dt” + ol [h(r)dt + dy]. (3.6)

3okpema Tak Oysio 3pobsiero B opurinanbhiii pobori BTZ [21]. Tyt f — niaro-

HaJIbHA MeTpudHa PYHKINS, h — HejiaroHaJbHa MeTpUIHa (PYHKINSI, 3yMOBJICHA

obepranuam YJI.

Yacrkosuit Bunaiok L = 0 1pu JoBiIbHOMY obepTaHHI

IIpu BincyTnocti enexkrpomaruitaoro nosst Ty, = 0 B (3.2) 1 HeHy/1bOBI KOMIIO-

HeHTU piBHsiHHS (3.2) pasom i3 MeTpukoio (3.6) 1aoTh cucreMy:

(42 fR(ri? + 3h’) +FF T ()2 4 4Ar)—
—r3h?(2f" — 3r*(W)* +4A) = 0, ()
§ 2f(rh” + 3h') — rh(2f" — 3r*(W')* + 4A) = 0, (tp) (3.7)
2f’+r3(h’)2 + 4Ar =0, (rr)
(2" = 3r3(I')* +4A = 0, (o),
JKa y CBOIO Yepry JIae:
rh 4 3 =0
(3.8)
2f +1r3(W)? + 4Ar = 0,
1 PO3B’SI3KOM SKOI, € BaKYyMHI (DYHKIIII:
J j*
h = —53t h(400), f=—Ar*+ Rl (3.9)

Jle cTaJli IHTerpyBaHHd j Ta M IOB d3aHl i3 KyTOBUM MOMEHTOM Ta Macoio /1
BiimoBiHO. Po3s’sa3kn (3.9) criBnagarorh i3 oTpuMaHuME B OpUTiHAJBHIT po6OTi

BTZ [21|. Crana inTerpyBanns h(+00) € 3nadenusM GyHKIil b Ha 6E3MEKHOCTI,
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i st sikoi MozkHa npuitnaru h(+oo) = 0 [26].

Yacrkosuii Bunaiok L = 0 npu moBijibHOMY obepTaHHI

Ak BuyHo i3 (3.9), obepranns YJI 3ymosiioe nostBy byHKINT A y mMeTpuri (3.6)
MOPIBHSIHO 31 CTATHIHUM BUIIQJIKOM MeTpuku (2.12); a came, dyHKIlis h BXOAUTDH
JI0 KOMIIOHEHT gy Ta (i, METPUKU (3.6). Ilix moBiibHUM OGepTaHHSIM OYIEMO PO-
3YyMITH Take 00epTaHHsI, IIPU IKOMY HejliaroHajibHa QYHKILS A BXOJAUTb TIILKHU JI0
KOMIIOHEHTH (4, HE 3MIHIOIOUHU IIPU 1IbOMY KOMIIOHEHTH @y. st 3py4HOro Kow-
TPOJIIO «BeJMUMHN BJauBY» byHKIIT A Ha dopmy (3.6)% BBesemo Gesposmiphuii

mapamMerp MaJjiocTi obepranust a 6inst byHKIHl A B (3.6):

ds® = —f(r)dt* + ;Z(—T:) + r2[ah(r)dt + dp]?, (3.10)

TOJIi IOBLIbHE 0OepTaHHsI O3HATUTUME JiiHeapu3oBany dopmy (3.10) o BijHOIIEH-
HIO JI0 TapaMerpa a (KUl BBAXKAETHCA MaJINM ), TOOTO TYT 1 Al y [[bOMY PO3JIi

MM HEXTYBaTHUMEMO KBaJAdpPpaTUYHUMU 1 BUIIOI'O IIOPAAKY 4YJICHAMU. OT}KG, YMOBa

nosinbHOrO O6epTanua 9 J[32:

o(a) = 0. (3.11)

Cama dyHKIiss h B cuty CBOro o3HadeHHsi He MicTuTh a. PiBHsuHg (3.2) mpn

T, = 0 pasom 3 (3.10) 3a ymosu (3.11) naors:

(¢ Lonr =0, (t1), (rr)
PR 4 31) = rh(f7 +20) =0, (t) (3.12)
([ +20 =0, ().

Jliarona/ibHI KOMIIOHEHTH CIIBIAa0Th 31 crarndHuM BumajgkoMm (2.13), a tp-
KOMIIOHEHTA CIIBIIAJIAE 13 IIepIinM PiBHAHHAM cucremu (3.8) jijist JIOBIIBHOIO 06ep-
TanHs. Po3s’si3koM cucremn (3.12) e:
h=—2 4 h(to0), f=-A—m (3.13)
212 ’ ' '

31To6To 7TsT KOHTPOTIO «iHTeHCHBHOCTI» (mBHIKOCTI) obepranms /1.

320(x) o3navae BeMMYHHY BHUTIOTO TIOPSIKY MAJIOCTi HiZK =, TOGTO lirr%J o(z)/ lir% x=0.
T— r—r
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Or2ke, 1pu HOBLJIbHOMY 0bepTaHHI HejiaroHajbHa (DYHKINS b criBnajae i3 Bu-
aKOM JOBIJIBHOIO ODepTaHHsI, TOJI #AK JiaroHajbHa (YHKIsS f criBnajgae 3i
craTnunuM BunaikoM (2.14)%3. Tle zokpema oznadae, 1o jgoanok j2/(4r?) y (3.9)
3YMOBJIEHUH TOMpaBKaMit 0bepTaHHs MOpsaKy o(a) (a came KBaIpaTHIHIMM ), M0
y CBOIO 4Yepry O3Hadag, 110 KyTOBHUII MOMEHT € TOTO »K MOPAJIKY MAaJIOCTI, 10 i a,
TOOTO BOHU € Iponpopiiitnumu, J o a, 1e Oyjie ToKa3aHo HIXKJeE.

IToBepHEMOCH [10 3arajibHOIO BUIIAKY HEHYJIHOBOI'O €JIEKTPOMAIHITHOTO IIOJIA
B (3.1) mpu noBibHOMY cTanioHapHoMy obepranui. Take obepTaHHsT €JTEKTPUTHO
zapsakenol 1/l crBopioe HaBKOJIO cebe eJIeKTPUYIHE Ta MarHiTHE CTaIllOHAPHI 110~
Jisi. OT2Ke, BEKTOP eJIEKTPOMArHITHOIO MOTEHIAIy Ma€ Bl HEHYIbOBI KOMIIOHEH-

TH — JacoBy A; Ta «asmmyTtanbmy» A
Ay = [A4(r), 0, 4,(r)], (3.14)

sIKi BianoBinatoTh ejekrpuunomy Fi.(r) ta MarxitHoMy Fi,(r) mossm:

dA, dA,
Fre =g o

OckKiJIbKK MarHiTHe 1oJie CTBOPIOETHCS MOBLIbHIM o0epTanHsM /1, iforo Mu BBa-

F,, = (3.15)

JKATUMEMO TeXK MaJIIM, TOI'O 2K IMOPSIAKY MaJIoCTi, 1110 i ah, TOOTO B JHHIITHOMY

rabszkeni o(a) = 0 MOBLIBHOrO 0OepTAHHS:
F,, x a. (3.16)

Orxe, y piBHsHHSX 10JA (3.2)-(3.4) HeBinomumu € Gynxuil f, h, Fy, F,, gki
IIOBHICTIO OIMCYIOTH JaHY MOJIEJIb.

KommnonenTn MeTpuku Ta obepHeHol JI0 Hel, iX jieTepMiHaHTH, cuMBOJM Kpi-
croddestst, KoMmmonenTn Tersopa Pivdi i ckassipua kpususna st dopmn (3.10)
nogano y Hoparky B. ITpu o(a) = 0 orpumyemo insapiant nonst F' = —2F2, akuit
CIIBIAJAE 31 cTaTUIHUM BunajgkoMm Posniny 2. t-komionenTa piBugab Maxkcsesuia

(3.4) mexk criBHaja€e 31 CTATHYHUM BUIIAJIKOM:

(2 tsrFP ) =0, (3.17)

|

const=q,

33Toni six ipw BizcyTHOCTI OGepTamHa MoxKkHa puitaaTH a = 0 B (3.10), IO TPUBOIUTD /10 CTATHIHOT METPUKN

(2.12), a dynukmisz h y (3.10) BTpadae cBiit 3mict.

66



MAaEMO PO3B’SI30K:
1

e 251
F, = (—) . 3.18
! 25~ Lgr (3.18)

sKuit OyJo jieraabHo obrosopeno B Poszmii 2.
JiaronasibHi KOMIIOHEHTH piBHsTHD AftHimTaiina (3.2)-(3.3) cruiBnagaors 3i cTa-

THUYHNUM BI/IHa):LKOM34Z

FA20r +25(2s — D)rFZ =0, (&), (rr)

(3.19)
f'+20 = 2°FF =0, (ep),
1o pazom 3 (3.18) mae cucremy st f:
fr42Ar +25(2s — 1) (2 Qel )251 rTET =)
7s
< ) (3.20)
ge T
on -2 ()T =0
\f i 25— 1gr ’
Ta 11 PO3B’SI30K:
s =1:
f=—Ar*—2¢Inr —m. (3.21)
s # 1.
27125 —1)2 / g \2E1 26
f=—Ar?— i j . ) (25q—18> = (3.22)

Bure 0y710 mokaszaHo, Mo TpU HYJIbOBOMY €JeKTPOMArHITHOMY JiarpaHzKiaHi
noBlibHe obepranus /1 we 3mintoe i1 giaronanbHol MeTpudnoi dyHKIHT (3.13)
MOPIBHAHO 31 CTATUYHUM BUIAJIKOM. f1K BUJIHO, TaKWil Pe3yIbTaT ClIpaBe I TUBUI
TAKOXK 1 TPU HASIBHOCTI ejleKTpoMartiTHoro moJjs. Ilosinbae obepranns Y/1 ne
3MIHIOE 11 eJIeKTpUIHE I10JIe Ta JiaroHaJibHy MeTpPU4Hy (DPYHKIIO MMOPIBHSIHO 3i
cratnunoto YJ1 Pozainy 2. Ile nmos’sizano 3 TuM, 1m0 obepTaHHsl BHOCUTH BKJIA/T
no F,; ta f y mopsiakax BHINE JIIHIKHOrO BiZHOCHO Iapamerpa MaJjoCTi a i s
MOBLTLHOTO O0EPTaHHsA BIIKUJIAIOTHCA. TaKoXK AK 1y CTATHIHOMY BUIAQJIKY, MTPU

MOBLILHOMY OOepTaHHi Jijis KOHGOPMHOTO 3HaUeHHs § = 3/4 Maemo T, _5,=0

3/4
Ta R‘S:3/4 = 6A.

34y Posgini 2 6y/10 3amucano TiIbKE OHYy, CyMIiCHY 3 iHIIMMM KOMIIOHEHTY PiBHSHD IPaBiTaIifiHOro 1o, a

came, qudepeHItiaTbue PiBHIHHS TEPIIOr0 MOPSIKY.
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3.3. Hegaiaronaapna meTpuvHa (pyHKIIis Ta MardiTHE I10J1e

(-KoMTIOHeHTa, piBHsHD Makcsesuia (3.4):

Qe

!/
0s—1  2s—1 S Fry o
[2 srE <h + 25 a ) ] =0 (3.23)

L |
const=q

OB’ A3ye MizK coboto yci yotupu pynxiii f, h, Fry, F.,. Bukopucrosyioun poss’d-

30K (3.18) mst Fiy, Ta inTerpytoun (3.23), oTpuMyeMo:

Fr<p 7"2Frt ( q )
— L _hn), 3.24
a o\ (824

Jle ¢ — cTaJia iHTerpyBaHHs. 3BIJCH BUJIHO, IO MarHiTHE [10JIe PiBHE HYJIIO IIPU HY-

JIbOBOMY €JIEKTPUYHOMY TI0JI1, 1110 OYEBU/IHO, OCKLJILKYI HYJILOBE €JIEKTPUYHE I10J1€

oznavae Hesapskeny /1. Hespiaronaibha to-KoMIoHeHTa piBHsIHL AlHIITalHA
(3.2)-(3.3) mae:

2sf F,
—rh(f" + 2A) + f(rh” +3h) + 2°r F% (h + 7“2?6 Cz@) - 0. (3.25)
rt

Homuoxkytoun tt-xkommonenty (3.19) ua h, i mopatoun it 1o (3.25), Maemo:

J F
rthTSD F.. (3.26)

—rf"h+ f'h+rfh" +3f0 = —4-2° tsr F ! (h +

J

q

Bpaxosytoun (3.23), i sropratoun JiBy dacTuy piBHsHH: (3.26), OTPHMYEMO:

[f?Q (ﬂTh)/] = —4ql, (3.27)

MO Ja€ TOYHUN PO3’g30K Jiid h y KBajgparypax:

h = £ {/ % {—4q/Fﬁd7’ + 01] dr + CQ} . (3.28)

Tyt neBusnadveni inTerpajn o3HaYaiOTh MEPBICHY, TaK K CTaJl iHTerpyBaHHd Cq,
co BKe BpaxosaHi. /It BHyTpintHbOrO iHTErpasy Big Fit, 3 ypaxysanuam (3.18),

Ma€eMO:
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/Frtdfr =q.Inr. (3.29)

2s — 1 Qo \ T 26-1)
Fodr = ( ) =g 3.30
][ T P (3:30)

Toi sk 1t 30BHIMIHBOTO iHTErpasty B (3.28) TOYHOTO AHATITUYIHOIO PO3B SA3KY
He 3HAXOUTHCS.
3HaiijieMo acuMITOTUIHIH aHAJITUIHUAN PO3B 30K JI/Ist (DYHKINT A TIPU BEJIH-
KuX 3HadeHHsAx r. Kopuerywodncs pos3s’sskamu (3.21)-(3.22), sanurmemo hyHKIO
f vy Bursiui:
f=—Ar*(142), (3.31)

Jle BBEJIEHO JIOIIOMIZKHY 3MIHHY:

s =1: .
z = A_TQ(QQS Inr+m). (3.32)
s # 1.
1 /25125 —1)% / g 31 26-1)
_ = | 3.33
T AR ( s—1 (25—13> " m (3:33)

Ax Oyso ckazano y Poznigi 2, Ha Besmmkux Bigctansx Big U/1 qoMiHy09IM 1IeHOM
byHKIHT f € 10/aHOK 13 KOCMOJIOTITHOIO CTasIon, TOMY |2z| < 1 Ipu BeJUKUX T

Bijnosiano 110 1poro, saminnmo senuuny 1/ f2 v soprimmbomy inTerpasi (3.28)

T HAOJIMKEHNM 3HAYCHHIM
1 1 _9
F = A27“4(1 +2) & A27“4(1 —22). (3.34)

Toni kBajgparypa (3.28) BupaykaeThes (IHTErpyeThesi) B eJleMeHTapHUX PYHKIIAX:

s=1:

1 1
he1 {—2[A11nr+A2] + L Aslnr + Aynr + Ag +c2}. (3.35)
T T

r2

35Buxopucrano (1 +z)™ ~ 1+ mz, |z| <1,z € R, Vm € R.
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s # 1:
hzr—f;{%+@+33r 255 4 By w1 4 By et 1”+cQ} (3.36)

Tyr BBesieni crasi kKoedirietn A;, B;, i = 1,5, 1o BupakatoThed depes A, g, ¢,
m, ¢, 1 npuseseni y Homarxky B. Iligcranoska (3.35)-(3.36) y Bupas (3.24) mae
ACUMIITOTUYHI aHAJITUIHI PO3B I3KM JIJIsT MATHITHOT'O TIOJIS.

[IpencraBumo rpadiuno acumuroruysi samnezknocti h(r) ta F.,(r)/a pasom
3 TOYHUMM KPUBUME, OTPUMAHUMU IIJISIXOM YHCEJHHOTO 1HTErpyBaHHs KBaJlpa-
Typu (3.28), JjIsl IbOrO BU3HAYUMO CTaJi ¢1, Co. Ilpu BiJICyTHOCTI €IeKTPIUIHOTO
zapany 91 maemo g. = 0 = F,+ = 0. BuxkopucroByioun HapeJieny BHIIE YMOBY
h(+00) = 0, kBajipaTypa (3.28) npuiimae Burs o

TQ{ ﬂdwm} i g = %{H@)—H(%o)}, (3.37)

f2
ne f=—Ar? —m — Bakyymua MeTpuuna GyHKIs, posrisnyTa B (3.13), 1
cr C1
H(r)= | —dr : 3.38
(r) / 7 A(AT2+m) ( )
Beigcn mMaemo H(+00) = 0 = ¢y = —H(+00) = 0%, Takum uunom, jyis

YU CEJILHOI'O iHTeI‘p}/'BaHHH BUKOPHUCTOBYETLCA KBaJdpaTypa:

= % / % [—4Q/Frth + Cl:| dT) (339)
+o0o

Jie 3HAUEHHsI BHYTPINHBOTO IHTErpasy JaioThest Bupasamu (3.29)-(3.30).
V Honarxy I' B mixozi kBasinokanbnoro dpopmanismy Bposna-Mopka [24] ast

obunciaeHHs 30epexkKyBanux Bejanand 1/1 mokasano, 1o craJja ¢; Ipu BiACYTHOCTI

36TyT BpaxoOBaHO CKiHYEHHE 3HAYCHHS BEJIUINHUI:

lim = = —A.
r—4oco 1
3TPesymbrar co = 0 mpu ymoBi h(+00) = 0 crpaBeyIBHil TAKOXK i MPH HEHYJTLOBOMY €JIeKPHIHOMY MO,

BHACJIIOK craaHol moBeiinku MyHKil F.(r), Bunagok F.; = 0 6yso 06paHo s IPOCTOTH BUKJIAIOK.
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eJIEKTPUIHOI'O 3apsijly € JIHIIHO II0B’SI3aHOI0 13 KyTOBUM MoMmeHTOM Y /I:

acy

J:—8—A,

(3.40)

i Ik OyJI0 3ayBaKEHO BUIIE, € TOTO YK TMOPSIKY MAJIOCTI, 10 1 a (cama craja ¢ He
MiCTUTDH a). 3Bijcu BujHO, 1o craia ¢, = —8AJ/a 3amexuTh Bij KOCMOJIOTTIHOT
craJiol, i ¢; > 0, ockimbku A < 0, J > 0. Y gogarky ' TakoxK MOKa3aHO, 10 BEJIH-
anHa J/a € KyTOBUM MOMEHTOM JIOBLIBHOTO 0OEPTAHHS, 10 3PEIITOI OYEBUIHO,
Tak K IapaMeTp MaJOCTI a BBEJACHUIT ITPOCTO JIJIsT KOHTPOJIIO MAJIOCTI 0OepTaHHSI.
3ayBarKMo, 1110 3B’930K J X €1 IPH BiJICYTHOCTI eJIeKTPUIHOrO 3apsiy, . = 0,
IPUBOJIUTE JIO TOrO, 10 3 yMoBHU J = 0 BummBae ovyeBu iHa piBHiCTL A = 0, TOI
SIK 'y BUNAJKY ¢ # 0 ymoBa J = 0 He NpUBOAUTH JI0 HYJIHOBOI HejiaroHaJIbHOT
byHKIIT A 32 paxyHOK eJeKTPOMArHiTHOro MoJid, 1Mo BUAHO i3 (3.39)%8.
[Iepeiinemo HapemTi 10 cTagol q. Po3rissnemo j11st IpocToT BUIA0K JiHIITHO-
ro s = 1 nosist, Toxi 3 (3.18), (3.21), (3.24), (3.35) mus Fy, f, Fryp, h, BignosinHo,

MaeMO:

Inr
Fw g Q/Qe - 0(?>

= 3.41
a |A|r 1+0(1n27“) ( )
r
Ob6pasiin g = |A|g., maTumemo:
FT (&
lim — =1 (3.42)
r—»+oo @ T

mo criBnanae 3 Fy = q./r ms niniiinoro noss®. 3rigno 1o (3.39) sunajoxk ¢ =
c1 = 0 npusoauts Jo f = 0, 110 y cBolo 4epry 3 ypaxysanuaM (3.24) nae Fr., = 0.
3ayBaykKnuMo, 10 JeTaJbHII aHa/Ii3 3MICTY CTaJINX ¢ Ta ¢ NOTpedye J10IaTKOBOI'O
JIOCJIIIZKEeHHSI, MI BBayKaTUMeEMO IIe BIAKPUTHM IMUTaHHAM i€l moaesi 1/1.

Ha Puc. 3.1 nokazano noseiinky h(r), 11i KpUBi MOIMHAIOTHCS 31 3HAYEHHST 'y
['IT Y/1 npu BUOpaHux iHIMX TapaMeTpax, OCKLIbKN KBajparypa (3.39) mae po3-
puB y miit rouri (gitenns wa f(ry) = 0). Ilpu r — +o00 dyHKIig h MOHOTOHHO

CIIaJIa€ 3a CBOIM abDCOJIIOTHUM 3HadeHHsIM ([MpUiiMatod Mpu MEeBHUX MapaMeTpax

38]]e MOXKe O3HAYUTH HEOOXiIHICTH iHIIOrO O3HAYEHHH J.
39Ty Bapro 3razaru poboty [26], 1e 6y/10 POBIIAHYTO Creria bHuil BUMA0K, KOJMH eJeKTPUIHE Ta MarHiTHe

[I0JISE € TPOIOPINITHUME TIPK OYIb-IKOMY 3HAYEHH] 7.
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BijI'€MHe 3HAYCHHS) TIPUIOMY IIe CHAJaHHsT CTA€ CIaOIINM TIpU 301/IbIIeHH] TTapa-
MeTpa HeJrHifiHocTi §s. TakoXK /1 MEHINX 3HaYeHb § T'PadiK JeMOHCTPYE Kpalry
3017KHICTb ACUMITOTUIHUX aHAJITHIHAX PO3B’SI3KIB JIO BIAMNOBIIHUX TOYHUX Y-
ceJTbHUX Po3B’s13KiB. Harajiaemo, 1o xou cama ¢pyHKIA h He MICTUTH TTapaMeTpa
MaJIoCTi @, BoHa BXOJUThH J0 inTepBasy (3.10) gk ah 3a ymosu o(a) = 0, Tomy il
BHECOK JI0 I'paBiTariitnoro nojs Y/1 3 moBlabHUM obepTaHHsAM € MajuM. TakoxK

Ha 11boMy rpadiky Bubpano Bunajiok ¢ = |A|ge.

0.3r
- s=3/4 (asympt.)
0.2
— $=3/4 (num.)
0.1+ - s=1(asympt.)

— s=1 (num.)

- s=2 (asympt.)

-0.11 — s=2 (num.)

-0.2-

Puc. 3.1: Merpuuna byskiis h(r) nppu A = -1, ¢.=1,g=1,m=1, ¢, = 1.

Puc. 3.2 nemoHCTpye MOHOTOHHY CHAJHY 3aJICXKHICTb JJIsI MAarHiTHOI'O II0JIs
F.,(r)/a, K a1 acUMITOTHYHUX aHAJITUYHUX, TaK 1 [l TOYHUX YHCEIbHUX
po3B’sa3kiB. i KpuBi TexK MOYMHAIOTHCA 31 3HAYEHHs 7y, K 1 Jjas QYHKIIT A,
OCKIJIbKI OCTaHHS BXOJIUTH J10 Bupasy (3.24) 11 MartiTHOro mosist. 3pocTaHHs
napamerpa § IPUBOJIUTD JIO CJIAOIIOr0 CIIalaHHd MarHiTHOTO IOJIS IIPH 7 — +00,
110 SKICHO ITOBTOPIOE IIOBEJIHKY €JIeKTPUIHOIO 110J1s1 F}.;, obropopeny B Pozmii 2.
[Ipore ma BiaMiny Biji F¢, 151 MardiTHOTO IOJIS 3POCTAHHS TapaMeTpa § Beje
JI0 mBuoro spocranis £, npu v — 0. Ha I'll maemo F’"W‘r—>r+ — 400, IO
1oB’s13aHO 13 po3puBoM GyHKIHT h y niit Touri. Ak i jgus dyskmil f, i3 rpadi-
Ka BUJIHO, IO aCUMITOTHYHI aHaJITHYHI Ta TOYHI YMCesIbHI PO3B’A3KM Jyid [,
SIKICHO € JIy»Ke CXOYKHUMH, 1X B3a€MHa 301:KHICTb € KPAaIIoIo JIJIsi MEHIINX 3HAYEHb
nmapamMerpa S i HaBiTb KPAaIlolo, HiK JJIsl BiAOBITHUX KpuBux h Ha Puc. 3.1.

Ha Puc. 3.3, 3.4 nokazano 3a/ie;KHICT TOUHUX IHCETbHUX PO3B's3KiB h(T) y

BUIIQJIKY JIHIITHOTO § = 1 110J1g Bl mapaMeTpiB ¢i, ¢, BIJIIOBILIHO.
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Fla

1.0

- s=3/4 (asympt.)
0.8+

— s=3/4 (num.)
06+ - s=1 (asympt.)

— s=1(num.)
0.41

- s=2 (asympt.)
0.2 — =2 (num.)

r
0 2

h
0.25
0.20
-- ¢=0
0.15 — =172
— =1
0.10
— ¢y=2
0.05
o 2 4 6 8 10 12 14
Puc. 3.3: @yuknis h(r) npu pisanx 3HauenHsx crajuoi ¢; uipu A = —1,¢. =1, ¢ =1,
m = 1.
h
05,
0.4
-- g=0
03
— g=1/2
02 — gt
0.1+ —_— q=2
e T —— —
2 4--"67°8 10 12 14
_0_1,
Puc. 3.4: Oyuxiis h(r) ns pisanx 3HadeHasx cramoi ¢ upu A = —1, ¢ =1, m = 1,
C1 = 1.

3.4. Tepmoaunamika

Temmeparypa BunpomiHioBauHsi ['OKiHr'a, BH3HaUYeHa 3arajbHOI0 (POPMYJIO0

(2.39) Pozziny 2, y Bumajiky moBLIBHOIO 06€PTAHHS CIIBIIAJIAE 31 CTATHIHIM BH-
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najKom (2.42)40:

oL

= 3.43
o (343

r=r4+

MIOTIPABKH, TIOB’s13aHi 3 06epTaHHIAM MAIOTh TTOPSJIOK 0(a), TOMY i caMa TeMIiepa-

Typa criBnajae 3 pesyabrarom (2.43) mis PMI mos:

™

1 e \TT -5k

Enexrpranuit norenriasn (2.47) Tex criBajiae 3i CTaTnaHiM BUIATKOM (2.48):

Ue == —/Frth y (345)
r=r)
i Mmaemo Ti cami po3s’s3ku (2.49)-(2.50):
s=1:
U= —q.Inr,. (3.46)
s # 1:
2s — 1 Qe \ o7 =D
U. = — (o) e 3.47
o(s — 1) \2s—15) ¥ (347)
Entponis Y/1 npu noslibHOMY 0bepranHi Tex criBnajae 3 (2.57) [67]:
S = % (3.48)

Tomy Texxk Maemo M = m(r;)/8 i maca HJ1 naerbes dopmymamu (2.61)-(2.62):

s =1:
1
M = 3 (—Ari —2¢°In re). (3.49)
s # 1:
1 s 25125 —1) / g \z %D
M= (—Ar+ - (5) " ) (3.50)
Takok Bij KOCMOJIOTTYHOI CTAJIO0] MePEXOINMO JI0 TEPMOJINHAMIYHOTO TUCKY:
A
P=——. 3.01
o (3.51)

407Te mOB’s13aHO 3 THM, IO y BHIAAKY CIAOKOTo obepramHs BekTop Kisutiara cmismamae 3 (2.41) [67].
y y p p
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Ak Bigomo |77], neprunii 3akon repmojmaamiku st /1 3 obepranHsM okpim
wieHiB, Hanucanux y (2.59) mictuth goganok 2d.J, mpore y BUIAJKY HOBLIBHOTO
crarionapuoro obepranusg Y/I 11 Kpyroa 4dacTora, K i KyTOBHII MOMEHT BBa-
JKAETHCST TIPONOPIIIHIM 10 HapameTpa MaJjiocTi obepranHs a, Tomy ujieH QdJ
JITsT TIOBLJIBHOTO 0OepTaHHs BiACYTHIN 1 meprmil 3aKOH CIiBIaJIa€ 31 CTATUIHUM
BHIAaIKOM (2.59):

dM =TdS + VdP + U.dQ.. (3.52)

3Bijcn Mu orpumyeMo Ti cami 38’3k Q. = ¢./2, V = 777“3. Pingannga cramy

noBTOpIoe (2.68):

T [x 272s—1) [ Q. \¥7 (V) &7
P=—/—= — 3.93
raTaTa 7r (2523 T ’ (3:53)

i € TpuBiaJIbHUM IIIOJI0 CBOET KPUTUYHOI MTOBEIIHKH. [300apHa TerioeMHicTh /1

naerbest (2.74):

-1

Cp = —2m2T M—TCﬁLOS . (3.54)

—1
257 Lsry

OTt2ke, yes porigHyTa TepMOInHaAMIKa JOCT Ky BaHol Moje i I/ 3 moBiabHIM
obepranHsiM € imeHTudHor0 crarwaHiit Y/ Pozginy 2 3 PMI nosem. Ilpuunnoro
IIbOMY € Te, 1110 MoBLIbHEe obepTanHsa /I He BIIMBae Ha 11 JliaroHaJIbHY METPUIHY
dyHKIiIO f MOPIBHSHO 31 CTATUYHUM BUITaIKOM. BIinB obepraHHs Ha TEPMOIH-
HaMmiky 3-BuMipaux Y mposiBIsSIETbCs Y HOPsiIKaX IapaMeTpa MaJjocTi obepra-
HH¢ BuIle JiHifiHOro. Cxoxka 0cob/JIMBICTH Ma€ Miciie 1 JiIs BUIUX BUMIpHOCTe

npocropy-dacy [67].
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Poznain 4
Mogaenas 3. HoTupuBuMipHa cTaTudHa 4opHa Aipa
3 eJIEKTPUYHUM Ta MarHiTHUM 3apsIaMu

B ejiekTpoauHamiil bopna-Indennga

4.1. TIlocranoBka 3agadi Ta MOJHOBI PIBHAHHHA

BusuaeTbcs mMojienb cratudnol Y/1 3 eleKTpuuHUM Ta MArHiTHUM 3apsjia-
M B ejieKTpojauHamiii Bl st cdhepuanol, miockol Ta rinepOo/idHOl TOIOJIOT
4-BUMIPHOI'O TIPOCTOPY-Yacy 3 BijI €MHOIO KOCMOJIOTIYHOIO CTAJIOI0 B paMKax aifH-
mraiiniBebkol rpasitaiiii. Taka Y1 onmcyeTbest Habopom napamerpis M, Qe, Q.

O06’emuwmit inTerpaJ Jiil cucTeMu:

1

I[g,uV7AM] 167T

/ d*z/—g(R — 2A + L%®), (4.1)

Q

Jle iHTerpyBaHHs BiJIOYBa€ThCs 110 4-BUMIpHOMY ejieMeHTy obJiacTi {2 mpocTopy-

qacy. Besmauna Ly € opurinanbinM jarpamzkianom Bl 3 jgBoma inBapiantamu

nossa F, G:
F G?
L = 43 — — 4.2
Lpg; B < \/ +252 1654>a (4.2)
Jie:
F=F,F", (4.3)
G = F, . (4.4)

Ty Fr = jrves Fop — Tensop, AyaJbHuUil 10 TeH30pa eJeKTPOMArHiTHOIO I10J1d

F, 1
afBye 1 gaﬁ'yd

J ,
2\v/—g

e €970 [OBHICTIO AHTHCHMETPUYHMH OJUHIIHUI Ter3op Jlesi-Uusit.

(4.5)

st crarmanol Y0 Poziy 2 Oysio po3rjisiHyTO CIIPOIIEHNI JlarpatxKian Lyr

6e3 inBapianty G, sIKuit piBHUI HYJIIO IIPU BiJICYTHOCTI MarHiTHOTO T0JIsI. Y IIHOMY
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po3jtii cucrema Y/I € TexK cTaTUYIHOIO, OJIHAK 38 PAXyHOK MarHITHOI'O 3apsily Be-

quunna G BiAMIHHA BiJT HYJIs 1 MOBUHHA OYTH BpaxoBaHOIO. ['paHUYHUIT BUTIAJIO0K:
orig

Jla€ MaKCBeJIiBCbKUil jlarpatzKiaH, a jist (4.1) crniBnagae 3 dopmysoro A.3 oma-

tky A s it /1 RN-AdS (rakoxk Keppa-Hbiomena 3 KocMOJIOraHOO CTAIOH0).

J11s1 3pydHOCTI 3aIicy HACTYIHNX POPMYJI BBEJIEMO MO3HAYCHHA . :

F ~ G

BacTocyBaHHsI IPUHINITY HalMeHIIOl il (5gW] =0,0 Aul = 0 syt (4.1) BijgoBigHO

F =

1o Jonarky A*? nae piBnannsa Afinmraiina-Makcsesia;

1
Ry — §9WR + g = Ty, (4.8)

1 ori 2(F, pr_g VﬁQéQ
Tuv:§guvLBIg+ ( P _ Iz _ )
V1+F—-G?
V—g(Fm — G
g, | VoI ZGE (4.10)
V1+F-G?

Y piBasgnusax (4.8)-(4.10) yci ingekcn npobiraloTb YOTHPH 3HAUEHHS BiIIMOBITHO

(4.9)

JI0 4-BUMIPHOCTI IIPOCTOPY-Yacy 1 y 3araJilbHOMY BUIAJIKY IIPEJACTABJISIOTH COOOTO
CUCTEMY 13 YOTUPHAIATH CKAJAPHUX JUEpeHIliaIbHIX PIBHAHDb Y YaCTKOBHUX

IOX1JIHUX.

4.2. Po3B’a3Kn piBHAHb I10JI

Ockinbkn joctizKyBaHa Mojesnb 1/ € craruunoro, 11 rpasiTaliiiine Ta eJje-
KTPOMATHITHE IT10JIsI BOJIOAIIOTH CUMETPUYHOIO IIPOCTOPOBOIO cUMeETpiero. Bimrmo-

BiJIHO JI0 1HOT0 BBeJIeMO B objiacTi {2 B okouti Y/ wacoBy Ta nmpocTopoBi cdpepudni

M TaKOMY BUIJISIl IHBapianTH BUKOPHUCTOBYBAJINCH Y HAIIA CTATTI JI0 OIyOJIIKOBaH
41Came y Tako apia F, G OPHUCTOBYBAJIIC a cTa 131], me Oyso omy6GiKOBaHO

pesyabraTu 1mporo posaiay. Cam sarpamxkian Bl Toai mae mpocrinmit Buriisi:
Ly® =4p*(1 -1+ F - G2?).

VY niit qucepTariii BUKOPUCTOBYIOThCS O3HAUEHHST iIHBapiaHTiB moss y Buris (4.3), (4.4) 3 yaidikarniitaoo MeToro.

42Bapianii inBapianTy G 06UHCTIOIOTHCS AHAJOTIYHIM YHHOM 70 iHBapianTy F.

7



koopautatu, '’ =t, xl =7, 22 =0, 23 = ¢, ne t € (—o0;+00), r € [0, +00),
6 € [0; 7], v € [0;27). Oxpim Takoi cepuunoi (k = 1) cumerpii po3rystHeMo JiJist
sarasibHOCTI Trie JBi reomerpil [T, sragani 8 Posmini 1 — miocky (k = 0) Ta rimep-
oomiuny (k = —1). Ile 103BOJINTH JOJATKOBO OTPUMATH TOTOJIOTTYHI PO3B’SI3KH
Y. st nux reomMeTpiii 3MicT KoopauHAT , (0 3MIHIOETHCSA, MU HE PO3IJISIAEMO
TYT MUTAHHST TOTOJIONT TAKIX TeoMeTpil, Iie MOyKHa 3HaiTh, Hanpukiam, y [30]. YV
BUOpaHUX CUCTeMaX KOOPJAUMHATAX KBaJpaT iHTEPBAJIY 3aIIMIIEeThCs:

dr?

f(r)

e dQ% € TEePIIOI0 KBaIPATUIHOK (POPMOIO Ha JBOBUMIDHIil ITOBEpPXHI:

ds? = —f(r)dt* + + r2d§)3, (4.11)

(462 + sin2 0dip, k=1
A = < dO? + 62d?, k=0 (4.12)
| d6° + sinh? dg?, k= —1.

['paBiTalniitie 1moJie cucTeMu IMOBHICTIO OIUCYETHCA OJHIEI0 METPUUHOIO (PYHKIIIEO
f, g9k 1y 3-BumipHomMy ctarnaHoMy Bunajxy Pozminy 2. HenynboBi KOMIIOHEHTH
METPUIHOTO TEeH30pa Ta 00EPHEHOr0 JI0 HBOT'O, iX JIeTepMIHaHTH JIJIsl yCiX 3HAYEHD
k npusesieni y Honarky bB.

Hagsnicts g1 cratnanol Y/ eekTpruaroro ta MaraiTHOrO 3aps/IiB O3HAYAE,
[0 BOHA CTBOPIOE CTATUYHI eJIEKTPUYHE Ta MarHiTHe 110Jisd. 4-BEKTOp eJIeKTpoMa-
IHITHOI'O TIOTEHIla/ly Ma€ BULJISA;

AM - [At(r)a 0,0, A@(e)]v (4'1?))
e enexrpuune Fi4(r) Ta marnitae Fp,(0) mosst:
g, = (4.14)
dr

Taknm unnHOM, HeBiomumu piBHsHb 10 (4.8)-(4.10) € dbynkuil f, Fi, Fpy,

Frt:

AK1 OIUCYIOTH JaHy MOJIEJIb.

st KommonenTn A, BIKOPHCTOBYETHCSI 111 [CTAHOBKA:

( —Q cos b, k=1

Ap=14(1/2)Qn8% k=0 (4.15)
\choshe, k=—1,
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Je craja (Q, Mae 3MmicT nosHoro maruirnoro sapsajuy /1. Hincranosky mia A,
y makoMy Burjsi s cdpepudanoro ' 6ymo posrisuyro B [25] mua Y/ 3 ese-
KTPUYHUIM Ta MarHiTHUM 3apsjaMi B eJeKTpoamnaMimi MakcBesana Ta Momesni
rpaBitalii 3 KOHGOPMHUM cKaIsapHUM rosteM™. TakoxK Takuil «MarHiTHHII IO-
TeHria > OyJI0 pO3IJISIHYTO, HapukIa, v [84]. st inmmx rorosoriit Bupas jijis
A, obpano Tak, 1mo0 Bil IPUBOJMB [0 THX CaMHX IOJILOBHUX inBapianTis F', G,
a TaKOXK 9acOBOI KOMIIOHEHTH A;, 1m0 1 J/1s1 cpepnaHOro BUMAAKY TaK, IO BOHI
He 3a/1eKaTh Bij 6, a TIbKN Bij pa/iaJbHOI KOOPAUMHATH T, 1€ IOKA3aHO HIZKYIe.

Taka ocobiBicTh qacTKOBO nosicHIOE Bubip (4.15). 3Bigcu MmaeMo MarmiThe moJie:

)
Q. sin 6, k=1

Fyo = € Qn0, k=0 (4.16)
KQmsinhe, k= —1,

siKe He 3aJIe2KUTH BiJ| BIJICTAHI 7, 0 € OCOOIUBICTIO TAKOI MOJIEJI.

[uBapiantu mosist (4.3), (4.4) e 3amexkarh Bij k 1 JOPIBHIOIOTD:

2@k — ')

F — , (4.17)
4QmFrt
HepHInii 3 gKUX MPU BIJICYTHOCTI MariTHoro sapsuy, (0, = 0, NpuBoIuTH JI0
F = —2FZ wo cnisnajae 3 pesyabramu Posinie 2, 3, Togi 9k inpapisant Gy
IIbOMY BUII&/IKY JIOPIBHIOE HYJIEBI.
Henynbosi kommonentu piusinb Makcseia (4.10) matorh cucremy:
( [ ~
_ Frt _ GF*rt
o [VZIUT G
V1+F—G?
S ) o (4.19)
V—g(F%% — GF*%
89 ( = = ) = 07 (90)7
( | VI+F-G?
PO3B’3KOM $KOI € eJIeKTpUIHe IoJIe:
= P& (4.20)
VO + Q5+ 5!

43V miit craTTi esekTpuUHE Ta MATHITHe TIOJIA JAI0ThCA BupasaMu Fpy = Q. /12, Fo, = Qmsin0.
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IS yCix TuiiB reomerpii k. Besmunna Q. € noBHUM ejieKTpudHuM 3apsiom 314
[Ipu @,, = 0 poss’sizok (4.20) nae Bimomuii pesynbrar [77]| st eJ1€KTPUIHOTO

o YJ1 3 marpamxianom BI:

Frilg o= PG : (4.21)
QT
siKe y CBOIO 4epry B rpanuii S — +oo jae enexkrpuune noje Y/ RN-AdS:
Qe
FRN — o (4.22)

['padiku F(r) aist pisaux 3Hadenb (), npejcrasieni va Puc. 4.1, Bonn €
MOHOTOHHUMU crajauMu (yukmigymu r. Ilpu r — 0 enekrpuune noje Bopha-
[adenbia npuitmMae cKiHIeHHe 3HAYEHHSI, STKe 3POCTA€ MPU 3MeHIIeHHI (), 1pn
ToMy camomy (.. Ha mpomy rpadiky Takoxk mnokaszano ejekrpuune moje 1/ RN-

AdS, sike € posbizkHuMm 1pu 7 — 0.

Fi
12,
1.0
08~ — RN-AdS
0.6 © Qm=0

-- Qu=t
04"
02"
‘ ‘ ‘ ‘ .
0 1 2 3 4 5

Puc. 4.1: Enekrpuane noste F,4(r) upu 5 = 1 (okpim Bumagky RN-AdS), Q. = 1.

Ha Puc. 4.2 nokazano marnitne nose Fy, () mis yeix tunis reomerpii. dist
cepuuanoro I'll BoHo jocsirae cBoro mMakcuMymy Ha ekBatopi Y/ (0 = 7/2) i
criaJiae JIo HyJist Ipu npsiMyBamai 0 11 nosocis (0 = 0 ta 6 = m). s miockol
Ta, rinepOoJ1iuHol TonoJjoriit dynkiis Fp, 3pocrae 3a abCONIOTHUM 3HAUYCHHSM 31

30ibIIeH M |6,

U TyT Mu ostpasy OB’ sI3y€MO CTaJly iHTErpyBaHHS (., IKa BUHUKAE TIPH inTerpyBanti cuctemu (4.19), 3 mosHIM
eJIeKTpUIHUM 3apaaoM Q. U/ Ttak, mod y rpaHnIHOMY BUIIAIK — 400 IIpH IePexoi 10 MaKCBEJIIBCHKOIO
e 9’
garpamxkiany (i Q,, = 0, xo4a 1e He 000B’sI3KOBO) ejekTpudHe 1oJjie (4.20) caiBiagalio 3 KyJIOHIBCHKUM, K 1€
Y Y

Mae wmicre s 971 RN-AdS.
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Puc. 4.2: Maruitue nose Fy,(6) npu Q,, = 1.

Cumposin Kpicroddeiisa, KoMmoHeHTH TeH30pa Piudi Ta cKajspHa KpPHUBU3HA
st metpuku (4.11)-(4.12) nogani y Honarky B. HemynboBumu kKomMmoneHTaMu

piBusHb Aftaimraiina (4.8)-(4.9) € e miaroHasabHi, siKi Jal0Th CHCTEMY:

2

(rf) + (A =28%)r2 + 28\/QF + @, + B2rt —k =0, (t1),(rr)

< 1503 (4.23)
rf)] 4+ 2(A —268%)r + =0, 00), (pp),
017 4202+ (66). (o¢)
PO3B’SI3KOM $IKOT (JIOCTATHBO OOMEXKUTHUCDH TIEPIITIM PIBHSHHSIM) €:
oM A 2 [
f:k:———?r——/ (B%2% — B/ Q2% + Q2, + B2at)dx. (4.24)
r r

e
TyT 3HaUeHHAM BU3HAYEHOI'O IHTETpasy € creriajibHa (PYHKIA eJTINTHIHOrO 1H-
TerpaJiy MepIIoro pojy, MpoTe MU 3alnCyeMo 11 y BUIVIS/I KBajpaTypu. Bepxmio
MexXy iHTerpyBanHs y (4.24) BUOpAHO siK 400 I TOTO, MO0 MPAHUYHUN BHIIA-
oKk k=1, Q, =0, § — +oo npusogus 10 Merpuarol ¢yuaxmil YJI RN-AdS,
e noxaszano mizkde. Crasa Benmunna M e macoro Y/, axa 3 ypaxyBanHaM

f(ry) = 0 piBHa:

+00
VLS R N e

45HK i BUIIAJKY CJICKTPUYIHOI'O 3ap MU OJPa3y IIOB’SI3YEMO CTAJLYy IHTEIpyBaHHS M O BUHUKaE€ IIPU
’ ’

inTerpyBanHi neproro piBasuus cucremu (4.23) 3 macoro /1 Tak, mo6 y BiAIOBIIHINA MPAHUIl OTPUMATH MaCy

YJT RN-AdS.
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Y Bunajxy cdepuunoro I'Tl npu BijcyTHOCTI MarHiTHOrO 3apsijy y rpaHuii 5 —

+00 po3B’aA30K (4.24) nepexoauts y Merpuuny dynxmio Y1 RN-AdSH:

OM  Ar? 2

RN e
=1 - — — — 4+ —. 4.26
/ r 3 r2 ( )

Bapsin Q., @y, Bx0AATH 10 QyHKINT f (4.24) eKBiBATIEHTHO y BUIJIsi/i KOMOi-
HaIll \/m Ax mokazaHo HUXKYE, TaKa CUTyallid Mae MicIle JIJId YCIX po3-
IVITHYTUX JIaJ1l TepMOJMHAMIYHUX BEJIMYUH, OKPIM €JIeKTPUYHOI'O Ta MAarHITHOI'O
MOTEHIIAIB, 10 € odeBuAHUM. Lle j03BoOJIsIe TpU 1T0OYTOBI rpadikiB Takux QyH-
KIiit ooparu (),, = 0 6e3 BTpaTn 3araabHocti. ['panung k=1, @), =0, f — +o0
st (4.25) mae macy Y1 RN-AdS:

ry A2 QP

MRN:__
26 | 2r,

(4.27)

['pacbixu f(r) mist cepuanoro 'l npu pizaux 3HaUeHsAX MapaMeTpa [3, a Ta-
koK Binosiany kpuy s Y1 RN-AdS (4.26) nokaszano na Puc. 4.3. Ak Bu/so,
pu 3poctanti § kpusi ¢yHKIil f npamyoTs 10 RN-AdS Bunagxy i 3imBaoThes
B OJIHY JIIHIIO 1TPY 301JIbIIIEHH] 7.

Basexkuicts macu YJI Bin pajiycy v, chepuanoro I'TI pazom 3 RN-AdS Bu-
majikoM (4.27) nokazano Ha Puc. 4.4. Ockinbku 6ibiomy pagiyey [Tl mae Bimmo-
BijlaTu Oinbira Maca 9 /I, aianmaszoHoM 3HAUYEHb 1, 110 Ma€ (DI3UYHMIT 3MICT MOXKHA,

BBaykaTHU TOM, Jie Maca € JIOJATHOIO 1 MOHOTOHHO 3POCTA€ 3 PAJILYCOM T4 .

46TyT pukopuCTAHO TPAHUITIO JITs i iHTerpaabHol byHKIT inTerpaty B (4.24):

Q2
€
Qm=0 — — y
B—+o0 2r?

Bt = 5\ Q2+ G+

IO a€ TPAHUIHE 3HAYUEHHsI CAMOr0 iHTerpaJy:

r

[ (#a* - 5T+ @+ )

To

Je, 0bupadu ry — +00, MaEMO:

—+oo

[ (@5 - 3VaTF @ ) o

T

Qm=0 = —75
B—+00 2r

mo 1 nae npexiz Big (4.24) mo (4.26).
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— RN-AdS

L ‘ ‘ ‘ ‘ e
0.5 1.0 15 20 25 30 p=3

— RN-AdS

0.0 0.5 1.0 1.5 2.0 25 3.0

Puc. 4.4: Maca YA M(ry) upu k=1, A= -1, Q. =1, Q,, = 0.

4.3. TepmommHaMidHI BEJINYNHNI

Bekrop Kimminra, gk i gra 3-sumipnoi cratmanol Y1 Pozsiny 2, mae Tiibkn

JYaCOBY HEHYJIbLOBY KOMIIOHEHTY:
XM - (1707070)7 (428)

i TemiiepaTypa BunpoMinioBants [Okinra, BusHadeHa Gopmysown (2.39), s me-

tpukn (4.11)-(4.12) cniBnaae 3 monepeHIME TBOMA PO3ILTAMIL:

_f

T —
4

. (4.29)

r=r4

Bepyun 3uadenus mnepiioro piBHstHHS cucteMmu (4.23) npu r = 1

Pl e |+ (A= 28702 +260/Q2 + Q2+ p2rt —k =0, (4.30)
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i BpaxoByun f’rzm = 0, orpumyemo 3 (4.29) Temmeparypy:

1
T —
4dmry

(k= (A—26%02 — 28 /@2 + Q2+ prt),  (431)

sgka y rpanuii kK = 1, (), = 0, § — 400 1epexojuTh y BIOBIHUIT BUpa3 Jijis
/1 RN-AdS:

TN ! (1 — Ar? — Q—Q) : (4.32)

- Amry r?

['padiknu 3asekHoCTi TemuepaTypu st cdpepuanoro ' Bij itoro pajiycy ry jurs
pi3HuX 3HadeHb (3, a Tako:k RN-AdS Bumajiok nmpejcrasiieni na Puc. 4.5 1 € MmoHo-
TOHHO 3POCTAIYUME (DYHKIIAMEI pPajiycy 7. 7K 1y JBOX IOIEpeIHIX po3Jiaax,
TYT MU MaeMO Hei3UIHYy 00J1aCTh 3HAYEHB T, JIe TeMIlepaTypa IpuitMae Bij1'eMHi

3Ha4YCHHA.

0.21

0.1F

-0.1F

-0.2"-

Puc. 4.5: Temneparypa T(ry) npu k=1, A= -1, Q. =1, Q,, = 0.

Esexrpuanuii norenriasn, susnadennii phopmysioro (2.47) Tex criBnajae i3 Bu-

pazaMu, OTPUMAHUMU Y JIBOX IIOIEPEJIHIX PO3JIlIax:

U, = —/Frtdr : (4.33)
r=r,
1o 3 ypaxyBaHuaM poss’sasky (4.20) s Fry naet’:
+0o0o
U, = / bQ dz. (4.34)
V@2 +Q, + Bt
T+

47Tyt Mexxi inTerpyBanns Texx BUOpaHO Tak, mob dbopmyia (4.34) MpUBOAMIA JO BiIOMOrO TPAHITHOTO BH-
nazaky (4.35).
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Y rpanuti @, = 0, 8 — 400 orpumyemo ejiekrpuunnii norenmiaa RN-AdS:
N = Qe (4.35)
T+
Basexnocti U (ry) Jyist pi3HEX 3HaYeHb MArHITHOTO 3apsay pasom 3 RN-AdS

BUIIQIKOM IIpejcTapieHi Ha Puc. 4.6. Snadyenns mapamerpiB 3, (e, ), obpaHO

TaKIMU K, $IK 1 Ha Puc. 4.1 s eextpudnoro mojst Fl,*8,

Puc. 4.6: Enexkrpuunnit norennian U.(ry) npu f = 1 (oxpim Bumagxy RN-AdS),
Q.= 1.

4.4. PozsmupeHnii ¢pa3o0Buii TepMOJUHAMIYHIIA ITPOCTIP

Ax Bigomo [77], mrst Y1 31 cpepuannm I'Tl ta erekrpomaraitanm mojem Bl
6e3 Mar"iTHOIO 3apsjly Mae Miclle TepMojmHaMiuHuil dgpazoBuil mepexijp. Ak rmo-
kazano y Pozminax 2, 3 kpurnuna nopejginka /I mMoxke OyTu J0CIIiIZKEHOIO 32
JIOIIOMOT'OI0 PIBHSIHHSI CTaHy, iK€ y CBOIO Yepry MOKHa OTPUMATHU 3 BUPA3Y JJIs
temieparypu. 13 (4.31) BUjHO, 10 €JIEKTPUIHUI Ta MATHITHUIT 3apsiii BXOJSATDH
JIO TeMIIEpPATypU €KBiBaJEHTHO, 11e 0O3HAYaE, 1110 HasBHICTh MArHiTHOI'O 3apsijly He
BILUINBAE Ha iCHYyBaHHS (DA30BOr0 Mepexojy. BilmoBiHo 0 IIbOro 0OMEXKIMOCH
HaJ a1l TepMOJIMHAMIYHO HeTpuUBiaJbHUM BulaikoM cdepuanoro I'11.

[Tepuit 3axon Tepmopnaamiku /1 st i1 macu (4.25) npu k = 1 mae BUTJIAT;:

dM = TdS + VdP + U.dQ, + U,,dQ,, + Bds, (4.36)

48Bzarasi, Ha Bcix rpadikax miel aucepramii B MexKax pO3ILIY IapaMeTpy O06PaHO OIHAKOBUMHU TaM, JI€ Ie

CIIpUSIE€ KPAIIOMY X PO3YyMIiHHIO.
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J1e TIOPIBHSIHO 3 JIBOMA, ITOIIEPEIHIME MOJIeIsIMI J1o1aioThest wienn U,,dQ),, Ta Bdf,
ix 3MicT mosicneno umkde. Temreparypa T’ Ta enektpuanuii norenmian U, Bu-
3HAYAIOTHCsT oTpuManuMuMiu Bupasamu (4.31) mpu k = 1, 1 (4.34), BignosizaHo.

EnTponis Y /I 31 cdepuunoro nosepxuero I'll pisna:

2m m
/ /7“+ sin 0df) = mr? (4.37)
0

TOOTO UBEPTI ILJIOIII IMOBEPXHI cpepn pajiyca ..

*'>|D>
)-lk|*—‘

3B’S130K Mi>K TePMOIUHAMIUHIM TUCKOM Ta, Bijl' € MHOIO KOCMOJIOIYHOIO CTAJIO0

00MPaAEMO B TOMY CaMOMY BUTJISII, 10 1 JII 3-BUMIPDHUX MOJIEJIeH:

A
P=——. 4.
8T (4.38)

Buxkopucrosytouu (4.36), TepmoguHamidauii 06’eM:

oM 473
v= (22 =T (4.39)
P ) sq.ous 3
criBnaiae 3 00’emoM Kyiii pajiyca ro. Takox 3 (4.37) MaeMo 3B’130K:
3V 8
S = — ] . 4.40
g 47 ( )

Y nepmomy 3akoni (4.36) moganok U,,dQ,, Bxomutsh cumepudaro g0 U.dQ.,

Tomy U, MOJKHA Ha3BaTH MarHiTHIM noTenmiagom 9J14:

+00
Un = oM = FCu dz. (4.41)

0Qm ) spo.p . V@2 + Q2+ Bt
+

eit pesyabrar CIiBnajae i3 MOpaxoBaHUM ATBTEPHATHBHUM, «HE TEPMOMHAMI-
THIM» METOJIOM 13 BuKopucTanusM jyanbnocti Xomka (Hodge dualisation) [85],

y gKiil eJleKTpUYHUil Ta MarHiTHUI 3apsiii MIHAIOTHCS MICISMU.

49Takox cumerpig wirenis U,dQ. Ta U,,dQ,, B IIepIIoMy 3aKOHi Pa30M 3 eKBiBAJCHTHIM BXOIKEHHIM 3aps/IiB
Q. ta Qp, 10 byl Macu (4.25) o3Hauae, MO MArHITHAN TOTEHIag MoXKe OyTH OTPUMAHM 13 €JI€KTPIUIHOTO
3aMino Qe — Qm, Qm — Qe v bopmyi (4.34) mia U,. 3 1iel upuuunu mu e Gymyemo rpadikis misa Uy, (14),

TaK K BOHU IIPUHIUIIOBO IIOBTOPIOIOTH siKicHy noseminky U (ry) ma Puc. 4.6.
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Besmauna B Bxoguthb 710 (4.36) pa3oM 3i CBOEIO CIPSZKEHOIO BEJIMIHHO [3; 1
Ha3MBAEThCsI OJIsTpu3allieio Bakyymy Bopaa-luderbua (Born-Infeld vacuum pola-

rization) [77], o € xapakTepHoro ocobiusicTio enexrpognnamiki BI??. Maemo:

B (8M

= , (4.42)
op >S,P,Qe,Qm

+00
2813 2r 1 Q% + Q?
B=""*_=%2./0%+@Q2 + p%t —/ ¢ “m de. (4.43
T+

Y rpanuti f — 400 BennunHa B 3HHKAE:

B|,. . =0, (4.44)

TaK sIK Y IIbOMY BHIIQJKY ejeKTpoimHaMmika Bl mepexoauTb y MaKcBETIBCHKY 1
smict B Brpadaerbes. Posris B nepromy 3akoni (4.36) wienis U,,dQ,, ta BdfS
€ HeoOXiJHUM JIJIsi OTPpUMaHHsI ciiBBiiHoIeHHss CMappa, 110 OB’ si3ye MizK co00I0

CKIHYEHH] TepMOIUHaMIIHI BeJIMINHN:
M= 2(TS - VP) + UcQe + U@ — BB. (445)

BayBaxKuMo, 110 criBBijgHomenas CMappa, 9K 1 Hepiinii 3aKOH TepMOINHAMIKI
XapakTepusye TepMoaumHaMivuHi BiacTupocti Y/1 Ha TX «1oBepxHi», ToO6TO Ha I'1I,
ockinibku Beqmmawan 1, V', Uy, Uy, B € dyakiisgvmm .

Hocuinnmo kpurnany noseainky Y/, [epexoasau y Bupasi (4.31) jyist remire-
parypu pu k = 1 Big A a r, 10 Tepmonnaamiunmx 3minanx P (4.38) ta V' (4.39),
BIJIIIOBIIHO, 1 Bupaskatoun THCK, orpumyemo pisasianst crany P(V, T, Q¢, Q) Y1

y PO3IMIIPEHOMY (Pa30BOMY TEPMOIUHAMITHOMY IIPOCTOPI:
1
T (4m\?3
p—_(2") _
2 \ 3V

(1 - 25\/@% + @5+ ﬁQ(SV/(47r))4/3) _

[SM1N)

62

- (4.46)

1 [4r
8t \ 3V

=4 . . .
50¢Jk cka3aHO HUIKUe, BBEIEHHS BEJIMYNHN B € HeOOXiTHUM J7Is1 BUKOHAHHS CIIiBBiIHOIIEHHS Cwmappa jiist

cKkinueHHUX TepMmojmHaMivHuxX BesmauH /1. Y Pozmini 2, me posrismatorbes mosst Bl ta tunmy BI — LN i
EN rexx moxkHa BBeCcTH BeaumdyuHy B, mpoTe Tam MU IBOro He pPoOWMIM, OCKLIbKE criBBigHomenus Cmappa He
posmsizanock. Posmmpeny repMoiuuamiky 3 wienom B posrisnyTo B (98] mis d-sumipaux /I B LN Ta EN

€JIEKTPOIMHAMIKAX.
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Lle piBHsiHHSI, OJIHAK, 3PYUHIIIe IIepelucaT, BUPA3UBIIN Oro He 4Yepe3 TepMo-
IrHAMIYHIE 00’eM V', a depe3 nutoMmuii 06’eM v, JIHIHHO OB d3aHMil 3 paiilycoM
I'II:

v =2r,, (4.47)

Taxuit 38’s130K OTPUMAHO IIJISIXOM PO3MIPHOTO aHaJi3y (1epexojty BiJl reoMeTpu-

YHOI CHCTEeME OJIUHUID J10 «dizudnoi») [76]. 3 (4.39), (4.47) maemo:

V=—. (4.48)

Toni piBusnus crany (4.46) 3amumerses:

T 1
p=L_
v 22

2
(1 — 25\/@2 + Q2 + 521}4/16) — f—ﬂ_ (4.49)

Orpumane piBasiaast P(v, T, Q¢, Q) € CXOKUM JI0 PiBHSAHHS cTaHy rasy Baw mep

BaaJsnbca:

T a
v—>b V%’
51

Jle BeJINYMHU a Ta b € mapamerpaMmu Mojeni ra3y Ban nep Baasbca”".

pP= (4.50)

Cucrema piBHSHB JIJIsT KPUTHIHUX 3HAYEHbD V., 1. piBHstHHS (4.49) Mae BUTIAT;:

(&)
av T,Qe,Qumve, T,

4 (4.51)

(57)
(N9 ) 10,0,

(8(Q2 + Q2 + B2 /16)"2 = B(Q2 + QL)[16(Q2 + Q2) + 3674

L (1_ 25(Qc + Q) )
e\ Q2+ Q3+ Fl/16)

BuauenusM v, T, Bignosigae kpuruwanuii Tuck P, = P(v., Tp., Qe, Q). Tlepiie

/UC 7TC

1 1ae piBHAHHS JUIA Ve, 1.

(4.52)

T, =

\

piBHsHHs cuctemn (4.52) € KyGiuHIM 110 BijnomenHio 1o seanuunu v2. Moro ana-

4

JII3 IIPUBOJIUTH JI0 YMOBHU ICHYBaHH J1ICHOIO JOJATHOINO KOPEHd v,

, &, 3HAYUTh,

=4 . .. . . . . .
51 TleraspHimme Tx 3MiCT 0GrOBOPEHO V¥ HACTYIIHOMY ITipo3mimi npu posrisiai edexty Jxkoyis-ToMcoHa.
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JIACHOIO J1OJATHOIO 3HAYEHH U,

\/_6 <V@?+Q2, (4.53)

TOOTO iCHYBaHHSI KPUTUYHIX HapaMeTpiB 3aJIe2KUTh Bij napamerpa (3. B obsacri:
1
<V@Q2+Q% <
\f 83 28
icHye aBa AICHUX JOJATHUX KOPEHs JUIA V., TOAl 9K B 00JIacTi:
1
% <A\ Q%+ Q2 (4.55)

Tinibku ojuH. B obsmacti (4.54) mu obuparumemo OLibInii i3 JBOX KOPEHIB V..

(4.54)

Haouno rpadiunnii po3s’si30k nepinoro piBastHs cucremu (4.52) mjs v, B 3aie-
JKHOCTI BiJl 8 1pn pisHUX 3HaUEHHSX HapameTpiB e, (), AeMOHCTPYeE rpadik y
Honarxy I. Moro nobynosano jyist nesisuo 3asanol dyuxuii f (v, 3) = 0, orpuma-
HOT 3 mepioro piBastaHs cuctemu (4.52). Ieit rpadik Litoctpye HepiBaocti (4.53)
a (4.54), 3 HBOrO BUJIHO, 110 OLIBINNIT KOPIHb V. i3 1BOX B 0bsacTi (4.54) obupae-
ThCsT 3 MIpKyBaHb «30epezkeHHs HerepepBHOCTI» GyHKIHT v.(8). B ety ckiaano-
cri neprmoro piBusgHuA cucteMu (4.52) MI He IPUBOJAUMO TYT HOTO aHAJITHIHOTO
PO3B’A3KY.
["pannanmit Bunagok @, = 0, § — +oo npuBoanTh piBHsHHS cTany (4.49) 10

Bimosigaoro piBusnus s 1/ RN-AdS [76]:

T 1 2()?
PRN — = + @ (4.56)

v 2mv? mod

pa30oM i3 oro KpUTUYHUMU [TapaMeTpaMu:

PRN o 1

V6

¢ 187Q),

Pipnanns (4.56) nomyckae dbasopuil nepexij s 6yib-sKoro 3Hadenns (.2, 1o
Y3POJZKYEThCs 13 yMoBOwO (4.53), ockinbku B rpabuii @, = 0, 8 — 400 BoHA
epexouTh MpocTo B Q. > 0. Takoxk piBusaHHs (4.56), BUpaykeHe B IPUBEJICHNUX
OJIMHUIISIX:

S2Erextpuunnit 3aps UJ1 BBaskaeThCst momaTHIM, Q. > 0.
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He 3aJIeKNTh Biji napamerpa (. (six i jyist rasy Ban nep Baasbca He 3asexuthb

Bl mapamerpis a, b [47]), mpuitmaioun BUTIISII;

8T 2 1

RN

R . 4.59
b v v? + 34 ( )

Toji 5K piBHstHHS (4.49) He BoJ1o/1i€ Takoro ocobusicTio. [Ipu BeTMKIX 3HAYEHHSIX
v piBasnus (4.49) nae Ty )k acumnrotuky P = T /v, mo i (4.56).

[3orepmu piBHsiHHS cTany (4.49) y npuBejeHUX OJUHUIAX Ha (p, V) miarpami
JUIsl PIBHUX 3HAYEHb TeMIepaTypu T IPHU CKiHYeHHOMY [ 1oka3aHo Ha Puc. 4.7.
st X o0y I0BU CIIOYATKY JIIA 38JaHUX 3HAUEHD mapaMeTpiB Qq, @, B uuceb-
HO 3HAXOJNTHCSI KOPIHb U, TepIioro piBHstHHs cucremu (4.52), masi 3a apyrowo
dbopmysoro cucremu (4.52) obuncmoerbest Tp., a Takok P. = P(ve, Tr., Qe, Q).
[Ticsst 1poro 3/IHICHIOETHCS TIepexij 10 TpuBeIeHnX ojnauilb (4.58) i OyayoThes
i30TepMu I PIBHUX 3HAYEHb T: JjIg KPUTUIHOIO 3HadeHHsd 7 = 1, B objacTi
HUBbKUX 7 < 1 Ta Bucokux 7 > 1 Temrieparyp. Kpurnusiii isorepmi Ha rpadi-
Ky BijnoBijae Touka meperuny (p = 1,v = 1), mo o3nadae dazoBuil mnepexis
2-T0 poay B OKOJI I1i€l Touku. B obacTi Bucoknx Temmepatyp ¢pa3oBuii mepexis
BiJICYTHII, TOAI K B 00J1aCTI HU3LKUX TeMIepaTyp MaeMo (a3oBuii mepexia 1-ro
pojty, TOOTO CIIiBICHYBaHHs (ha3 pa3oM i3 JIJITHKaAMU JIOKAJIHHOIO MIHIMYMY Ta Ma-
KCUMYyMYy, 9Kl y BUIaJIKy Tra3y Ban jep Baajbca BiAIOBIIAI0TH MeTacTablILHUM

CTaHaM.

3.0
2.5
2.0 . =08
— =1

1.5

1.0

0.5

0.0 0.5 1.0 1.5 2.0 25 3.0

Puc. 4.7: I3orepmu p(v, 7, Qe, Q) ipu = 0.5, Q. = 1, Q,, = 0. [l 1ux 3HaueHb
rapaMeTpiB 4uce/IbHAI po3paxyHok jae v, = 4.5, T, = 0.045, P, = 0.0036.
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Ha Puc. 4.8, 4.9 kputudsi iorepMu 1mpecTaBieHo st pisHux [ 1a (., Bijio-
BijiHO, a Takoxk st RN-AdS sBunajiky (4.59). I3 mpyroro rpadika BuIHO, 0 J1Jis1
CKIHYEHHOI'O 3HadeHHsI [ 1npu 30ijblneHH] 3apsany (). KPUBi IPSIMYIOTH JI0 CBOI'O
IPpaHUYHOIO I0JI0XKeHHsI. BararaJii, KpuTudHi 130TepMu Ha IUX rpadikax MaloTb
CXOXKUI BULJISIJI, 0 CBIIYUTH IPO MOMIOHMI sIKICHUIT BIUIMB Ha HUX IIapaMeTpiB

Q. (a 3HauuTh 1 Q) Ta b.

p
3.0;

25+
2.0-
1.5

1.0-

0.5~

00 05 10 15 20 25 30
Puc. 4.8: Kpuruusi izorepmu p(v, 7 = 1, Qe, Q) tpu Q. = 1, @, = 0. Yucenpunii

pospaxyHok gae v, = 4.2, T, = 0.046, P. = 0.0038 mysa f = 0.4; v, = 4.8, T, = 0.044,
P.=0.0034 nys 5 =0.8.

3.0
25¢

2.0 - Q,=0.8

15" - Q=T

— Q=10
1.0

0.5-

N Il Il Il Il Il Il V
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Puc. 4.9: Kpurnusi isorepmu p(v, 7 = 1, Q., Q) 1ipu S = 0.5, Q,,, = 0. Ynucespuuit
po3paxyHnok jae v, = 3.3, T, = 0.057, P, = 0.0059 mia Q. = 0.8; v, = 4.5, T, =
0.045, P, = 0.0036 miza Q. = 1; v. =49, T, = 0.0043, P. = 0.000033 mis Q. = 10.

Bukopucrosytouu pisustns crany (4.49) ta jgpyre piBHsiHHsi cucremu (4.52)
1151 T, OTPUMYEMO TEPMOJMHAMIUHE KPUTUIHE BiIHOIIEHHS:

P _ 2+l = 48\/Q2+ Q3 + 5%/16
T, 4-88(Q2 + Q3)(QF + QR + Pul/16) 7/

(4.60)
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JIe U, 38JI0BOJIbHSIE TIepIIoMY piBHsAHHIO cuctemu (4.52). YV rpanuri @, = 0, 5 —

+00 1€ BIIHOIIEHHS IePEXOIUTD V:
P, 3

ot = ) (4.61)
T. |9m75% 8

sIKe TaKOXK MOxKHa Oesrocepesinbo orpumari 3 (4.57). IlikaBo 3ayBaykuTtu, 110
(4.61) cmiBnasiae 3 BigmoBigHUM pesyabraToM s rasy Bax gep Baasbca [47].
Came Bignorennst (4.60) 3ame:kuth Bij mapamerpis Qe, Qm, 5.

Bijizaauumo ojiay ocobsusicts BijHommenns (4.60) — ioro 3ajiexkHiCTb TiIbKY
Biji KoMGiHanil mapamerpis 54/Q? + (2, 1110 MPOJEMOHCTBOBAHO JiBoMa rpadika-
mu Ha Puc. 4.10. Be3 Brparu 3arajibaocTi npuitHaTo (), = 01 3rajjana KoMOiHaIIid
nepexouth y SQ.. [lokazano sanexuocti P, /T.(5) st pizaux Q). Ha jiBoMY i
P./T.(Q.) nist pisnux [ Ha npasomy rpadikax. [lapamerpu @, ta § minibpamni
TaK, 1Moo Kombinaris Q). 3a1umanachk MoCcTiiiHow. AK BUIHO, I IpadiKi € i71eH-
THYHUMHE, 10 1 o3Hadae HezastexHicte P.u./T, Bin Q.. e 30kpema o3Hauag,
o Tpu cKingeHunoMy [ 30inbieHHst 3apsiay (). npuBouTh BigHoeHHs (4.60)
1o rpannanoro sunajaky (4.61) Y/ RN-AdS. I'padiku wa Puc. 4.10 6ymyorses
IIISIXOM IHCEeJIBHOTO PO3B’si3yBaHHS MEPINOTo piBHAHHS cucteMu (4.52) st v, 3

HACTYITHOIO ITi/IcTaHOBKOW Yy (4.60).

— B=05
— B=1

— B=2

0 2 4 6 sOe

Puc. 4.10: P../T.(8) ta Pw./T.(Q.) npu Q,, = 0. Beprukaiabhi Kpankosi mpsimi
Bigmosinatore § = 1, f = 2, f = 4 (xiBuit rpadix) ta Q. = 1, Q. = 2, Q. = 4
(npaBuit rpadik). Ha ropusonTaibHill Kpankosiil npsiMiii B Toukax il mepeTuny i3
CYTLTBHUME KPUBIMHI MAEMo ojiHakoBe 3Havdenust P.v./T.. B ux Toukax kombinarist
BQ. 30epiraeTbed i piua 2. JliBuit Ta npasuit rpadiku € IIEHTUIHUMU 1 OTPUMY-
0ThCA 3aMiHO0 [ — Q., Q. — (. TopusoHTa/sbHA MITPUXOBA MpSIMa BiIIOBITae

kpurnanomy Bigaomenuio /1 RN-AdS, pisaomy 3/8.
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Haperri, obunc/immo i300apHy TEIJIOEMHICTD:

T -1
Cp=T (8_5> 7 <8_> | (462)
) po.n 95) pQ..@u

BamicTb Toro, 1106 BuKoprcroByBaTn Bupas (4.31) mist remmeparypn T Ta 38 s130K
(4.37) mix enrporieto Ta pajiycom [T, i oTpuMyroUr TaKUM YHHOM TEIJIOEMHICTD
y 3MinHuX A, 7, sIK 11e Oy/10 3p0obJIEHO Y JIBOX IMOIEPEIHIX PO3/Iiaax, OTPUMAEMO

i1y TepmogmHaMivanX Beqndaunax P, v. BukopncroByiodn piBHICTD:

oT dv (0T
el _ (YL 4.63
(8 S ) PQ.Qm B9 ( Ov ) PQe,Qm 7 (463

ta 3asexuocti (4.40), (4.48), orpumyemo v = 24/S/m, dv/dS = 2/(wv). Bupa-

JKAUN 3 piBHsHHA cTany (4.49) Temmeparypy:

T = (P+ 5—2> U+L(1 —26/Q? + Q2, + B2v*/16), (4.64)

A 2mv
i migcrasasgioan B (4.63), maemo 3 (4.62):
4B(Q7 + Q5 — 52v4/16>> T )
V@ QL+ 16 )
ne T susnaudaerbes (4.64). I'pannns @, = 0, 8 — 400 1ae BijgoMuii pesyabTar
mist teroemuocti 41 RN-AdS [76]:

Cp = —27%0°T (2 — (47 P + B*)?

24Q%\
CRN — _op237 (9 — 4rpy? — 240 : (4.66)
P ”U2
Jie TeMIIEpaTypy BUpaKeHo 3 piBHstHHs (4.56):
1 20Q!
T:PU—F%—TFU?). (467)

Kpusi Cp(v) mis pizanx 3uadend 3, a Takoxk s RN-AdS Buma/iky mokazaso
Ha Puc. 4.11. Ak iy gBox normepeHix po3Jiiax, TyT € HedizudHa 06/1acTh 3HAUCHb
v =2r,, ne Cp < 0, mo Bijnosigae obsacti Bij'eMHol Temieparypu. B obsacti,
e C'p > 0 MaeMO MOHOTOHHY 3pPOCTaI0vy MOBEJIIHKY TEILJIOEMHOCTI.

Amnastorigni Tepmonnaamivuai Besmanan i 11 6e3 MaraiTHOrO 3apsLy B eJie-

krpoquHamini Bl 3 opganm iHBapianToMm mosis Oysin orpumani B pobori [77].
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Puc. 4.11: Iso6apna Temnoemuicts Cp(v) ipu P =1, Q. =1, Q,,, = 0.

4.5. EdekT /Ikoynga-Tomcona

OTOoTOXKHEHHS BiJJ’€MHOI KOCMOJIOTIYHOI CTajI0l 3 TepMOJIMHAMIYHUM THCKOM
JIO3BOJISIE BUBYATHU po3Iupeny Tepmojinnamiky Y/1 B mmpokomy korTekcTi. O iHIM
13 KJIaCUIHUX TEPMOIUHAMIYHUX TporieciB € mporec JIxkoynsa-Tomcona, skunii mo-
JISATa€ B a/1iabaTHOMY MOBLIBHOMY CTAIIOHAPHOMY TPOTIKAHHI (JpoceoBaHHl) Ta-
3y 4depes3 MOPHUCTY MePEropojIKy BHACIIOK MATPUMAaHHs CTAJIOr0 Ieperiajly TUCKY
10 pi3HI BiJl HEl CTOPOHHU, Jie CTaH Ta3y MOXKHA BBaKaTW PIBHOBayKHUM. Takmnii
IIPOIIEC € 130€HTAJIBIIITHIM, ITiJT YaC HhOI'0 eHTaJIbIIid Ta3y 30epiraerbesd. s i1e-
aJILHOT'O ra3y oro TemiepaTypa 1o 00UJIBI CTOPOHM BiJ II€PErOPOJIKN HEe 3MiHIOE-
ThCA, TOJII SIK JIJIsT peaJbHUX T'a3iB BOHA MOXKe K 3MEHIITYBaTHUCh, TaK 1 301/IbIIY-
BaTHCh. Taka 3MiHa TeMIEpaTypHu ra3y IpHu JIPOCETIOBAHHI HA3MBAETHCA e(DEKTOM
Jxoynsi-Tomcona. Hanpukitan, raz Ban gep Baanbca 3 piBsinasim crany (4.50)
y BHIAJIKY HEXTYBAHHS CHJIAME MIXKMOJIeKyssipHoro nputsarabiis (a = 0, b # 0)
IpU TAaKOMY aJiiabaTHOMY PO3INpEHH] HarpiBaeTbes (Bl emunii edexr [lxkoyiis-
Tomcona), Toii sIK y BUNAJKY HEXTYBaHHsI po3Mipamu Mojiekys1 rasy (a # 0,
b = 0) — oxosokyerbest (nogarauit edext [lxoyss-Tomcona). ¥ 3arajibHOMY
sunaJky (a # 0, b # 0) oxoso/pKeHHsT 91 HarpiBanHst rady Bax jep Baasbca
3aJIE2KUTH BiJI CIIBBIIHOIIEHHS MiXK ITapamMeTpaMu a Ta b, OCKIJIbKM 1X BIJINB Ha
edexT xoyiast-ToMcoHa IPOTUIEXKHII, TOMY OCTaHHII MoyKe OyTH sIK Bijl € MHUM,
Tak 1 gomaranm [35].

Posrisinemo mporec [xkoyis-Tomcona st piBasiaast crany (4.46). Koediri-
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ent JIxxoyis-Tomcona [47]°

() s

XapakTepn3ye 3MiHy Temreparypu 1/l BiIHOCHO 3MiHM 30BHINIHBOTO TUCKY ITPH
crajiit enrasbml Y/ — i1 maci. g nopanbumx obunciens (4.68) 3pyuniiie

HepenucaTu y BULJII:
T(OV/)OT)p —V
= (OV/oT)r = V. (4.69)
Cp

[Ipu imBepcnux snavennsax V;, T;, P; koedinienT p JOpiBHIOE HYJIEBI, 1110 BU-

3HAYAE ;LBi obsracTi — oxosto/KeHHs (> O) Ta HArpiBaHHs (,u < 0) na (T P)

BOHA OXOJIOKY€eThCst Tipu 4 > 0 1 HarpiBaerbes mpu p < 0. [pupiBaioroun (4.69)

JIO HYyJIsI, MAEMO 1HBEPCHY TeMmIieparypy 1;:
or

T,=V
ov

Bupaxatoun 3 (4.49) temneparypy, nepexojsiau Big Vo v 3rigao (4.48), Bpa-

V. (4.70)

:Pl

)

|4
P

xoBytoun V; = V(v;), mijcrapisitodn B OTpUMaHUil BUpa3 3HAUEHHST IHBEPCHOTO

tucky P, = P(v;, T}, Qc, Q) Bimnosinuo 1o (4.49), orpumyemo 3 (4.70):
1 B(Q: +Qr)

T, = — T : 4.71
I ruJQ+ G2, + BP0l /16 -
ne P; naetbest piBasinasivm ctany (4.49):
T; 1 52
p="_ (1—2 2 4 ()2 2416) 4.72
i BQ+ @+ l16) -, (AT

a T; BusHauaerbes 3 (4.71). Cucrema piBusnb (4.71)-(4.72) € napameTpuaHIMM
piBastausivu T; = T;(v;), P, = P;(v;), rpadix byl T;(FP;) HasuBaeThest iHBEp-
CIITHOIO KPUBOIO.

Bukmouarouan 3 cucremu (4.71)-(4.72) inBepcHy Temmeparypy, OTPIMYEMO PiB-

HAHHS JIJId BUSHAUEHHA v; IpU JjanomMy bFj:

62) »  BR(QE+Q2) + B} /16]

4 v — \/Qg T Q?n n 522);1/16 = 0. (473)

5 . . . . . . .
33 Tyr i gami y mpomy posaim sesmanan Q., @, 3 BBarKAIOThCH TapaMeTpaMi, ix (biKcyBaHHs Tpu oGUnCIeHH]

1+ (7

BIJIITOBITHUX TIOXITHUX JIOJATKOBO HE BKA3YETHCS.
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Ile piBHAHHS YeTBEPTOro CTeleHs JJis BeIMYUHN V2, 10 JIa€ OjluH JificHuii jiojia-
THUIl KOPiHb M1 v; B 00JIaCTi:

5 < V@@ (4.74)

BayBazknmo, 1o ymosa (4.74) crniBnagae 3 ymMoBoio (4.55) icHyBaHHST OJIHOTO Jiiii-
CHOT'O JIOJIATHOT'O KOPEHsI JIjIsi KPUTUIHOIO 00'eMy .. TakoxK 0cobJIMBICTIO YMOBH
(4.74) € 11 ne3anexkuicts Bij P;. ['padiuni po3’ssku pisustans (4.73) mist v; B 3a/1e-
PKHOCTI BiJT 8 nipu pisHuX (bikcoBaHnx (Qe, (), /Il PI3HUX 3HaUYeHb P oKa3aHi Ha
pucynkax y Homarky JI. [li rpadiku TakoK HAOYHO JIEMOHCTPYIOTH HE3aJIeXKHICTD
ymosu (4.74) Big P
Y rpanuti Q,, = 0, 8 — +o00 iuBepcHi 3uavenus (4.71), (4.72) upaMyoTsb 10
BimosinHux 3uadens s 11 RN-AdS [109)]:
T = ! + Q. (4.75)

_ 3
2T TS

P=—— 4.76
Yoy 2m? ol (4.76)

1 K1 IPUBOJATD 10 PIBHAHHSA JJId V;:
TPl 4+ v? —6Q? =0, (4.77)

PO3B’S130K sIKOTO, Oyirydn mijgcrasiennM y (4.75), jgae siBHe PIBHSIHHS iHBepCiitHOl
kpusoi T;(P;) [109]:

VP (1+167QP; — /1 + 247 Q2P))
i = 32

V2r(—1+ /1 +247Q2P))

(4.78)

Yuosa (4.74) y rpanumi s Y1 RN-AdS nepexogurs mpocro B ymMoBy (e > 0
7JIsT iCHYBAHHSI OIHOTO JIHCHOTO JI0JIATHOTO KOpeHst piBHsHHs (4.77).

[uBepciitni kpusi T;(F;) mis pisaux 3uadenb [ npu pikcoBaHux 3apsaiax e,
Qm, a Takox g I RN-AdS (4.78) nokazani va Puc. 4.12. B cuny ckiragnocti
piBHsiHHS (4.73) X M0OYI0BAHO MOTOYKOBO ILISXOM UHCEJIBHOTO DO3B’sI3yBaHHSs
IILOT0 PIBHAHHA JI/IsT KOYKHOT'O 3HAUYEHHS apryMeHTy F; 3 HaCTYIHOIO ITiCTaHOB-
Koto y (4.71).
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Puc. 4.12: Tasepciiini kpusi T;(P;) npu Q. = 1, @, = 0.

[ToGyyemo Tenep i3oenranbmiitai kpusi T'(P) npu cramiii maci Y/1. Bukopu-
craemo Bupasu st macu M (ry, A) (4.25) ta temneparypu T (r, A) (4.31) npn
k =11 nepeiigemo Big A 1o P 3riguo (4.38). 3 (4.25) Bupasumo P i orpumaemo

P(ry, M). Pasom 3 dyukuieto T'(ry, P) MaeMo napaMeTpudHi piBHIHHS:

P = P(ry, M)
T =Ty, Plry, M))

(4.79)

mist byukii T'(P, M) (napamerpom € 7 ), je pisui 3nadents M BiIHOBigar0TH
130€HTAJILINITHIM KPUBUM.

Ha Puc. 4.13 izoenTanbmiiini Kpusi mokasano g pizaux M mpu cKiHdeHHoMy
S ta dikcoBanux 3sapsiax Qe, Q. Takox nokazano insepciiiny kpusy T;(F;) s
TUX CAaMUX 3HaUYeHb napaMerpiB 3, Q., Q,,. Bona neperunae izoeHTabIiiHi Kpu-
Bl y TOYKax IX MakKCUMyMy, TaK sIK IIpU iHBepCHUX 3HadeHHs1X F;, T; koedilieHT
Izxoyns-Tomcona (4.68) pisnuit mysesi, mo ozHadae ekcrpemyM dynknii 7'(P)%4.
3.1iBa Bij1 iHBepCiitHOT KPUBOT 3HAXOUTHCsST 00J1aCTh OX0JI0KeHHsT (11 > 0), me /T
OXOJIOJIZKYETHCH, a cripaBa — objiacTh HarpiBantus (pu < 0), me Y/ narpiBaerbes
IIPU i30€HTa bINITHOMY po3mupenHi. [30eHTabIiiiHI KpuBi Ha 1IbOMY Ipadiky Oy-
JYIOTBCST TApaMeTPIYIHO BioBiiHO 110 (4.79).

3ayBaxkKuMo, 0 MU He JIaeMO OYKBaJibHOI iHTeprpetallii edexty JIKoyiisi-
Tomcona aasg Y/, mo € «IIOpHUCTOI0 NMEePEropoaKo0y 1 T.II., PO3IVISIAI0UN HOro

dopMasIbHO, BUKOPUCTOBYIOUH BiJIIIOBI/IHE PIBHSIHHSI CTaHY.

5 . . o .
S4[Tporupiuds momo TOro, IO TYT iHBepciiiHy KpuBy mmokasamo Ha rpadiky 3 ocamu P, T, a e P;, T; gk Ha

Puc. 4.12), 3Buuaiino nemae.
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Puc. 4.13: Izoenranbniiini kpusi T'(P, M) npu f =1, Q. = 1, Q,, = 0, a Takok

inBepciitna kpusa st Tux caMux 3, Qe, Q.

Edext /Ixoyssa-Tomcona jist enekTpuano 3apspkenol /1 3 mosiem BI 6yio
posrsinyTo y Hemogassiil crarti [130]. Lo crarTio 6yi0 moMideHO BKe Mic/s
OTpUMAHHS Pe3yJbTaTIB IbOIO HiJIPO3/ILYy, TOMY B IIbOMY PO3YMIHHI BOHU € IOB-

HICTIO HE3AJICZKHUMMU.

98



BucuoBknu

Hocmizkeno po3mupeny TepMOINHAMIKY TPHOX Mojeseil YopHuX Jiip 3 HeJli-
HITHUMEI MaTepiaJbHIMUI MOJISIMI B affHITatHIBCHKIil rpaBiTallii. Yci pe3yabraTi,
BKJIFOUAIOUN BUXIJIHI PIBHAHHS I0JISI Ta iX PO3B’SI3KU OYJIM BUBEICHI HE3aJIE2KHO
3 iHTerpaJy Jil cucTeMu, y IbOMY CEHCI jJaHa podoTa € CaMOJIOCTATHIM MOCIII0B-
HUM JOCTKeHHdAM. JlaloThesd mepexpecHi MOCHIaHHg MiXK PI3HUME PO3JILIaMu
JIICepTaIlil Ta MOCUJIaHHs Ha HadBHI JOCHIKeHHA y JiTeparypi. [IpoanasizoBano
QiznIHy MOBEIIHKY OTPUMAHUX PO3B’S3KiB, PO3IJIAHYTO 1X YaCTKOBI Ta rpaHUYHI
BUIIAQJIKH.

OcobsusicTio Mojiesti 1 € BUBUEHHS PO3IIUPEHOT TEPMOIMHAMIKN JIJIsi 3-BUMip-
HUX CTaTHYHUX YOPHUX Jip 3i crerneHeBuM, bopha-Iudenbia, Jorapudmigaaum Ta
eKCIIOHEHIIITHUM eJIEKTPOMATIHITHUMHU IIOJISIME, ITOPIBHSIHHS 1X MizK COO0I0, aHaJII3
BILIMBY IapaMeTpPiB HeJIHIHOCTI IUX IMOJIB Ha OTpuUMaHi Po3B’si3Ku. AHaIoriuHi
PIBHSIHHA Ta PO3B’SI3KN 03 JOCJIIIYKEHHs PO3IMINPEHOI TePMOINHAMIKI OYJI0 PO3-
rsanyTo B [81] aist mosist Bopra-ludensaa i mosis tuy Bopra-Indesnba, a Takox
B [88] st crenereBoro nosist. B [98] posmupeny TepmommHamiky 0yiio ocsiiazke-
HO 171 cTaTndanX /1 3 jJorapudMidyHIM Ta eKCHOHEHIHHNM TOJIAMEI Y BUIIIX
(d > 4) Bumipax mpocTopy-dacy.

YaikaabpaicTio Mogeni 2 € oTpuMaHHs TOYHUX KBaJApPaTypHHUX, & TaKOXK aHa-
JITUIHUX aCUMIITOTUYHUX PO3B’SI3KIB JjIs0 HeJliaroHaJIbHOI METPUIHOT (PYHKIIT Ta
MAarHITHOT'O TOJISl 3-BUMIPHOI YOPHOI JIIpU 31 CTEleHEeBUM €eJIEKTPOMArHITHUM I10-
JIeM Y BUIAJIKY TOBLILHOTO obepranHst. Po3B’s3KM 151 €/1IeKTPOMArHITHOT'O TOJIs
3HallIeH] y 3araJbHOMY BUIAJIKY 0e3 HaKJIaJaHHs Ha HUX JIOJATKOBHUX 3B’sI3KIiB.
PosrisinyTo nurants GisuaHOro 3MiCTy OTpUMAHIX KOHCTAHT Mojiesi. B [26] Gyito
PO3IVIIHYTO 3-BUMIPHY YOPHY Jipy 3 JOBLILHUM OOEPTaHHAM sl CIEIiaJbHOIO
BUIAJIKY, JI€ eJIeKTPIYHe Ta MArHITHE MOJIs € IpONopiifiHuMu MixK coboro. Y [67]
Oys10 nochijizkeHo d > 4-BuMipHi YOpHI Jipu 3 MOBLIBHUM OOEPTAHHAM Ta CTelle-
HEBUM €JIEKTPOMAaTrHITHUM I10JIEM.

OpurinanbaicTio Mogeri 3 € po3IiisiJi TOIOJIONYHAX PO3B’SI3KiB, MarHiTHOIO
3apsi/ly, TEPMOJUHAMIUHOIO KPUTUIHOT'O BiJIHOIIEHHSI, a TaKoxK ederTy zKoyiis-

Tomcona a1 4-BUMIpPHOI CTATUYIHOI YOPHOI JipU 3 OpHUTiHAJIBLHUM 10JeM bopHa-
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[ndesba, mo MicTuTh JiBa iHBapianTu 1oJid. Jleski aHajoriaai pe3yabTaTi po3-
IMUPEHOT TEPMOMHAMIKN 4-BUMIPHUX CTATUYHUX YOPHUX Jip O€3 MarHiTHOrO 3a-
psity 3 onHEM iHBapianTom nosist Bopaa-ludesnsaa 6yiu orpumani B [77]. Edexr
Jxoyusi-Tomcona jyist wopuoi jipu Pailicnepa-Hopicrpboma 3 Bij'€éMHOIO KOCMO-
JIOTIYHOIO cTasio 0y/io posrsanyTo B [130] 31 3pobienum wanpukinii Posminy 4
3ayBarKeHHSIM.

Otke, 3aBIaHHA JOCJIIJI?KeHHs, 1ocTaBjeHi y Beryni miel mucepraliil BUKO-
Hano. Pesynbratn ommcani y Pozminax 2, 3, 4 6yim omyOJikoBaHi aBTOPOM TTi€l
JqucepTaliil y criBaBTOpCTBi 3 MoiM HaykoBuM KepiBHukoM M. M. Crerkom y cta-
Trax [122], [126], [131], Bigmosimmo.
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Iomgaxkm

[l kajguaaTchbKa JucepTallisd € MiJICYMKOM MOTO HaBYaHHS B aclipaHTypi Ka-
denpu Teopermunol ¢izmku imeni mpodecopa IBana Bakapuyka dizuunoro da-
KyJIbTeTy JIBbBIBCHKOTO HAIIOHAJIBLHOTO yHIBepcuTeTy iMeni IBana dpanka.

A ngkyio Mmoemy nHaykoBoMy KepiBHuKy Mukoia Mukosaiiouay Crenky 3a
MOYKJIMBICTB JIOTOPKHYTHUCH 1O CYYaCHUX TEOPETHKO-TIOJILOBUX (DI3UIHUX JIOCJTi-
JIZKEHDb, B3ATH Y HUX Oe3M0cepeTHIO YIacTh, OTPUMATH HAaBYAJILHUN Ta HayKOBUIl
nocBij. JIgkyto 3a MKaBy Ta BayKJIMBY TeMY JUCEPTallil, MO Ma€ IpsaMe BiTHOIIEH-
Hsl JIO CyYaCHHUX 3a/1a4 Ta IPo0JIeM TeopeTUIHOl (Pi3uKH, IMOB’ d3aHuX 3 11 pi3HUMU
po3JilIaMi — TIpaBiTallll, eJIeKTPOJIMHaAMIKN, TePMOJUHAMIKI, KBAHTOBOI T€OPIl Y
3aCTOCYBaHHI 70 YOpHUX Jip. JgKyio 3a MOCTAHOBKY 3ajJa4 B MerKax Ii€l TeMu,
BCEOIYHY JIOIIOMOIY, TEPIIIHHS Ta KOPUCHI 3ayBarKeHHsI B X0/ poOOTH HaJl HUMU
Ta II€I0 JUCEePTAIIEIO.

A ngaxyio npodecopy Bosnogumupy MuxaitioBuuy Tkadayky, 3aBijgyBady Ka-
denpoio TeopeTnanol ¢izukm imeni mpodecopa IBana Bakapuyka Ta crapriomy
HayKoBOMY cHiBpoOITHUKY Bornany fApociasoBuuay Mesexy, 3aBimyBady Kade-
JIPpOTO acTPOMI3UKH 3a MiITPUMKY HA MOEMY HABYAJILHOMY Ta HAYKOBOMY IILISAXY
Ha INX Kadeapax.

A naxyro npod. A. A. Posenuaky 3a KopucHi nopaju ta TEXHIYHI Mi1Ka3K1,
npod. X. II. 'marenko 3a MOXK/IUBICTb B3ATH y9acTh y HAYKOBOMY ITPOEKTI JIIsd
MoJstojiux BueHux, joi. B. C. [lactyxoBy 3a 1ikaBi Ta TpuBaJi 00roBOpeHHS ¢i-
3UYHUX 1 He TiIbKu muTalb, iHxkK. O. FO. Kikresiit 3a pomoMory y pisHOMaHITHIX
opranizariitaux mutanusax. OKpemo s Jisikyto Moiit koJie3i Borgani Cobko, 3 sikoro
s MaB PaJlicTh HaBYATHUCh Pa30M B acCIipaHTYPI.

DBinbm mupoko, g aucepTallid € pe3yJabTaToM MOIX JIecATH POKiB HaBUYaHH:A
Ta 3aHATH aCTPOHOMIEIO 1 TEOPETMIHOIO (PI3NKOI0 Ha Kadeipax acTpodisuku Ta
TeopeTnvHOl (pizukn iMeni npodecopa IBana Bakapuyka ¢izuunoro daxyabrery
JIBBIBCHKOTO HAIIIOHAJIBLHOTO YHIBepcuTeTy iMeni [Bana @panka. # 1gKyo BUKIIa-
JlagaM (PI3MYHOIr0, MeXaHiKO-MaTeMaTHIHOTO Ta iHINX dakyabTeTiB JIbBIBCHKOro
HaI[lOHAJILHOIO yHiBepcuTeTy iMeHl IBana @paHka 3a MOE HaBYAHHSI.

A Basganmit yciMm, 3aBAgKN KOMY HAITMCAHHS II€] AucepTallil CTaa0 MOXKJINBUM.
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JTonaToxk A. Heobxiami Bimomocti 3TB

Tyr npuBOAATHCS OCHOBHI TOHATTS Ta BUKOPUCTOBYBaHa «Marmuaepig» 3TB
y TEH30PHOMY ITOKOMIIOHEHTHOMY opMaJiizMi, a TaKOoXK JesdKi TexXHIdHi Jjerasi
00YHNCJIEHD, 10 3YCTPidaloTbhCcsd TpU POo3risai Mojesneit y Poznirax 2, 3, 4. lamnnii
MaTepiajl CTOCYEThbCS PIBHAHb I0OJI alHIITAlHIBCHKOI I'paBiTallil Ta MaKCBeJIiB-
CHbKOI eJIEKTPOMHAMIKN B 4-BUMIPHOMY ITPOCTOPI-9Yaci 3 KOCMOJIOTITHOIO CTAJIOIO,
OJIHAK OKPEeMi PO3IJIAHYTI TyT Ppe3yJIbTaTH BUKOPUCTOBYIOThCcA y Pozminax 2, 3,

4 y BumajiIkax 3-BUMipHOTO TIPOCTOPY-vacy Ta HEJIHITHOTO eJIeKTPOMArHiTHOTO TOJIS.

3TB € reomerpuuHoio Teopi€ro IpaBiTaliil, 3riJiHO J10 sIKOI, BCst MaTepis y Bee-
CBIT1 pYXa€eThCsd Y BUKPUBJIEHOMY 4-BUMIPHOMY ITPOCTOpI-daci, 1 B TO# »Ke 4dac, I
MaTepisi (GOPMy€ T€OMETPUUIHY CTPYKTYPY IBOI'O IMPOCTOPY-dacy. TaKuM 4mHOM,
3TB e neniniitnoro Teopieto, Marepisi i mnpocTip-gac 1mepedyBaloTh MiK cOO0I0 Y
MOCTINHIN B3a€MO/Iil, pyX MaTepil (popMye TPOCTip-dac, a MpOoCTip-dac BU3HAYAE
pyx MaTepil.

[Tpocrip-aac 3TB € 4-BumipHIM piMaHOBIM MHOTOBIIOM i3 IICEBIIOEBKJIIIOBOIO
METPHUKOIO, TOT0 TeOMeTPUYIHA CTPYKTYpa BU3HAUAETHCS EPIIOI0 KB IPATUTHOIO

dbopmoro™:

ds? = gudzrtdx”, i, v =0,3, (A.1)

Je CKaJIspHl (PyHKIIT gy, TOJIT IPOCTOPY-4acy € KOMIOHeHTaMI METPUYIHOIO TeH-
zopa. JIokaiabHo npoctip-yac 3TB e mginiitnum npocropom Minkosebkoro B CTB

3 JIlaroHaJbHOIO METPHUKOIO:
ds? = —dt® + dz* + dy* + d2?, (A.2)

TOOTO JIOCTATHBO MaJuil OKiLJ MO/l MHOTOBHWIY MPOCTOPY-4acy i3 BiMOBIIHOIO
TOYHICTIO PO3IVISIIAEThCA K ItocKuil mpocrip-dac. 3TB e yzaranpuennsym CTB
Ha BUIAJIOK T'PaBITAIIHOT B3a€MO/Iil, dKa PO3TJIAIAIOThCA K MPOSB KPUBU3HU
IIPOCTOPY-Yacy, TAKUM YIMHOM, BUKPUBJIEHUII MPOCTip-dac 1 € rpaBiTalliitHIM I10-

JIeM56.

3]cTopuyHO i HASWBAIOTH KBAIPATOM iHTEPBAY.

6 eoneTpis MoKe CIpHUIMATHCEH K B3a€MOisd, HOJIOHO 0 TOTO, K IBa JKYKH, AKi B JaHII MOMEHT IIOB3yTh
Mopyv CyCimHiMu MepugiaHaMu MOBEpxHiI cdepr, 3 JacoM OyayTh 30JMKYBATHCH MiXK CODOIO, IO MOXKe OyTH

IHTEPIPETOBAHO SK 1X B3a€MHE IMPUTATAHHS.
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Posnogin marepii Ta 11 pyx y 3TB sagaebcs Tenzopom eneprii-imiynnsey 1), .
Y BUIAJIKY, KOJII MaTepielo € MaKCBeJIBChbKe eJIeKTPOMarHiTHe 1oje TeHsop 1,
€ noB’g3anuil i3 M nojieM. OcHoBHUME piBHAHHAME 3TB y mpoMy BUNaJIKy €
piBHsIHHSI AffHIITaliHa JIIs IpaBiTAIiiiHOro MoJIsI Ta piBHsIHHS Makcsesuia Jiist
eJIeKTpOMartiTHoro mnoJid. i piBHAHHA € JeTepMiHICTUIHUMHI 1 BU3HAYAIOTH JU-
HAMIUHY B3a€MOJIII0 MiXK TPaBITAIIITHIM Ta €J1eKTPOMAaHITHUM TIOJIAME T01I0HO
JI0 TOrO, sK 2-if 3aKoH HbloTOHA BU3HAYAE 3B’sI30K MiK IIPUCKOPEHHSIM Tija Ta
cujlaM#, 1O Ha HBOTO JI0TH. [IpuHIUIIOBOIO BIAMIHHICTIO € Te, MO Ha BiAMIHY
BiJI HBIOTOHIBCHKOI MexaHikn, 3TB e meminiiinoro Teopieto, 2-it 3akoH Heiorona €
CUCTEMOIO 13 3-X CKaJIApHUX 3BUYANHUX JIHITHIX JudepeHIiaJlbHuX pIBHIHD 2-T0
nopsJKy Juist yHKIii x(t), y(t), z(t), i npucKOpeHHsI Tija He BILIMBAE Ha CHJIH,
[0 Ha HBOT'O JII0Th, TOJI sIK PIBHSIHHSI ARHINTalHA € CHCTEMOIO, B3araJji KaxKydn,
i3 10-Tu ckaJagpHUX HEJMHIHUX JudepenniaJbHuX piBHIHL JIPYTOTO TOPSJIKY Y
JACTKOBUX MOXITHUX JI/IsT (DYHKITIi gu,,(:co, xl, 2% %), Came ckiaHicTh Ta rpoMi-
3JIKICTH PiBHAHL AMHIITAliHA € OCHOBHOIO MaTeMaTHYHO-TEXHITHOIO IIPOOJIEMOIO
3TB.

Ak i3akon qunamiku Heiorona, piastaas AitHmraitna tTa MakcBesia MOXKYTh
OyTu BUBeJIeH] y JlarpaHkeBoMy dopmaizmi. OyHKIioHa il aifHIITaiiHIBCHKO-
r'o IpaBITAIIITHOINO Ta MaKCBEJIIBCHKOT'O €JIEKTPOMATIHITHOI'O TOJIB Y 4-BUMIPHOMY
IIPOCTOPI Faci 3 KOCMOJIOTTYHOIO cTaiol A Moxke OyTH 3alucaHnii y BUIJIsII:

1

I[g/ﬂ/’ AM] - 167T

/ d*rv/—g(R —2A — F). (A.3)
Q

Tyt inTerpyBanHs BiAOYBAE€ThC 110 €JIEMEHTY «00 €My » IIPOCTOPY-vacy 1 OXOILIIOE
fioro 0bs1acTh {2, KOMIIOHEHTH ¢, METPUTHOTO TEH30pa Ta KOMIIOHeHTH A, BEeKTO-
pa MoTeHIla/y eJIeKTPOMAarHiTHOIO 110JId € MOJIbOBUMU 3MIHHUMU TI'paBITaIllitHOTO
Ta, eJeKTPOMarHiTHOro 1oJiB, sijanosiano. Ilosnavenns g = det g, € jgerepmi-
HAHTOM MAaTpPHUI[l METPUYHOIO TeH30Da, BesniuuHa R = Rj = g"' Ry, e ciijiom
Ter3opa Piddi 1 Ha3MBa€ThCs CKaIAPHOIO KPUBU3HOIO ITPOCTOPY-Yacy, BEJTUINHH
g"" € KoMIOHeHTaMH OOEPHEHOTO METPHYHOTO TEH30Da, g.,g”" = 0y, ne o —
cumpos Kponekepa. Bemnunna ' = F),, "7, piBHa 3ropTIil TEH30pa eJIeKTPOMa-

IHITHOrO 110J1s1 F,;, 13 caMuM coD0I0 € MaKCBeIIBCHbKUM 1HBaplaHTOM I10JIsl, TeH30D
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F,, = 0,A, — 0,A, y cBolO uepry BupazKaeTbCd uepe3 KOMIIOHEHTH eJIeKTpOMa-
TCHITHOT'O TIOTEHIIAJIy MIJISXOM aHTUCUMETPU3AIlll.

punnun naiivenmoi gl 6., 1 = 0 pna (A.3) npusoauTs g0 piBHAHL AlH-
mrafina. Maemo:

5, = —— J%W%QA—ﬂ%mﬁE+f§@MR—%jﬂ. (A.4)

uw 167
Q

Bapiamia d,,,/—9g piBra’’:

— 1
69;“/ o = _5 V _gguuégwguy- (A5)

Y papianii oy, R = R,,04,,g" + g"0g,, Ry APYTHil IONAHOK MOZKe OyTH ommylie-

Juv

HUil B cUJ1y PIBHOCTI:

/d4:c\/—gg“”59WRW = 0. (A.6)

Q
BuxopucToByoun aHTHCUMETPUYHICTL F),;, Ta Iepeno3Hadalovuy 1HJeKCH, MaeMo
At O F:

5gul/F - FMVFQB(SQMU (gﬂagyﬂ) - 2F/~Lprp5g,quluy (A7>
BpaxoBytoun J0BLIBHICTD 59w g", oTpuMyeMo piBHsIHHSI AffHIITaliHA:
1

R,uy - §g/u/R + g,ul/A = T/w: (A8>

Jle TEH30p eHePrii-IMITyIbCY JA€ThCA BUPA30M:
1
T = —§glﬂ,F +2F,,F,’. (A.9)

Tensop Piuui R, = R wwv € CaIiJIoM Tensopa kpusnsnu Pimana-Kpicroddeis,
TOJ/I 1K OCTAHHII BUPAXKAETHC IJITXOM aHTUCUMETPU3AIII] 3 BUKOPUCTAHHSIM CHM-

BoJTiB Kpicroddens 2-ro poy Ta IX HEpIHIHX MOXITHUX:
A A A A A
Ry = 0,17 — 0,17 + 17,17 = T2, 17 (A.10)
Hapermri, cumBosin Kpicroddesst BupazkaioTbsi depe3 KOMIIOHEHTH METPUTHOIO
TeH30pa Ta 1X Heplil MOX1/IHI:

1
F/\W — 5g)‘p(ﬁ,,gup + 0u9vp — OpGu)- (A.11)

57 Tus., nanpukia, [43)].
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Cumsosn Kpicroddens zagaors adinHy 3B’S3HICTH HA MHOTOBHII ITPOCTOPY-
Jacy i He € KOMIoHeHTaMu TeH3opa. Buruisin dpopmysu (A.11) nae migcrasu Hasu-
BaTHU F’\W IpaBITAlliiHUM II0JIEM, & (,,, HOrO IOTEHIIATIOM.

[IpuaIun Hajimenol il o A, =0 st (A.3) mpuBoUTH 110 piBHSIHDL MakcBe-

Jga. Maemo: ,
ool =——— [ d*a/—go4 F. (A.12)
s 167 s
Q

BuKOpHCTOBYYIOM CUMETPUYHICTD @, AHTUCUMETPUYHICTEL F),, Ta nepenosHada-

FOUM IHJICKCH, Ma€MO JIist 04, F"

04, F = g""g" 64, (FuuFas) = 29""9" Fapda, F =

= 2F"04,(0,A, — 0,A,) = 4F" 0,04, Ay, (A.13)
1 1110 JIa€:
/ d*e/=gF" 8,64, A, = 0. (A.14)
Q

BukopucToBytoun piBHOCTI:

Du(V=gF"™ 84, A,) = 04, A0, (V/—gF"™) + /—gF" 8,04, A, (A.15)

/d%@u(\/—gFW&AMAV) =0, (A.16)
0

1 JIOBLIBHICTD 04, Ay, oTpuMyeMO piBHstiHg Makcsesia:

0,(v/=gF"™) = 0. (A.17)

Cucremy piBasiab (A.8)-(A.9), (A.17) HasuBaroTh piBHAHHSIME 110J1s1 AffHITTaiHA-
MaxkcBesita, IX po3B’si3KOM € 10J1b0BI 3MiHHI g, Ta A, (ab0 F),).

Ha mpaxTuni s po3s’si3yBaHHS PiBHsIHB I0JI 10 HUX JIOJAIOTh JIesiKi BiJT0-
MOCTI TIPO MOJI€JIb JOCJIJIZKYBAHOI CUCTEMHU, STKi MICTATH iH(OPMAIIIIO Tpo BUOpaHi
Koop inHaTH, cuMeTpil i T.11. [le pobuThest MIIXOM 3a/1aHHs HEBIIOMIX METPUIHIX
dbyHKIH Ta GYHKIIH TOTeHIIATy eJeKTPOMATHITHOrO 1oJist (400 caMmX KOMITO-

HEHT eJICKTPOMAIHITHOTO T10JIs ).
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JlopaTok B. /lesiki reomeTpuyHi BeJIUINHNI

Crou BuHECEHO KOMIIOHEHTH ¢, Ta gMY METPHYIHOTO TEH30pa Ta 0OEPHEHOro /10 HbO-
ro, ix perepminantu det g, Ta det g,,, cumomn Kpicrodpdens I, kommonentn
R, Tenzopa Piudi, a TakoxK cKaJgpHy KPUBU3HY [ JIJIs yCiX TPHOX JOCJIZKYBAHIX
Mogiesieit. JIig BesimauH 3 iHJEKCaMU IIPUBEJICHO TIMbKK 1X HEHY/IbOBI 3HAYEHHS, &

TaKOXK 3 YpaxXyBaHHSIM IX CUMeTpIil.

Mogaensn 1

MeTtpuka Ta gerepMiHAHTHU

1
gtt:_f7 9rr = &, g =T,
f PP

1 1
gtt - _}7 g7‘7‘ = f7 g<P<P = ﬁa
2 v 1
det g, = —17, det " = ——.
r

CumBoan Kpicroddens

I’tr
t 2f7
. IS , f! .
Ftt:77 Frrz_ﬁa Fw:—?“fa
1
F‘pw = ;

Tenzop Piuui

RSy,

R
i 2r
/! /
R, — " t]
2rf
R,, = —r f
CkaJjisipHa KpUBU3HA
! 2 /
R = _m.
r
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Mogpenp 2

Metpuka Ta JeTepMiHAHTU

1
git = _f7 Gt = arQh, Grr = ?7 GJop =T,

1 ah 1
tt___ tgaz_ T v
g ;g PR g =l
d — o detgh =
et g = —r7, et g™ = 3

Ax Bujno, y BUMAIKY MOBLILHOTO obepranus /[ oTpumani geTepMiHAHTHU CITiB-

aJIal0Th 13 BIAMOBLIHIM cTaTudIHUM Brnajgkom Moges 1.

CumBoan Kpicrodpdens

ot L’ ot _arQh’
tr 2f7 % 2f )
CFF L arfGh 42
My = —, Fup:— 5 5 Frr:_ﬁa F<p<p:—7“fa
. o
e, — _a(rf'h—rfh 2fh)7 re,, 1
2rf r

Ti cumBosn Kpicrodders, mo He MicTaTh GYHKILI A CIiBIAIa0Th 3 BiIIIOBIIHI-
Mu Besmmaunamu Mogeni 1, a pemra — Ftw, Iy, I'?y — 3yMOBJIeH] HAsIBHICTIO

dyukii A, TodTo noBiIbHOrO 0bepTanuga /1.

Teuzop Piuui

r 1 _|_ !/
RS
r
ar(2f'h +rfh" + 3fh)
Rw:— 9 )
o AT
2r f
Ry, = —rf'.

JliaronajbHi KOMIIOHEHTHU CIIIBIAJIAI0Th 13 BiANOBIAHNMU BeanunHaMmu Mojes 1,

a KOMIIOHEHTa Ry, Nos’d3aHa 3 NoBLILHUM obepTannam LI,
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CkajsgpHa KpUBU3HA
,r,f'/l + 2f/
" :

R=-—

HasiBHicTh 1OBLJILHOTO ODEpTaHHSI He 3MIiHIOE 3HAUEHHs CKAJIAPHOI KPUBU3HU I10-

PIBHAHO 31 cTaTuIHUM BunajgkoM Mogemi 1.

Moneanp 3
MeTrpuka Ta gerepMiHaAHTHI
k=1: |
gtt = _f7 Grr = ?7 goo — TQ: Gop = TQ SiIl2 67
1 1 1
tt_ = o 0o _ — Y —
g I A Zd
1
det = —rtsin? 0 det ¢ = — )
v ’ g risin? 6§
k=0: .
git = _f7 Grr — ?7 goop = 1, Gop = T2027
1 . 1 1
gtt _?7 g =T, 969 = ﬁ’ g7 = w,
, 1
det g, = —r16?, det """ = — i
k= -1

1
git = _f7 Grr = ?7 goo — 7“2, Yoo — 7“2 Sh2 97
f

1 1 1
it T 0o _ oo
g f7 g Y g T27 g r28h287
1
.4 2 wo__
det g,, = —r"sh™0, det g"" = TaZa

Busino, mo BiANOBIIHI KOMIOHEHTH g, Ta M J/is Pi3HUX 3Ha4YeHb k BiJIPi3HsAIO-

ThCA MizK CODOIO TIJIBKH (P@-KOMITIOHEHTAMU, {AKi € (PYHKIIAMU OKPIM 7, TaKOXK 1

6, 1110 0YeBUJIHO, 1 110 B CBOIO Uepry BILIMBAE Ha 3HAUYEHHsI JeTEPMIHAHTIB BiJIIO-

BIJIHUX METPUK Ta 00EpHEHUX JI0 HUX.
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CumBosm Kpicroddess

k=1 ,
Ftt’l“ — i)
2f
/ /
Frtt - %7 Frrr = _.Qf_f’ Frge = —Tf, FT%O = —Tf sin2 0,
1 sin 26
0 _ 0
FT@ - ;7 F(pgo - 2 )
1
r ro = T F(pggo = Ctg 0.
k=0: ,
Ftt?” L)
2f
/ /
Frtt = %7 Frrr = _Qf_f’ Fr@@ = _Tfa FTQDQD = Tf'927
1
0 _ 0
My=—  Th,=-0
1 1
Mp== T =o
k=1 |
Ftt’l“ - L)
2f
/ /
Frtt - f_2f7 FTTT = _éf_f7 Frl%’ = _Tf7 FT‘P@ - _Tf Sh2 07
1 sh 20
0 _ 0
FT9 - ;7 F(pgﬁ - 9 )
1

I%,,==,  I%,=cthé.
T

Ti cumBonum Kpicroddens, gki € QYHKIIAMA TIIBKA 7 € OJHAKOBUME JIJIA yCiX

TPHOX IeOMETPIil.
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Tenzop Piuyi

. rff o+ 2f'
Rtt — )
2r
Rrr — _Tfl/ i 2f/7
2rf
Rog=—rf — f+1,
Ry, =—(rf + f—1)sin®0.
v Pt 42
R, —
tt )
2r
O
2rf
R99 — _Tfl — f7
Ry, = —(rf + f)«92.
e rfUf - 2f' f
Rtt — 5
2r
Rrr — _Tf” + 2f’7
2rf

/
Rpg=—rf —f—1,
_ / 2
Ti xkomrnoneHTn TeH30pa Pivdi, siki € pyHKIIAMEU TIIBKK 7, Ha BIJIMIHY BiJl CUMBO-
niB Kpicrodders, He € onpakoBuMu Jijist pizaux reomerpiit. Tax, 06-komioneHTa,
Oyayun (PYHKIIEIO TUIBKK T, 3aJI€2KUTDH BiJl 3HaYeHHs k, 1 MOyKe OyTH 3alIlCaHO0

y Burisiai Rgg = —rf' — f + k.

CkajgspHa KpUBU3HA

r2f" +Arf' +2f — 2k

fi=-— 2

,
CxaJjisipHa KpUBHM3HA TexK € (DYHKIIIEIO0 TIIBKK 7, ajie 3a/e:KUTh Bij k MOII0HO 10

KOMIIOHEHTH Ryy.
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JlopaTok B. KoedilieHTH acUMITOTUYHIX PO3B’A3KIB

Huzkue npejcrasieni supasu s Koedinientis A; ta B;, 1 = 1,5 acumnroTu-
YHIX pO3B’s13KiB Jyist pyHKIil h Mojeni 2, Busnauenoi Bupasamu (3.35) Ta (3.36),

BIJITIOBITHO.

Ai, 1= m: 9
qeq
A=
2q.q — 1
Ay = ———
2 2A2 )
Aqlq
A3 - — A3 )
200 —2¢3g — 2
A _ qecl q€q Qeqm
4 A3 )
_ qzcl — 2q2q + 2c1m — 2qg.qm
4N3 '

As

Bi, 1= 1,_52
C1

2A%
cm

2= SA5
1 —7s+ 165> — 1253 =1
N A%s(s—1)(3s — 1) 4 (2313) ’
1 — 85 + 245 — 3253 + 16s? Ge \zoT
B A3s2(s —1)2 ded (2513> ’

By =

B; =

By =

1
Bs = 2[qec1 — gm — 4sqeci + 4 45%qec1—
5 A3(3—1)(33—1)<[qcl qm — 4sqg.c1 + 4sqm + 457qecy

1 2s
2 de 2s—1 s—1 2 P 2s—1
—48 qm] (m) — 2 Cl[l — 48 + 43 ] (25_13> )
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JlopaTok I'. O0uncaeHHs KyTOBOI'O MOMEHTY

PosriisineMo KBasisokaiabauii gpopmasizm Bposra-opka [24] st 3HAXOTKE-
HHg 30epexkyBanol Besmanan I/ — 1T KyTOBOro MOMEHTY y BUITAIKY 3-BUMIipHOT
Mojiesti 3 moBlIbHEM obepranusaM Poszminy 3. st mboro o 06’emuol il (3.1)
norpibHo j1obaBuTH MoBepxHesi jogankun — Gibbons-Hawking-York (GHY) [24]
Ta CIHEMiaIbHI KOHTPUIEH, OB sI3aHnil 13 HasiBHICTIO KOCMOJIOTTTHOT cTasol [34].

[lum jro/1aHKaM BiIIOBiIa€ TIOBepXHEBHiT TeH30D eHepril-immybey [93]:

oun 1
T'O d — = ( O — %V@f VoV —A}). (I.1)

GHY term counterterm

Toni kyroBuit MmomenT /I MokHa BU3HAUUTH 3:

2T

/d(p\/_Tbound (FQ)

0

@MV = —(52erzy = —(52‘(8)\?11, — Ff’,\,,np),

Bejmmuunu n, Ta u, € KOMIOHEHTaMI IIPOCTOPOBOIOJIIOHOIO Ta 4acoBONO/IOHOIO
OJIMHUYHUX BEKTODIB, Bijnosijgno, n,n" = 1, u,u” = —1, pesmaunu (¥ € KomIo-
wHenTamu BekTopa Kisiara ¢ = 0/0¢.

Maemo n, = (0,n,,0) = (0,1/\/f,0), u, = (u,0,0) = (/f,0,0), ¢* =
(0,0,1), mo mae n* = (0,1/f,0), v = (—=1/y/f,0,ah/\/f), a Takox:

Vet Vi —f ar’h
")/,UJ/ = ( 99> = < 9 9 ) 5 (Fg)
Yot Vo ar‘h r
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_ _ (2 2 :
18 0, = (0p,) = (1), 0 = r°. HenyiboBi KomioHenTH TeH30pa O, 3 ypaxysa-
HHAM I0r0 CUMEeTPUYHOCTI:

f'\F B _ar\/f(rh' + 2h) 0. = /T
; = oo = -

Oy = 5 Oy 5 3

([4)

Coin piBHMIL: J7
! f
NG - (I'.5)

HenynmpoBi KOMIIOHEHTH T:fﬁ“nd 3 ypaxyBaHHAM HOro CUMETPUYHOCTI:

0=_—

Thowd — 8% <£ +vV-A ) (I.6)

Qh / h/
E?pound _ a;r (2{/_ \/Q_h X \/—> (F?)

bound __ T f/
g7 (L), s
ar3h/

8
Bammmiemo kBagpatypy (3.28) st byHKINT b 3 ypaxyBanHsaM pe3yabrary ¢ = 0,

Haperri, KyToBrMit MOMEHT:

J =

(L.9)

1 pu BIJICYTHOCTI eJleKTpudHoro sapsaiy, q¢ = 0 =— F,; = 0, gxka y 1npomy

BUIIQ/JIKY IHTETIPYETHCS:

f cir o f f C1

h = 7 ——dr = oA 7 = SA (I'.10)
ne f=—Ar? —m. Toui xyrosuii Mmoment (I.9) pisHuii:
J = —%. (.11)

Bupaskaroun 3 (I.11) crany ¢p 1 migcrasmisian 11 B (I.10), maemo:

4 J
h=——— [.12
(r12)

ne J/a € KyToBuM MOMEHTOM JI0BiibHOTO obeprantsi. [Topisaioroun (1.12) 3 pe-

syapraroM (3.13) mist BTZ, h = —j/(2r?), orpumyemo J/a = 5 /8%,

811im BupazomM J/a ¢yt po3yMiTH OHY BEJIMYUHY, TOMY Tie He O3HAYaE, 1Mo a = 8.
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Honatok I. I'padiuni po3s’s3ku piBHSHHS IS Ve

0.0 0.2 0.4 0.6

B

['padiunnit po3s’s30Kk neprmoro piBHsgHHA cuctemu (4.52) st ve(5) mpu Q. =
0.5,1,1.5 (cripaBa HaiBo), @y = 0. TopusoHTANBHI MITPUXOBI TPsIMI BiAMOBI T~
10Thb 3HaYeHHsIM v, V Bunajaky RN-AdS s Bignosinnux snadens (.. Beprukaiib-
HI KPAIIKOBI TPsIMi BKa3ylOTh 00J1aCTh BU3HAUeHY YMOBOIO (4.54) jyist icHyBaHHs
JIBOX JIIICHUX JIOJATHUX KOPEHIB JIST VUe. 3 PUCYHKY BUJHO, IO [P IUCEJIHLHOMY
PO3B’sI3yBaHHI 11epiioro piBHsaHHs cuctemu (4.52) nst v, B obacti (4.54) mu 06u-
paeMo OiJIbIIe 3HaUYEeHHsT KOPEHST U, 3 JIBOX ICHYIOUNX 3a/1/1s1 30eperKeHHsT HellepepB-
HOCTI (BYHKIT v.(f), Tak FK MOYNHAIOYN 31 3HAUEHHs apaMerpa (3, BUSHAIEHOTO

YMOBOIO (4.55) M1 MaeMO TUIbKH OJIHE 3HATCHHS V...
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JlopaTok /. I'padiumi po3B’a3KM piBHIHHS AJIS V;

['paciuni poss’sisku pisusnus (4.73) misa v;(8) mpn Q. = 0.5,1,1.5 (cupasa
Ha1iBo), @, = 0 g P, = 1 (Bepxwiil pucyHoK), P, = 5 (HUKHINH PUCYHOK).
[opuzonTabHI MITPUXOBI IPsAMI BiJINMOBIIaI0TH 3HaUeHHAM v; v Bunajaky RN-AdS
JUIsl BiIIOBIIHUX 3Ha4YeHb ()., P;. BepTukaJibHi KpallKoBi IpsiMi BKa3ylOThb I10-
JaTOK 00J1aCTi, BU3HAYEHOI yMOBOIO (4.74) sjisi iCHYBaHHsI KOPEHsI v; DIBHSIHHSI
(4.73). Izt ymoBa He 3aj1€2KUTh Bij| 3HAYEHHs] TUCKY Pj, 110 1 JIEMOHCTPYIOTH Iii
JiBa, Tpadikm, TaK K BUJIHO, IO ITOJOYKEHHS BEPTUKAJLHIX KPAIKOBUX JIHIN Ha

HUX CIIIBIIaJa0Th.
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JTonaTtoxk E. BigomocTi mpo anpobaiiiio

Crucok my06JiKaliit 3J00yBava 3a TeMOIO JArcepTalil

Ta BiAOMOCTi IIPO ampoballiio pe3yJabTaTiB AucepTalril

ITy6mikariii, B sKmX oImry0J/IiKOBaHI OCHOBHI HAayKOBi pe3yJbTaTu ANCEP-

TaIlii:

1. M. B. Tataryn, M. M. Stetsko. Three-dimensional static black hole with A and
nonlinear electromagnetic fields and its thermodynamics. International Journal
of Modern Physics D. Vol. 28, 1950160 (2019).

2. M. B. Tataryn, M. M. Stetsko. Three-dimensional slowly rotating black hole in
Einstein-power-Maxwell theory. International Journal of Modern Physics D. Vol.
29, 2050111 (2020).

3. M. B. Tataryn, M. M. Stetsko. Thermodynamics of a static electric-magnetic
black hole in Einstein-Born-Infeld-AdS theory with different horizon geometries.
General Relativity and Gravitation. Vol. 53, 72 (2021).

ITy6mikariii, gKi 3acCBITIyIOTH anpodallilfo MaTepiaiB JUCepPTAaIlii:

4. M. B. Tarapun, M. M. Crenko. Omnuc ctaTu4dHOl 3-BUMIpHOI YOPHOI JIipH 3 He-
JIHITHIMHI €JIEKTPOMAarHiTHUMH TI0JIsIME. ' paBiTaliiiiHe Ta eJleTKpOMaruiTHe IoJIe.
Tepmomunamika. Miotchapodna xondeperuia cmydenmis 1 MoroduT HayKosUie 3
meopemuyHoi ma excnepumemanvhoi gizuxu «Eepurxa — 2018». Te3n nonosij-

eit. JIbiB, 15-17 Tpasus 2018 p. C. G10 (ycua m0m0Bi/IH).

5. M. B. Tarapur, M. M. Crenxo. TepmoguHaMiuHi BeJIUIUHUA JJIsI CTATUIHOL
YOPHOI JIipU 3 HEJIHITHUMY eJIEKTPOMAarHiTHUME TOJIAMU Y 3-BUMIPHOMY BUTIAJIKY.

18-ma Bceeyxpaincvra wrora-cemirnap ma Konkypc mor00ux suenux 31 cmamu-
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cmunnol izuxu ma meopii kondencosanoi pevosunu. Tesu ponosijeii. JIbBiB, 7-8

geppHst 2018 p. C. 43 (ycHa J0TOBiIH).

6. M. b. Tarapur, M. M. Crenko. TepmojnnaMika TpUBUMIPHOI YOPHOI JipHu 3
HeJIIHITHIM eJIeKTpoMartiTHuM rnojeM. 1X nayxosa xongeperuis « Bubpari numa-
HHA ACTPOHOMIT Ma acmpodisukus, npucesvena nam smi Bozdana Babis (1936-

1993). Tesu monosineit. JIbsiB, 1-5 xosrHst 2018 p. C. 90-91 (ycHa m0M0BiAb).

7. M. B. Tataryn, M. M. Stetsko. (2 + 1) static black hole with A and nonli-
near electromagnetic fields and its thermodynamics. 19-ma Bceeykpaincora wxona-
ceminap ma Konkypc mor00ux 6uenux 3t CmamucmuyHoi Giauky ma meopii Kom-
dencosanoi pevosunu. Tesu nomosineii. JIbsiB, 13-14 wepsra 2019 p. C. 27 (ycHa

JIOTIOBI/Ib ).

8. M. B. Tataryn, M. M. Stetsko. Static and slowly rotating three-dimensional
black hole in nonlinear electrodynamics. X Young Scientists Conference «Prob-
lems of Theoretical Physics» dedicaded to the 110-th anniversary of the M. M.
Bogolyubov (1909-1992). Book of abstracts. Kyiv, December 23-24, 2019. P. 41

(ycHa JOTOBI/IH).

9. M. B. Tarapun, M. M. Crenko. Edekr /I:xoysa-Tomcona jijist craTudHOl YOPHOT
nipu 3 rojieM BopHa-Indesbia 3 eJIeKTpUIHIM Ta MarHiTHUM 3apsiaamu. Miocha-
PooHa Kondepenuis cmydenmis i Mosoduxr Hayko6uie 3 MeoPEMUNHOL ma excne-
pumemanvhoi pizukyu «Fepurxa — 2021». Tesu nonosijeit. JIpsiB, 18-19 TpapHs

2021 p. C. F7 (ycna jomoBimn).

10. M. B. Tarapun, M. M. Crenko. TepmogumHamika 9opHOI Jiipu 3 nojieM bopHa-
[adenbaa Ta MaraiTHIM 3apsagoM. Haykosa konpepenuia «Acmpornomis y Jlveie-
cokomy yrisepcumemis 0o 250-aimms Acmporomiunoi obcepsamopii ma 25-aim-
ma xagedpu acmpognsuru. Te3n ponosineit. JIbsiB, 14-17 Bepecua 2021 p. C. 94
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