O0Js1ikoBa KapTKa aucepTaii

I. 3arasibHi BimOMOCTI

Jep>kaBHHH 00J1iKOBHI HOMep: 0525U000321
Oco006J1uBi TO3HAYKH: BinKpura

Jata peectpauii: 10-07-2025

Craryc: IligtBepmrena MOH

PexBizutu Haka3y MOH / Haka3y 3akiyazny: Hakas MOH Ykpaiuu N2 1329 Biz
07.10.2025

I1. BimomocrTi nipo 3400yBaya

Bsacue IlpizBuuie Im's I1o-6aThKOBI:

1. Co6ob Onexcannp OseKCaHIPOBUY

2. Oleksandr O. Sobol

KBasigikamis: k. ¢.-m. 1., 01.04.02

InenTudikarop ORCID ID: 0000-0002-6300-3079

Bupg, pucepranii: nokrop Hayk

AcnipanTtypa/JIOKTOpaHTypa: tak

ITudp HayKoBOi creniaJbHOCTI: 01.04.02

Ha3sBa HayKOBOi CIeniaJIbHOCTI: TeopeTtnuHa (isuka

T'asmy3sp / ranysi 3HaHB. He 3aCTOCOBY€ETbCS

OcBiTHBO-HayKOBa IIporpama 3i creniaJbHOCTI: He 3acTocoByeTbcs
Jdara 3axucTy: 04-09-2025

CrneniaJbHICTh 3a OCBITOIO: (bisuka syipa Ta QpisvKa BUCOKUX €HEPTiil
Micue p060TI/l 3n06yBaqa: KuiBcbkuit HalioHanbHUM YHiBepcuteT iMeHi Tapaca IlleByeHka
Kopg 3a €IPIIOY: 02070944

Micue3HaxoO KeHHS: By/. Bosogumupcbka, 6ya. 60, Kuis, 01033, Ykpaina
dopma ByracHOCTI:

Cdepa ynpaBiriHHS: MiHicTepcTBO OCBiTH i HayKu YKpaiHu

InenTudgikarop ROR: He zacrocosyerscs



I11. BimomMocTi mpo opranizariiio, e Big0OyBcsl 3aXHCT
Iudp cnenianizoBaHOi BYEHOI pagH (pa30Boi CIeNiaJai30BaHOi BYE€HOI pagH): [ 26.191.01

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI 0COOH: [HCTUTYT TeopeTnyHOi disukm iM. M. M. Boroso6osa

HaujonasnbHoi akagemii Hayk YKpaiHu

Kopg 3a €IPIIOY: 05417124

Micue3HaxoaKeHHS: ByJl. MeTposoriyHa, 6yx. 14-6, Kuis, 03143, Ykpaina
dopma ByracHOCTI: Jlepxasna

Cdepa ynpaBiiHHS: Haujonanbna akaziemist Hayk Ykpainu

InenTudikarop ROR:

IV. BizomocTi nipo nmiznpueMcTBO, yCTaHOBY, OpraHisalliio, B sIKii 0yJ10
BUKOHaHO JHUCEPTALil0

IloBHe HaliMEeHYBaHHSI IOPHUAUYHOI 0COOM: Kuichkuil HauioHaIbHMI yHiIBEpCUTET iMeHi Tapaca
[leByeHKa

Kopg 3a €IPIIOY: 02070944

Micue3HaxoaKeHHS: ByJI. Bonogumupceka, 6ya. 60, Kuis, 01033, Ykpaina

dopma BaacHOCTI:

Cdepa ynpaBiriHHS: MiHicTepCTBO OCBITH | HayKy YKpaiHu

ImenTudikarop ROR: He zacrocoyerbcs

V. BimomocTi npo gucepraniio
MoBga guceprTaiiii: Vkpaincoka
Koau TeMaTHYHHUX py6puK: 29.05.23, 29.05.49, 37.15.25, 41.29.17

Tema guceprauii:
1. Tenepariis kani6pyBaabHUX I10JIiB Ha CTaii KOCMOJIOTiYHOI iHGIsLii

2. Gauge field production at the stage of cosmological inflation

Pedepar:

1. Incepraiio (HayKOBY [IONOBi/ib) IPUCBSIYEHO TEOPETUYHOMY JOCIiIKEHHIO reHepallii abesieBUX KalibpyBaJbHUAX
10J1iB Ha cTazii induauii y paHHbOMY BcecBiTi Ta pisHOMaHITHHMX (PEHOMEHOJIOTIYHUX aCIEKTIiB LIbOTO CLIEHAPIIO:
3BOPOTHOI peakllii 3sreHepoBaHuUX I10J1iB Ha iHQIIALINHY JUHAMIKY, HAPOIKEHHS 3apsIP)KeHUX YaCTUHOK 3aBASKU
edexry llIBiHrepa, reHepauii Ta 4acoBoi eBooLii KipanbHOi acuMeTpii pepMioHiB, POpMyBaHHS IEPBUHHUX
CKISIPHUX 30ypEHb TOILO. Y MEPIIOMY PO3/iJli PO3IVISIHYTO B3a€MOJiI0 KaliOpyBaJbHOIO MOJIS 3i CKaJISIPHUM I10JIEM
iHdaToHOM y MOzesi KiHeTUIHOTO 3B'$13Ky. Y JIiHITHOMY pe>XuMi eBoJIIoLi] onucaHo reHepanio okpemux Oyp'e-
MOJ, KaJi6pyBaIbHOrO 107151 B IMITyJIbCHOMY IIPOCTOPI. 3allpONIOHOBAHO HOBUII METOJ, 171 OIIMCY reHepariii
KaJliOpyBa/IbHUX NOJIB — (POPMaIi3M IrpajlieHTHOTO PO3Kiaay, IO JO3BOJIsIE CAMOY3rOI)KEHO BpaxyBaTH TaKi
HeJIiHiNHI IBUIIA, SIK 3BOPOTHA PEaKLisl 3reHepOBaHUX MOJIiB Ha iHQIISLifHY AMHAMIKY Ta HIBiHI'€piBCbKe

HapOJI>KEHHSI I1ap 3apsI>KeHNX YaCTUHOK. 32 JOIIOMOIOI0 IIbOTO METOJIy BCTAHOBJIEHO OCOOJINBOCTI IIepediry



peXUMY CUJIbHOI 3BOPOTHOI peakiii y Moziesti KIHETUYHOTO 3B'I3KY: I'yCTUHA €HePrii 3reHepOBaHUX MOJIiB Pi3KO
3YIIMHSETBCS Y POCTI i BUSIBJISIE KOJIUBHY I1OBEiHKY, iHGJIsALiHA (a3a IOIOBXKYEThHCS, a r10J1e iHpIIATOH CIOBIIbHIOE
CBO€ CKOYYBaHHS 1 MJIABHO 3CYBAE€THCH 10 MiHIMyMYy NOTEHIiany. JJpyruil po31is IPUCBSIYEHO MarHiTOreHe3y B
MOJeJli aKCiaZbHOTO 3B'SI3Ky KaliOpyBaJIbHOTO 10JIS 3 iHPJIAaTOHOM. 33 JOIOMOTO0 (POPMali3My rPalieHTHOrO
PO3KJIaly OTPUMAHO MOZEIbHO-HE3aJIE€XKHi OLIHKY [1J15 BEJIMYMHU Kai6pyBalbHUX M0JIiB, 3reHEPOBAHUX Y MOZEi
aKkcioHHOI iH@aLii. Y peskumi cCuIbHOI 3BOPOTHOI peakliii 1oka3aHo, 1110 po3B’s130K AH6epa-Cop6o, B IKOMY BTpaTu
eHeprii Iif; 4ac reHepatlii Kayni6pyBaJbHOTIO 01 3a6€311€YYIOTh JOMIHYIOUE IPKEPEJIO TEPT Iifl YaC CKOYyBaHHS
iH(1aTOHA, HE € CTIKKUM y XKOJHi 06J1aCTi IapaMeTpiB i IOYATKOBUX YMOB. PO3paxoBaHO CydyacHe 3HAYEHHS
MAarHiTHOTO T0JIsl y BOMZAX, sIKe MOXKe OyTH 3TeHepOBaHe B MOJIeJli aKCiaJIbHOTO 3B’13KY. Y TPETbOMY PO3/ii
IIpPOaHali30BaHO MOXJIMBOCTI reHepaliii KasniopyBajbHUX MOJIB Y MOZEJSIX 3 HEMiHIMQJIbHUM 3B'SI3KOM 3
rpasitaujieto. Y mogensx iH@uauii I'irrca ta lrrca-Ctapo6iHCbKOT0 OTPMMAHO SIBHI BUPA3U AJ1s1 PYHKLIN
KiHETUYHOTO i aKCiaJIbHOTO 3B’13KY KasliOpyBaJbHOrO MOJIs 3 iH(JIAaTOHOM B ailHIITANHIBCBKil CUCTEMI BilJIKy.
OmnucaHo reHepatiito KajiopyBajbHUX OB y JiHIHOMY pe’KHMi 3a BiICyTHOCTi 3BOpOTHO] peakuii. ¥
mopu@ikoBaHilt mogesi CTapobiHChKOrO NOTEHLIMTHO MOXXYTb OyTU 3Tr€HEPOBaHi KaliOpyBasbHi 1014 3i CIIEKTPOM,
110 € MacIITabHO-iHBapiaHTHUM a60 HaBiTb Mae YepBOHUII yxujl. OJIHAK, 3BOPOTHA PeaKliisi, sIka HEMUHYy4€e BUHUKAE
B LIill MOZEJIi, CUJIbHO 3MiHIOE MOBEJiHKY CIIEKTPY i HE NO3BOJISIE OTPUMATU IOCTATHIO KOPEJISALINHY JOBXUHY
MarHiTHoro 1noisi. ¥ 4eTBepTOMY PO37iJi BCTAHOBJIEHO OCOOJIMBOCTI LIBIHI'€PiBCHKOTO HAPOI)KEHHS 1ap 3apsIKeHNX
YACTMHOK i aHTUYaCTMHOK Y CWIBHUX KaJliOpyBaJbHUX MOJIX Mif, yac iHdauii. ¥ HabamKeHHi, KOJIU CTPyM
HapOJPKEHUX YaCTUHOK OINMCYETHCS 32 JOIIOMOTOIO Y3arajlbHEHOro 3aKoHy OMa, 3aCTOCOBAaHO popMartizam
rpajiieHTHOTO po3KJIany i okasaHo, o edekT llIBiHrepa cCuIbHO IPUTHIUye reHepallilo KajaibpyBajbHUX I10J1iB, TaK
110 iX 3BOPOTHA peakliisl 3aBKAy € HEXTOBHOIO. 3 NIepIIMX IPYHLMIIB BUBEIEHO CUCTEMY KBAHTOBUX KiHETUYHUX
PiBHSIHB, 110 ONMCYIOTh HAPOIKEHHS CKaJISIPHUX YaCTUHOK CWJIBHYUM €JIEKTPUYHUM II0JIEM Y PaHHbOMY BceecsiTi. 3a
IIOITIOMOTOI0 KIHETUYHOTO Ta TiAPOINHAMIYHOTO MiAXOiB PO3IJISHYTO TUHAMIKY HIBIHI'€PiBCbKOTO HAPOIKEHHS
YaCTMHOK Y CUJIbHOMY €JIEKTPUYHOMY I10J1i | BUSIBJIEHO HEJIOKAJIbHUH Y Yaci XapaKTep iHIyKOBAaHOTO CTPYMY
HapOJKEHUX YACTHHOK, 110 NIOB'SI3aHUN 3 iHepUiHUMU BJIACTUBOCTSIMU HOCIIB 3apsay. [T'aTnii po3zin npucBsyeHo
onucy re’epatii Ta BpiBHOBa)KE€HHS KipaybHOI acumeTpii pepMioHiB y paHHbOMY BeecBiTi. 30kpema, BCTaHOBJIEHO,
110 B reJlikaJbHUX KajlibpyBaJbHUX I10JIIX 3reHepOoBaHa BHACIIIOK KipaJbHOI aHOMalii acuMeTpisi MOXXKe CTAaHOBUTU
I0 25 % BiJl cyMapHOi KOHILIeHTpalii pepMioHiB. 32 JOIIOMOrOI0 KiHETUYHOTO PiBHSAHHS BosbliMaHa Ta Gpopmarniamy
JIHIHOTO BIIIYKY pO3Pax0BaHO MIBUAKICTb YPIBHOBKEHHS KipaJIbHOI acCUMETPIii 4yepe3 HasABHICTb ¥ YaCTUHOK
HEHYJIbOBOI Macu. [TokazaHo, 10 TEMIT peakliil 3 IePEBOPOTOM KipaJIbHOCTI € BEIMYMNHOIO [IEPIIOTO MOPSIIKY 3a
CTaJIo0 TOHKOi CTPYKTYPH, @ TOMY MOT0O YMCeJIbHE 3HAaYEHHS y PaHHbOMY BcecBiTi pU6IM3HO HA TPY MOPSIKU
6inbIle, HiXX O4iKyBasI0Cs 3 HAIBHMX OLIHOK. Y IIOCTOMY PO3/iJli JOCiIKeHO reHepallilo IEPBUHHUX CKAJSIPHUX
30ypeHb Iif yac indrsuii y npucyTHOCTI KaniopyBanbHuX nojiB. OTpuMaHo audepeHLianbHe PiBHSIHHS 1715
30ypeHHSs KDUBUHHY, SIK€ BPAaXOBYeE BIJIMB KaJi6pyBaIbHOTO 1018 sIK HAa GOHOBY AMHAMIKY, TaK i Ha €BOJIIOLLiI0
CKJISIPHUX 30ypeHb Yepe3 IHKEPEJIO, SIKE € KBaIpaTUYHUM 32 OIIepaTOpaMU KasliopyBajbHOTO MOJIS i IPU3BOJUTD 10
HErayCoBOCTi 30ypeHb KpUBMHUA. OTPUMAaHO 3arajibHi BUpa3y JJ1s CIIEKTPIiB ABO- i TPUTOUYKOBOI KOPEeJISLiHUX

dyHKILi IEepBUHHUX 30ypPEHb.

2. This thesis (scientific report) is devoted to a theoretical study of the generation of Abelian gauge fields at the
stage of inflation in the early Universe and various phenomenological aspects of this scenario: the backreaction of
the generated fields, the production of charged particles due to the Schwinger effect, the generation of fermionic
chiral asymmetry, the formation of primordial scalar perturbations etc. In the first section, we consider the
interaction of the gauge field with the inflaton scalar field in the kinetic coupling model. The generation of
individual Fourier modes of gauge fields in momentum space is described in the linear evolution regime. We
propose a new method for the description of the gauge field generation, the gradient expansion formalism, which
allows us to take into account such nonlinear phenomena as the backreaction of the generated fields to
inflationary dynamics and the Schwinger production of pairs of charged particles in a self-consistent manner. This
method was used to determine the peculiarities of the strong backreaction regime in the kinetic coupling model:
The energy density of the generated fields stops growing abruptly and exhibits oscillatory behavior, the



inflationary phase lengthens, and the inflaton field slows down its rolling and smoothly slides to the minimum of its
potential. The second section is devoted to magnetogenesis in the model of axial coupling between the gauge field
and the inflaton. Using the gradient expansion formalism, we obtain model-independent estimates for the
magnitude of gauge fields generated in the axion inflation model. In the strong backreaction regime, it is shown
that the Anber-Sorbo solution, in which energy losses due to the gauge field production provide the dominant
source of friction during the rolling of the inflaton, is not stable in any region of parameters and initial conditions.
We calculate the current value of the magnetic field in voids that can be generated in the axial coupling model. In
the third section, we analyze the possibilities of generating gauge fields in models with a nonminimal coupling to
gravity. In the Higgs and Higgs-Starobinsky inflation models, explicit expressions for the kinetic and axial coupling
functions in the Einstein frame are obtained. The generation of gauge fields in the linear regime in the absence of
backreaction is described. The modified Starobinsky model can potentially generate gauge fields with a spectrum
that is scale-invariant or even red-tilted. However, the backreaction that inevitably occurs in this model strongly
changes the behavior of the spectrum and does not allow for a sufficiently large correlation length of the magnetic
field. In the fourth section, we study the peculiarities of the Schwinger pair-production of charged particles and
antiparticles in strong gauge fields during inflation. In the approximation where the current of the produced
particles is described by the generalized Ohm’s law, we apply the gradient expansion formalism and show that the
Schwinger effect strongly suppresses the generation of gauge fields, so that their backreaction is always negligible.
A system of quantum kinetic equations describing the production of scalar particles by a strong electric field in the
early Universe is derived from first principles. Using kinetic and hydrodynamic approaches, the dynamics of
Schwinger particle production in a strong electric field is considered and the nonlocal character of the induced
current of the produced particles is revealed, which is related to the inertial properties of charge carriers. The fifth
section is devoted to the description of the generation and equilibration of the chiral asymmetry of fermions in the
early Universe. In particular, it is found that in helical gauge fields the asymmetry generated by the chiral anomaly
can be up to 25 % of the total fermion number density. Using the Boltzmann kinetic equation and the linear
response formalism, we calculate the rate of equilibration of the chiral asymmetry due to the presence of nonzero
particles’ mass. It is shown that the rate of reactions with chirality flipping is nonzero already in the first order in
the fine structure constant, and therefore its numerical value in the early Universe is about three orders of
magnitude larger than expected from naive estimates. In the sixth section, the generation of primordial scalar
perturbations during inflation in the presence of gauge fields is studied. A differential equation for the curvature
perturbation is derived, which takes into account the influence of the gauge field on both the background
dynamics and the evolution of scalar perturbations through the source term which is quadratic in the gauge field
operators and leads to non-Gaussianity of the curvature perturbations. The general expressions for the spectra of
two- and three-point correlation functions of the primordial perturbations are obtained.
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