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I'piniwun O.A. Edextn nmanmexopii B KIHETHINl Ta TiIPOJUHAMII TUIA3MH. —
KBamidikariitHa HaykoBa mpaiisi Ha MpaBax PyKOIHCY.

JlucepTallist Ha 3100yTTS HAYKOBOTO CTyMeHs JoKTopa (inocodii 3a creriaib-
HicTio 104 — ®i3uka Ta actpoHoMis. — JIHINPOBCHKUN HAI[IOHATLHUN YHIBEPCUTET
imeni Onecs ['onuapa, JnHimpo, 2021.

Y nucepranii BUpilIye€ThCS BasKJIMBe HAYKOBe 3aBIaHHs: po3poOKa Teopii
TApOIMHAMIYHUX CTaHIB MOBHICTIO 10HI30BAaHOI IJIa3MU 3 ypaxyBaHHSM IPOIIECIB
penakcariii TeMreparyp 1 IIBUJKOCTEH KOMIIOHEHT B y3arajibHeHii mojueni JlopeHiia,
SKa BPaxOBY€ €(PEKTH AAJIEKOI].

JocaigkeHHs HEPIBHOBAKHUX MPOLECIB € EHTPAJbHOIO 32a4€10 CTATUC-
THYHOI (i3UKH I B HBOI0 POOUTH BaroMmmii BHECOK aucepraiiiina pooora. Take
JOCTIIKEHHS. MOKJIMBE JIMILIE HA OCHOBI CKOPOYEHOTO OMUCY HEPIBHOBAXHUX CTaHIB,
B paMKax SIKOTO CHCTeMa OMHCYETHCS BIIHOCHO BY3bKMM HaOOpOM MmapameTpiB — ma-
pameTpiB ckopodeHoro onucy. CKOpOYEHHI OMUC TPH IbOMY OYAYEThCS HA OCHOBI
piBusiHHS JliyBULIs a00 KiHeTHUHUX piBHHB (Bonbimana, Jlannay tomo). CydacHoro
TEH/ICHIII€I0 € PO3MIMPEHHS CTAaHIAPTHUX HAOOPIB MapaMeTpiB CKOPOUSHOTO OMUCY, 3
METOI0 BpaxyBaHHs HOBHUX CTYIEHIB CBOOOU cucTemMu. TyT B mepiry uepry ciij 3ra-
JlaTU OIHKC peJlaKCcallliHUX MPOIECIB B BY3bKOMY PO3YMIHHI LIbOTO TEPMIHY SIK TPO-
1IECIB, SIK1 MOXYTh IIPOXOJUTH 1 B IPOCTOPOBO-OJHOPITHUX CTaHaX cucTeMu. bins pi-
BHOBAaru I1i TPOIIECH BIJMOBIAIOTh KIHETUYHUM MOJAM CHCTEMH 1 pelaKCaliifHuM
cTyneHsaMm cBoOoau. KnacuuHi nociipkeHHs UX MpOoleciB HajexaTh Jlannay, skuit
JOCTIANB peNaKcallilo TeMIepaTryp KOMIOHEHT Iuia3MH, 1 ['peny, sikuii po3poOuB Te-
Op1I0 MaKCBEJUTIBCBKOI penakcamii. [ael mux gociaiakeHs 1 40 TeNepilliHbOro Yacy €
poOOUYMM 3HAPSAIIAM HOBITHIX JOCIIKEHb. BaXXIMBUM HEMTOJIKOM ITUX JOCIIIKEHb
€ BIJICYTHICTh y pO3paxyHKax Majoro mapaMmerpa i po3B’si3aHHS Ha HOTO OCHOBI KiHe-
TUYHOTO PIBHSIHHSI, @ TAKOX HEBpPaxXyBaHHS MOPYIICHHS JIOKaJbHOI PIBHOBAaru B CUC-
TeMax MPHU HAABHOCTI pellakCallliHUX MPOIECiB. YCYHEHHS WX HENONIKIB € aKTya-

JHLHOTO 33J1a4€I0 Cy4acHOI Teopii HEPIBHOBAKHHUX MPOIIECIB.



OcCHOBOIO Cy4acHO1 Teopii HEPIBHOBAKHUX MPOIIECIB BBAKAETHCSI METO/ CKO-
POYEHOr0 OMUCY HEPIBHOBAXXHUX cucTeM boromo0oBa, B KMl pOOIATH BHECOK JI0-
ciipkeHHs aucepTariii. [lelt MmeToa IpyHTyeThCs Ha Horo 17ei GyHKI[IOHAIBHOT TiIo-
te3u. Ha BinMiHy Bif 171€1 HOpMaiabHUX po3B’si3KiB [ 11bOepTa BOHA BUXOIUTH 3 HASIB-
HOCTI y CUCTEMHU HHM3KH €TaliB MPUPOJHOI €BOJIIOIII, B SKMX peajli3y€eThCsl MOMKIH-
BICTb CKOPOYEHOro onucy. OKpeMuM BUIAJIKOM 1IbOIO METOJa MOKHA BBa)KaTH Me-
ton Yenmena—EHckora, sikuii 3a boromo6oBuM Tex 0a3yeThcsi HAa (PYHKIIIOHATIBHIMN
rinoTes3i. 3a CBOIM MOXO/KEHHSAM MeTos1 UenMeHa—EHCKOra opieHTOBHUN Ha JOCIII-
JOKEHHST CTaHJAPTHUX TiApoanHaMiuHuX cTaHiB. CydacHOI0 3a1adero Teopii HepiBHO-
BaXHUX IPOILIECIB € WOT0o y3arajJbHEHHS Ha BUMAJO0K HAsBHOCTI B CHCTEMI pelaKca-
IIMHUX TPOIECIB B By3bKOMY PO3YMIHHI IIbOTO TepMiHy. LleHTpansHOI0 TTpobIeMoro
IpU IIOMY € JTOCIIIHPKEHHSI IPOCTOPOBO-OTHOPITHUX CTaHIB, SIKI HE € CTaHAMU JIOKa-
JpHOI piBHOBaru. OOYMCIUTH BIAMOBIAHI (YHKIT PO3MOIIIY HE J03BOJISE BIACYT-
HICTh MaJIOTO MapameTpa. Jluceprariiiina po6oTa MPOMOHYIO MIJX1J 0 PO3B’A3aHHS
i€l mpobseMu Ha OCHOBI KIHETUYHOTO PIBHSHHS 1 BUKOPHCTOBYE MOTO JJISL aHAMI3Y
CKOPOYEHOTO OMHCY Ta3iB (30KkpeMa, 1uiazmMu). MakTUYHO NPU LBOMY MIETHCS MPO
y3aranpHeHHs1 MeToniB YUenmena—Enckora 1 'pena. B mitepaTypi 3a3HauaeThCst akTy-
anbHICTH 111€i 3a1aui (Singh, 2010; Jou, Casas-Vazquez, Lebon, 2010). 3okpema ciia
3a3HAYUTH, IO JTOCIIIPKEHHS T1IPOIMHAMIYHUX CTaHIB IJIa3MU 3 YpaxXyBaHHSAM peia-
KCalllHUX MPOIIECIB € BAXKIUBOIO 33Ja4€l0 TeOpii HEPIBHOBAXKHUX IMPOLIECIB 1 TOMY
il y qucepTalii NpuaiiseTbCcs BeJMKa yBara.

B nepmomy po3aini qucepraiiii Ha OCHOBI KIHETHYHOTO piBHsAHHSA Jlangay 3a-
IPOMOHOBAHA y3arajibHeHa Mojenb JlopeHiia, sika Ha BIIMIHY BiJl CTaHAAPTHOI MOJe-
JI1 pO3IJIAJla€ 10HHY CUCTEMY K PIBHOBaXKHY. JJIs €IEKTPOHHOT MMiJICHCTEMU OTpUMa-
HO KiHeTnuHe piBHsAHHS Tuy dokkepa—Ilnanka. ¥ meroni ckopodeHoro omnucy bo-
rojito00Ba, KWW IPYHTYETHCSA Ha YSIBJICHHI PO (QYHKIIOHATBHY T1IIOTE3Y, po3poodIe-
HO OCHOBHI PIBHSHHS T1POJIMHAMIKH €JEKTPOHIB 3 YpaxyBaHHSM IIPOIIECIB pellak-
carii TeMmneparypu Ta MaKpOCKOIIYHOT MBUIKOCTI, TOOTO KIHETUYHUX MOJI CUCTEMH,
Ta HasBHOCTI CJIA0KOro eIeKTpUYHOro moss. OTpuMaHi pIBHSHHS aHATI3YIOThCS OLIs

3aBEpIICHHS MPOIIECIB PelaKcallii, Mo 1ae T0AaTKOBUN Manuid mapameTp Teopii. Oc-



HOBHE HAONMMKEHHS 3a MaJMX TPaTi€HTIB TAPOJAWHAMIYHUX 3MIHHUX BUBYAETHCA
JOKJIQ/THO 1 BIJIMOBIJIA€ OMUCY PETAKCAIlIMHUX MPOIIECIB Y MPOCTOPOBO-OTHOPITHOMY
Bunaaky. OTpumaHi piBHSHHS PO3B’3YIOThCSI HAOMMKEHO METOJIOM YCIi4eHOTO PO3-
BUHEHHS 3a nojiHomamu ConiHa. KoedimienTu penakcaiii IBUAKOCTI Ta TeMIiepa-
Typy OOTOBOPIOIOTHCS B HAOJMKEHHI OJTHOTO Ta ABOX IMOJiHOMIB. KOHKpeTHI po3pa-
XYHKHU KOedIIEHTIB peakcallii mpoBeieH1 y HaOIMXKeHH1 OJHOTO TOJIIHOMA.

B napyromy po3aini nucepraniiinoi poOOTH penakcallis TEMIepaTypy Ta IIBH-
JIKOCT1 €JICKTPOHIB MOBHICTIO 10HI30BaHOI MPOCTOPO-OHOPIAHOT TIa3MH TEX JTOCITI-
JUKYEThCS Ha OCHOBI y3araiabHeHO1 Mozem Jlopenmna. Y miil Mojaeni Ha BiIMIHY Bij
CTaH/IapTHOI CHCTEMa 10HIB YTBOPIOE PIBHOBAXKHY MIJACHCTEMY 1 BPaXOBY€ETHCS Jajie-
KOJIisl €JIEKTPOH-10HHOI B3aeMo/ii. PenmakcarliiftHi nporecu B CUCTEMI BUBYAIOTHCS Ha
OCHOBI CIIEKTpaJbHOI Teopii onepaTopa iHTerpainy 31TKHEeHb. Lle Beae 10 TouHOI Teo-
pii pemakcamiifHuX MpoIeciB BUPiBHIOBAHHS TEMIIEPATyp Ta MIBUIKOCTEH KOMIIOHEH-
TiB. BcTaHOBNIEHO 3B’ 130K po3po0biieHo1 Teopii 3 MeTooM boromoboBa ckOpoueHOTO
OTMCY HEPIBHOBAXXHUX CHUCTEM, OCKIJTBKH TEOpisl MICTUTh JOBEACHHS BiIMOBIIHOI
(GyHKITIOHATBHOT T1MOTE3H, 171es K01 JISKUTh B OCHOBI MeToay boromto6osa. Koedi-
IIEHTH peJlakcallii TeMrnepaTypu Ta IMBUAKOCTI SK BJIACHI 3HAYEHHs oIepaTropa iHTe-
rpaiy 31TKHEHb OOUYHUCIIIOIOTHCS METOJIOM YCIYEHOTO PO3KIIAZCHHS HOTo BIacCHUX (Y-
HKIIIH 32 OpTOroHANbHUMH MoiHOMaMu COHiHA B CTaHaX JAJIEKUX BiJ 3aBEPIICHHS
npoleciB penakcauii. B nbomy migxozl BiACYTHIN Manuid mapaMmerp, KUl J103BOJISIE
JOCIIIUTH MIBUJKICTh HOT0 301KHOCTI. Y MIJICYMKY KOoe(illieHTH pelakcallii po3pa-
XOBYIOTBHCSI B HAOIMKEHHSIX OJTHOTO Ta BOX MOiHOMIB. [TokasyeTbes, 1mo 301KHICTS
METO/Iy yCIY€HOT0 PO3BUHEHHS 3a mosiiHoMamMu COHiIHA MOBUIBHA.

B TpeTrbomy po3aiji gucepTartii 10CIiKy€eThCS peaakcallis ryCTUH eHeprii Ta
IMITYJIbCY €JIEKTPOHIB Y MPOCTOPOBO-OAHOPIIHUX CTaHaX MOBHICTIO 10HI30BaHOI1 IJ1a-
3MH 3a HAsSBHOCTI Majoro MOCTIHHOTO Ta MPOCTOPOBO-OJHOPITHOTO 30BHIITHHOTO
elleKTpuaHoro nouis. [1ma3ma, sk 1 B onmepeHix po3aijiaX, po3risaacThCs B y3araib-
HeHii Mozeni JlopeHia, B Akiil Ha BIAMIHY BiJl CTAaHJAPTHOI BPAaXOBYETHCS JANECKOI-
I0Ya KyJOHIBChbKa B3a€EMOJIISl €JIEKTPOHIB 1 10HIB MK COOOI0 BpaxoByeThes 3a JlaH-

nay. KinetnyHe piBHSHHS MOJENI JIiHIAHE 1 HOTO TOCHIKEHHS IPYHTYETHCS Ha CIIEK-



TpaJibHIN Teopii omepaTopa iHTerpany 3iTkHeHb. Lleil onepatop cuMeTpuuHUi 1 MO3U-
THBHO BU3HAYeHHiL. oro BIACHI BEKTOPH OGMPAIOTHCS y BUITISII CHMETPUUHHX He-
3BIJIHUX TEH30PIB, SIKI OMUCYIOTh KIHETUYHI MOAM CUCTEeMH. BiIMOBIHI BJIAacHI 3Ha-
YeHHs — KOe(IIIeHTH peflakcallli — BU3HAYaI0Th YacH peJiakcallii cuctemu. Beranos-
JICHO, 110 CKaJISIPHI Ta BEKTOPHI BJacH1 (PYHKIIIi OMMCYIOTh €BOJIIOIIIO TYCTHH €HEeprii
CJIEKTPOHIB Ta IMIyJbCy. TaKuM MUISIXOM B IIbOMY PO3JIiJi OTPUMYETHCS TOUYHA CHC-
TeMa JIIHIMHUX PIBHIHB JIJIS TYCTHH €HEPTii Ta IMITyJIbCy €JIEKTPOHIB, CIIPaBEINBA 3a
BCiX 4aciB 1 0€3 MPUITYIIEHHS MPO MaJICTh €JIEKTPUYHOIO MO, JloCaiKy€eThCsl Cu-
Tyallisi B Kii MPHUITYCKA€THCS, IO Yac iX penakcaiii Habarato OuIble HIX Yac pena-
Kcallii BCIX IHIIMX MOJ. Y IIbOMY BHUIAJKy ICHY€ TaKUW XapaKTEepHH Yac, 1o 3a 0i-
JBIIMX 33 HBOTO YaCIB CIIOCTEPIra€ThCs CKOPOUYEHHS B OMKCI CUCTEMU 1 BOHA MOBHIC-
TIO ONHUCYETHbCA aCUMOTOTUYHMMHU 3HAYEHHSIMH T'ycTUH. [Ipu Takomy ckopodeHOMy
onucl PYHKIISA PO3MOALITY €JICKTPOHIB 3aJI€KUTh BlJ 4acy JIMIIIEC Yepe3 aCUMITOTHYHI
I'YCTUHHU 1 BOHM 3a/I0BOJIBHSIOTh 3aMKHYTOMY HAOOpYy pIBHSIHb. Y JPYrOMYy pO3Aiii
pe3ynpTaT OyB JOBEACHUN 3a BIACYTHOCTI 30BHIIIHBOTO €JIEKTPUYHOIO MOJs 1 Oyna
3HaleHa ToyHa (YHKI[iSE HEPIBHOBAXHOTO po3MoAily. B TperboMy po3aiii qoBese-
HO, IO Il CKOPOYEHUN OMUC MAa€ MICHE 1 JUIsl MAJIOTO OJHOPIIHOTO 30BHIIIHBOTO
eJIeKTpUIHOTO ToJisl. Lle MoXxHa po3risaaTu sik o0IpyHTYBaHHS in1ei boronro6oBa mpo
GbyHKITIOHAIBHY TIMOTE3y MPOIECiB peiakcalii B muia3Mi. JloBeaeHHs poOUTHCS B
nepioMy HaOImKeHH1 Teopii 30ypenb. OIHaK WOTO 1/1es BipHA IS BCIX MOPSIKIB 32
nosieM. PyxXIuBICTh €I€KTPOHIB Y I1a3Mi, 1i MPOBIAHICTH Ta SBHUIIE PIBHOBAYXKHOI Pi3-
HUIll TEMIEPaTyp €JIEKTPOHIB Ta 10HIB OTPUMAaHI1 SIK TOYHI pe3ybTaTu Teopii. 3 ors-
Jly Ha TOTEpeHId po3ail aucepTaiii, HaOMMKeHe PIlIeHHs CIeKTPalbHOI 3a7a4i 00-
TOBOPIOETHCA Y METO1 YCIYEHOTO PO3KJIAJEeHHS BIACHUX (PYHKIIHN y psAIU 3a MOJIHO-
mamu CoHiHa. Y HaOmmkeHH1 ofHOTO noiiHoMa COHiIHA TOKAa3aHO, 10 HEPIBHOBAXK-
Ha (QYHKIIS pO3MOAUTY €JIEKTPOHIB 01151 3aBEPILICHHS MPOIIECIB peiakcallli Moxe Oy-
TH anmpoKcUMoBaHa (yHKIlIE€0 posnoairy Makcsema. Lleit pesynbrar € oOrpyHTY-
BaHHsAM npunyieHHsa Jlopenua 1 Jlangay B ixHiil Teopii HEPIBHOBAKHUX MPOLECIB Yy
J1a3Mi, ajie BiH MOKa3ye, Mo iX Miaxi (MpUIMYIIEeHHS Mpo JIOKAIbHY PiBHOBAry) Mae

00OMeXeHY TOYHICTb.



B yerBepTOMy po3aini nucepTallii MOBHICTIO 10HI30BaHA IIa3Ma TEX JOCII-
JDKYETBCSI B y3araibHeHil mozeni Jlopenma. ['iaponnHamika eIeKTpOHHOI MmijicucTe-
MU OyIyeTbCs 3 ypaxyBaHHSIM pellakcailii TemmepaTyp i MaKpOCKOIIYHHUX IIBUIKO-
CTEi KOMIIOHEHT Ta 3a HasBHOCTI CIa0KOT0 €JIeKTPUYHOTO MoJs. ['paieHTH Ti1poau-
HAMIYHHUX MMapaMeTPiB BBAKAIOTHCA MAJIMMU; TOW K€ MaJIMi MmapaMeTp BU3HAYa€E Ma-
JICTh €NEKTPUYHOTO MOJs. J[ocmipkeHHs POBOAUTHCS MeToaoM YenmeHna—EHckora
B miaxonai boromro6oBa, sikuil IpyHTYETbCSI Ha HOro ySIBICHHI PO (YHKIIOHATIBHY
rinote3y. Po3BuHyTa 3 ypaxyBaHHIM APYTroro Ta TPETHOTO PO3ALIIB TEOPisi OCHOBHO-
ro HaOMVDKEHHS 3a TPAJi€HTaMU TiIPOJIWHAMIYHUX 3MIHHUX € TOYHOIO 1 COpMYITIO-
€THCSI B TEPMIHAX BJIACHUX (DYHKIIN Ta BJACHUX 3HAUYEHb OlepaTopa IHTerpajia 3iTK-
HeHb. [IpunyeHHs npo JIoKaabHy piBHOBAry CHCTEMH Ta OJU3BKICTh peaKcarliiHiux
IPOILECIB 10 X 3aBEpIICHHS HE BUKOPUCTOBYIOThCS. BUBOIUTHCS cucTeMa piBHSAHD
JUUIS. BHECKIB TIEPIIIOTO MOPSJKY 3a MAJIUM MMapaMeTpoM Teopii 10 GyHKIT po3noaiTy
CJICKTPOHIB, sIKa MOXKe OyTH pO3B’si3aHa TUIbKM HaOimxkeHo. Ha it ocHOBI noci-
JDKYIOTBCS 3 TOUHICTIO JIO MEPIIOro MOPAAKY MaJIOCTI BKIOYHO BHECKH JI0 TMCHIIA-
TUBHUX TIOTOKIB Ta JKEpeJ B 3aKOHAX 3MiHM €HEpTii Ta iMmyibCy. byaytoTbes Ta no-
CIIJKYIOThCSI PIBHAHHS T1APOJAWHAMIKM HaOMMKEHHS 1AeanbHoi piguHu. Ha Bigminy
B1JI CTaHAAPTHOI T1APOMHAMIKH 111 PIBHSIHHS MICTATh BHECKH, K1 BUBHAYAIOTHCS (Y-
HKIII€I0 PO3MOUTY €JIEKTPOHIB MEPIIOTO MOPSIKY 32 MMM MapamMeTpoMm Teopii. B
HAOMMKEHHI TIAPOAMHAMIKY 11€aJbHOI PIAMHHU TOCIIHKYIOThCS CTAIlllOHAPHI CTaHU
cuctemMu. OTpUMYIOTBCS TOUHI BUPA3H JIJISl PyXOMOCTI €JIeKTpOHa 1 MPOBITHOCTI CHUC-
TeMu. JlochnimKyeTbest pO3NOALT TeMIepaTypy €IeKTPOHHOI KOMIIOHEHTH B CTalllo-
HAapHOMY CTaHl 3a HAsBHOCTI €JNEKTPUYHOTO moss. JlJis ImpoCTOPOBO-OHOPITHOTO
CTaHy oTpuMaHa GopmyJia € TOUYHOIO.

HaykoBa HOBHM3Ha oJlep:KaHHUX B AUcCepTaUil pe3y/IbTaTiB:

1. Brepiue y3aranpbHeHO MOJenb JIOpeHIa KIHETUYHOTO PIBHSHHS MOBHICTIO
10H130BaHOT TJIa3MH 3 METOI0 BpaxyBaHHs e(PEeKTIB AaleKOIli 1 po3rIsAy pesakcalii-

HUX MPOLIECIB BUPIBHIOBAHHS TEMIIEPATYp 1 LIBUAKOCTEH KOMITOHEHT.



2. JlocnimKeHo BIACTUBOCTI IHTErpaja 3ITKHEHb 1 CHEeKTpajbHI BIACTHBOCTI
BIJITOBITHOTO OTEpaTopa IHTerpaiga 3iTKHeHb Mojeni. JIocaiKeHO MO CUCTEMH 1
XapaKTepHI Yacu iX eBOJIIOIII1.

3. B y3araneuenomy 3a boromo6oBum meroni Yenmena—Enckora po3po0ieHo
OCHOBHI CITIBBIJTHOIIEHHS T1APOJWHAMIKH €JIEKTPOHHOI MIJCUCTEMH IIJIa3MH 3 ypaxy-
BaHHSIM pEJIAKCAllITHUX MPOIECIB BUPIBHIOBAHHS TEMIIEpATyp 1 MaKPOCKOIIYHUX
IIBUKOCTEH KOMIIOHEHT Ta HAABHOCTI MAJOr0 €JIEKTPUIHOTO TOJIS IS CTaHiB, OJu-
3bKUX JI0 3aBEPIIEHHS MPOIIECIiB peaKcarlii.

4. Ha oCHOBI CIEKTpaibHOI TE€Opii omepaTopa 31TKHEHb BIepIIe JAO0CTIIKEHO
€BOJIIOLIIIO TUIa3MU 1 MOXKJIMBICTb ii CKOPOUEHOTO OMKCY I'YCTUHAMHU €HEpTii Ta IMITy-
JbCYy a00 BIAMOBIAHUMHU TEMIEPATypPOIO 1 MAKPOCKOIIYHOK IIBUIKICTIO €JIEKTPOHIB
JUIS CTaHiB, JAJICKUX BiJl 3aBEpIICHHS IMPOLECIB penakcailii. Bnepie mokaszaHo no-
[UJIbHICTh OMUCY MOJI CUCTEMH HE3BITHUM ITOJIIHOMaMH.

5. Bniepie m1oBefieHO (QYHKI[IOHABHY TIMOTE3Y JIsi CKOPOYEHOTO OIMKUCY Tiia-
3MU TYCTMHAMHU €HEPrii Ta IMITyJIbCY €JIEKTPOHIB 3a HAsSBHOCTI OJTHOPITHOTO 30BHIII-
HBOTO €JIEKTPUYHOTO IOJIS 1 MPUMYIIEHB PO YaCH €BOJIONIT MOJI TIJIa3MHU.

6. [{ns y3arameHenoi mozem Jlopenma po3po0iaeHo MeTo] HaOIMKEHOTO PO3-
paxyHKy 00’€KTiB Teopii IUISIXOM BUKOPUCTAHHS YCIUCHHMX PO3KJIaJICHb 3a IMOJIHO-
mamu CoHiHA.

7. B pamkax y3arambHeHOi Monenl JlopeHiia Bnepiue oTpuMaHO TOYHI BHpa3u
JUIS PYXJIMBOCTI €JIEKTPOHIB TUIa3MH, i1 IPOBITHOCTI 1 HAOJMKEHO 1X PO3paxOBaHO.
OOrpyHTOBaHO €(EeKT BIAMIHHOCTI TEMIEPATyp KOMIIOHEHT PIBHOBA)XKHOI IJIa3MH 3a
HAsSIBHOCTI 30BHINIHKOTO €JIEKTPUYHOTO TIOJIS.

8. B y3aranpHeHoMy 3a boromo6osum Meroai YenmeHna—EHCkora po3po6sieHo
OCHOBHI CHIBBIIHOIIEHHS T1IPOJWHAMIKU IUIa3MH 3 YpaxXyBaHHSAM peJaKcariiHuxX
MPOIIECiB BUPIBHIOBAHHS TEMIIEPATyp 1 MAKPOCKOTIYHHUX MIBUAKOCTEH KOMIIOHEHT 3a
HAsSBHOCTI MaJIOTO 30BHIIIHBOTO €JIEKTPUYHOTO TOJIS JJIs CTaHiB, MaJeKuX Bija 3aBe-

pILIEHHS MPOILECIB pesaKcarii.



Haykoge i npakTu4He 3Ha4YeHHsA po0oTH. BUKOpUCTaHHA pe3yabTaTiB po-
ooru.

JHucepTailisi poOUTh BaroMHii BHECOK B JIOCIIXKEHHS BIUIUBY pelaKCaIliiHuX
SIBUII] Ha TIepeOir TiapoauHaMIYHUX TPOIECiB. 30KpeMa 1€ CTOCYEThCS pelaKcaIliii-
HUX MPOIIECIB, JAJEKUX BIJI iX 3aBEPIICHHS, TOOTO JOCIIIKEHHS CHJIBHO HEPIBHOBA-
KHUX CHCTEM.

Po3po6ku aucepraiiii MOXyTbh OyTH BUKOPUCTaHI HE TUTBKU MPHU JOCIIIKEHHI
ma3Mu. BpaxyBaHHs BIUIMBY peflakcalliifHUX MPOIECIB HA SIBUIA B METaJlax 1 HaIliB-
NPOBIJHUKAX — aKTyallbHA cy4acHa mpobOiema. Pe3dynbraTé Ta imei aucepTtanii Mo-
XKyTh OyTH BUKOPUCTAHI y JOCIIPKCHHSIX, SIKI TIPOBOASTHCSA B Takux yctaHoBax AH
VYkpainu sk [HcTuTyT Teopetuunoi dizuku im. O.1. Axiezepa (M. XapkiB), [HcTuTyT
TeopetnuHoi ¢i3uku iM. M.M. boromto6osa (M. KuiB), [HcTUTYT di3uKu KOHAEHCO-
BaHuX cucteM (M. JIbBIB).

KuarwouoBi cjioBa auceprairii: MoBHICTIO 10HI30BaHa IJIa3Ma, y3arajibHEHa MO-
nenb JlopeHiia, MeToq CKOpo4YeHOro omucy boromo0oBa, QpyHKITIOHAIBHA TINOTE3a,
TApOJMHAMIYHI CTAHU 3a HAsSBHOCTI PeJIAKCALIHUX MPOIIECiB, KIHETUYHI MO/, KO-
eiieHTH pernakcailii, onepaTrop IHTerpaily 31TKHEHb, CIIEKTpalbHa TEOpis, HE3BiHI
TEH30pHU fAK BiacH1 ¢yHKIii, mogiHoMu CoHiHA, HAOIMKEHHS OJTHOTO Ta JBa MOJIIHO-
MU, metos1 Yenmena—EHckora, TOUH1 po3B’SI3KH.
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The dissertation solves important scientific task: development of theories of
hydrodynamic states of complete ionized plasma taking into account the processes of
temperature and velocity relaxation of plasma components in generalized Lorentz
model whit account for long-range Coulomb interaction.

The study of nonequilibrium processes is a central task of statistical phys-
ics and is contributed by the dissertation. Such a study is possible only on the basis
of a reduced description of nonequilibrium states, in which the system is described by
a relatively small set of parameters - the parameters of the reduced description
(RDP). The reduced description is based on the Liouville equation or kinetic equa-
tions (Boltzmann, Landau, etc.). The current trend is to expand the standard sets of
RDPs, in order to take into account the new degrees of freedom of the system. Here,
first of all, we should mention the description of relaxation processes in the narrow
sense of the term as processes that can take place in spatially homogeneous states of
the system. Near equilibrium, these processes correspond to the kinetic modes of the
system and the relaxation degrees of freedom. Classical research of these processes
belongs to Landau, who studied the relaxation of temperatures of plasma compo-
nents, and Grad, who developed the theory of Maxwell's relaxation. The ideas of
these studies are still a working tool for the latest research. An important disadvan-
tage of these studies is the lack of a small parameter in the calculations and the solu-

tion of the kinetic equation based on it, as well as the disregard for violation of local



equilibrium in the systems in the presence of relaxation processes. Elimination of
these shortcomings is an urgent task of modern theory of nonequilibrium processes.

The basis of the modern theory of nonequilibrium processes is the Bogolyubov
method of the reduced description of nonequilibrium systems, to which the re-
search of the dissertation contributes. This method is based on his idea of the func-
tional hypothesis. In contrast to the idea of normal solutions of Hilbert, it proceeds
from the existence in the system of a number of stages of natural evolution, in which
the possibility of reduced description is realized. As a special case of this method can
be considered the Chapman—Enskog method, which, according to Bogolyubov, is al-
so based on the functional hypothesis. By its origin, the Chapman—Enskog method is
focused on the study of standard hydrodynamic states. The modern problem of the
theory of nonequilibrium processes is its generalization in the case of the presence in
the system of relaxation processes in the narrow sense of this term. The central prob-
lem is the study of spatially homogeneous states that are not states of the local equi-
librium. The absence of a small parameter does not allow calculating the correspond-
ing distribution functions. The dissertation offers an approach to solving this problem
based on the kinetic equation and uses it to analyze the reduced description of plas-
mas. In fact, this is a generalization of the methods of Chapman-Enskog and Grad.
The relevance of this problem is noted in the literature (Singh, 2010; Jou, Casas-
Vazquez, Lebon, 2010). It should also be noted that the study of hydrodynamic states
of plasma taking into account relaxation processes is an important task of the theory
of nonequilibrium processes and therefore it is given much attention in the disserta-
tion.

In the first section of the dissertation, based on the Landau kinetic equation, a
generalized Lorentz model is proposed, which, in contrast to the standard one, con-
siders the 1on subsystem as equilibrium. A Fokker-Planck kinetic equation is obtained
for the electron subsystem. In the Bogolyubov method of the reduced description,
which is based on his idea of the functional hypothesis, the basic equations of elec-
tron hydrodynamics are developed taking into account the processes of temperature

and macroscopic velocity relaxation, i.e. kinetic modes of the system. The obtained



equations are analyzed at the end of relaxation processes, which gives an additional
small parameter of the theory. The main approximation in small gradients of hydro-
dynamic variables is studied in detail and corresponds to the description of relaxation
processes in the spatially homogeneous case. The obtained equations are solved ap-
proximately by the method of truncated expansion in Sonine polynomials. The veloc-
ity and temperature relaxation coefficients are discussed in the approximation of one
and two polynomials. Complete calculation of relaxation coefficients were performed
in the one-polynomial approximation.

In the second section of the dissertation, the relaxation of the electron tem-
perature and velocity of completely ionized spatially homogeneous plasma is also
investigated on the basis of the generalized Lorentz model. In this model, in contrast
to the standard one of ions forms an equilibrium subsystem and the long-range elec-
tron-ion interaction is taken into account. Relaxation processes in the system are stud-
ied on the basis of the spectral theory of the collision integral operator. This leads to
an accurate theory of relaxation processes of equalization of temperatures and veloci-
ties of components. The connection of the developed theory with the Bogolyubov
method of the reduced description of nonequilibrium systems is established, as the
theory contains proof of the corresponding functional hypothesis, the idea of which is
basis of the Bogolyubov method. The coefficients of temperature and velocity relaxa-
tion as eigenvalues of the collision integral operator are calculated by the method of
truncated expansion of their eigenfunctions in orthogonal Sonine polynomials in
states far from the completion of relaxation processes. In this approach, there is no
small parameter that allows investigating the rate of its convergence. As a result, the
relaxation coefficients are calculated in the approximations of one and two polynomi-
als. It is shown that the convergence of the truncated expansion method in Sonine
polynomials is slow.

The third section of the dissertation investigates the relaxation of electron en-
ergy and momentum densities in spatially homogeneous states of completely ionized
plasma in the presence of a small constant and spatially homogeneous external elec-

tric field. Plasma, as in the previous sections, is considered in the generalized Lorentz



model, in which, in contrast to the standard one, the long-range Coulomb interaction
of electrons and ions is taken into account according to Landau. The kinetic equation
of the model is linear and its study is based on the spectral theory of the collision in-
tegral operator. This operator is symmetric and positively defined. Its eigenvectors
are chosen in the form of symmetric non-reducible tensors that describe the kinetic
modes of the system. The corresponding eigenvalues (relaxation coefficients) deter-
mine the relaxation times of the system. It is established that scalar and vector eigen-
functions describe the evolution of electron energy and momentum densities. Thus, in
this section an exact set of linear equations for electron energy and momentum densi-
ties, valid for all times and without assuming the smallness of the electric field is ob-
tained. The situation in which it is assumed that the time of their relaxation is much
longer than the time of relaxation of all other modes is investigated. In this case, there
1s such a characteristic time that at greater times there is a reduction in the description
of the system and it is fully described by the asymptotic values of the densities. With
such a reduced description, the electron distribution function depends on time only
through asymptotic densities and they satisfy a closed set of equations. In the second
section, this result is proved in the absence of an external electric field and the exact
nonequilibrium distribution function is found. In the third section it is proved that this
reduced description also holds for a small homogeneous external electric field. This
can be considered as a substantiation of the Bogolyubov idea of the functional hy-
pothesis for relaxation processes in plasma. The proof is made in the first approxima-
tion of the perturbation theory. However, his idea is true for all orders in the field.
The mobility of electrons in the plasma, its conductivity and the phenomenon of the
equilibrium temperature difference of electrons and ions are obtained as exact results
of the theory. Given the previous section of the dissertation, the approximate solution
of the spectral problem in the method of truncated expansion of eigenfunctions into
series in the Sonine polynomials is applied in the third section too. In the approxima-
tion of one Sonine polynomial, it is shown that the nonequilibrium electron distribu-
tion function at the end of relaxation processes can be approximated by the Maxwell

distribution function. This result substantiates the Lorentz and Landau assumptions in



their theory of nonequilibrium processes in plasma, but it shows that their approach
(local equilibrium assumptions) has limited accuracy.

In the fourth section of the dissertation completely ionized plasma is also in-
vestigated in a generalized Lorentz model. The hydrodynamics of the electron sub-
system 1is built taking into account the relaxation of temperatures and macroscopic
velocities of the components and in the presence of a weak electric field. Gradients of
hydrodynamic parameters are considered small; the same small parameter determines
the smallness of the electric field. The study is conducted by the Chapman—Enskog
method in the Bogolyubov approach, which is based on his idea of the functional hy-
pothesis. Developed taking into account the second and third sections, the theory of
the basic approximation in gradients of hydrodynamic variables is exact and formu-
lated in terms of eigenfunctions and eigenvalues of the collision integral operator.
Assumptions about the local equilibrium of the system and the proximity of relaxa-
tion processes to their completion are not used. A set of equations for the contribu-
tions of the first order in the small parameter of the theory to the electron distribution
function is obtained, which can be solved only approximately. On this basis, the con-
tributions to dissipative fluxes and sources in the laws of change of energy and mo-
mentum are investigated up to the first order of smallness included. The equations of
hydrodynamics of the ideal liquid approximation are constructed and investigated. In
contrast to standard hydrodynamics, these equations contain contributions that are
determined by the electron distribution function of the first order in small parameter
of the theory. In the approximation of the hydrodynamics of ideal liquid, the steady
states of the system are investigated. Exact expressions for electron mobility and sys-
tem conductivity are obtained. The temperature distribution of the electron compo-
nent in the steady state in the presence of an electric field is investigated. For a spa-
tially homogeneous state the obtained formula is exact.

Scientific novelty of the results obtained in the dissertation:

1. For the first time, the Lorentz model of the kinetic equation of fully ionized
plasma is generalized in order to take into account the effects of long-range Coulomb

electron-ion interaction and For the first time, the Lorentz model of the kinetic equa-



tion of a fully ionized plasma is generalized in order to take into account the effects
of long-range and consider the relaxation processes of equalization of temperatures
and velocities of components.

2. The properties of the collision integral and the spectral properties of the cor-
responding collision integral operator of the model are investigated. The modes of the
system and the characteristic times of their evolution are studied.

3. In the Chapman—Enskog method generalized by Bogolyubov, the basic rela-
tions of hydrodynamics of the electron plasma subsystem are developed taking into
account relaxation processes of temperatures and macroscopic velocities of compo-
nents equalization at their completion and the presence of a small electric field.

4. On the basis of the spectral theory of the collision integral operator, the evo-
lution of plasma and the possibility of its reduced description by energy and momen-
tum densities or the corresponding temperature and macroscopic velocity of electrons
for states far from the completion of relaxation processes are studied for the first
time. For the first time, the expediency of describing the modes of a system by irre-
ducible polynomials is shown.

5. For the first time, a functional hypothesis for the reduced description of
plasma by electron energy and momentum densities in the presence of a constant ho-
mogeneous external electric field and assumptions about the times of evolution of
plasma modes is proved.

6. Method for the approximate calculation of objects of theory by using trun-
cated expansions in Sonine polynomials has been developed for the generalized Lor-
entz model.

7. Within the framework of the generalized Lorentz model, for the first time
exact expressions for the mobility of plasma electrons, its conductivity were obtained
and calculated approximately. The effect of temperature difference of the components
of the equilibrium plasma is substantiated in the presence of external electric field.

8. In the Chapman—Enskog method generalized by Bogolyubov the basic equa-
tions of plasma hydrodynamics taking into account the relaxation processes of tem-

peratures and macroscopic velocities of components equalization in the presence of a



small external electric field for states far from the completion of relaxation processes
are developed.

Scientific and practical significance of the work. Application of the results
of the investigations.

The dissertation makes a significant contribution to the study of the influence
of relaxation phenomena on the course of hydrodynamic processes. In particular, this
concerns to relaxation processes that are far from the completion, i.e. the study of
strong nonequilibrium systems.

The dissertation developments can be used not only in the study of plasma.
Taking into account the influence of relaxation processes on phenomena in metals
and semiconductors is an urgent modern problem. The results and ideas of the disser-
tation can be used in research conducted in such institutions of the Academy of Sci-
ences of Ukraine as O.I. Akhiezer Institute of Theoretical Physics (Kharkiv),
M.M. Bogolyubov Institute of Theoretical Physics (Kyiv), and Institute of Condensed
Matter Physics (Lviv).

Key words of the dissertation: fully ionized plasma, generalized Lorentz
model, the Bogolyubov reduced description method, functional hypothesis, hydrody-
namic states in the presence of relaxation processes, kinetic modes, relaxation coeffi-
cients, collision integral operator, spectral theory, irreducible tensors as eigenfunc-
tions, Sonine polynomials, approximation of one and two polynomials, Chapman—
Enskog method, exact solutions.
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