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TOYHBIE PEIINEHUS BOAHOBBIX YPABHEHUM
AAS YACTHUL C AUTIOABHBIMU TTOAAPU3YEMOCTAMMU
B ITOAE ITAOCKOU SAEKTPOMATHUTHOMW BOAHDI

E. B. BAKYJIHHA", H. B. MAKCUMEHKO?

YBpsainckuii 2ocyoapemeennviii ynusepcumem um. akademuxa M. I [lempogckozo,
Guauan 6 2. Hososzwibros, yn. Cosemckas, 9, 243020, 2. Hososzwi6kos, Poccusi
Tomenvckuii 2ocydapemeennsiii ynusepcumem um. Opanyucka Cropun,
ya. Cosemckas, 104, 246019, e. I'omensv, berapyco

Ha ocHOBaHMM PeNISTHBUCTCKO-MHBAPUAHTHOTO JIArPAHKMAHA B3aMMOACHCTBHS IIEKTPOMArHUTHOTO TIOJIS C YacTUIIEH
C MOJAPU3YEMOCTSIMH, KOTOPBIN COMIACyeTCsl ¢ HU3KO3HEPTETHUECKON TEOPEMON KOMIITOHOBCKOTO PAcCEsIHUS, MOTyYEHBI
KOBapHaHTHBIC YPAaBHEHUS JBIKCHUS STUX YACTHIl B 3JIEKTPOMarHUTHOM 1ojie. TOUHbIe PelIeHuUs PeTSITUBUCTCKUX BOJIHO-

. 1 . .
BBIX YPaBHEHHUH MOJSAPU3YIOMIMXCS yacTull cruHa 0 u 5 B TI0ME IIOCKOH JICKTPOMATHHTHOM BOTHEL NOMYSEHH Ha 0CHOBS
T depeHInaTbHBIX yPaBHEHUH MEPBOTO TOPsIIKa ¢ TIOMOIIBI0 00muX KoBapuaHTHBIX MetonoB @. 1. denoposa. IIpn
1 .
pelIeHnn No00HOTO0 KOBApPHAHTHOTO YPaBHEHUS JUIsl YaCTUIIBI CIIMHA 5 ObLI MCHONIB30BAH METOJI, OCHOBAHHBII Ha mepe-

CTaHOBOYHBIX COOTHOIIEHUAX MATPUIl U TEOPHUHU MPOEKTUBHBIX oneparopoB. KoBapraHTHOE ypaBHEHHE Ul YaCTHUL] CIIH-
Ha 0 B pamkax teopun Hadduna — Kemmepa — [leTbio B 1osie MI0CKOM 371€KTPOMAarHUTHOI BOJIHBI PEIIANIOCh CIIOCO0aMH,
OCHOBaHHBIMU Ha BBEJICHUH €CTECTBEHHOTrO 0a3uca M CBOWCTBAX JICHCTBUSI MAaTPHL B IPOCTPAHCTBE BOIHOBBIX (DYHKIIHH.
[Nomy4eHHble peleHust MOT'YT OBITh UCIIOJIB30BAHBI JJIsl PACUETOB KBAHTOBBIX JIEKTPOIMHAMUYECKHX MPOLIECCOB B3aUMO-
JIEWCTBHS YACTUL] B TI0JIE INIOCKOM AIEKTPOMAarHUTHON BOJIHBI M ONIPEAEIECHUSI Ha ATOH OCHOBE MOJSPU3YEMOCTEHN aIpOHOB.

Knrouesvie cnosa: AAPOHBI; MTOJIAPU3YEMOCTD, JIAarpaHKUaH; KOMIITOHOBCKOE PAaCCEAHUE.
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Based on the relativistic-invariant Lagrangian of the interaction of an electromagnetic field with a particle with po-

larizabilities, which agrees with the low-energy Compton scattering theorem, covariant equations of motion of these
particles in an electromagnetic field are obtained. Exact solutions of the relativistic wave equations of polarized particles
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of spin 0 and — in the field of a plane electromagnetic wave are obtained on the basis of first-order dlfferennal equations
using the general covariant methods of F. I. Fedorov. When solving such a covariant equation for a spm = partlcle the

method based on the permutation relations of matrices and the theory of projective operators was used. When solving the
covariant equation for spin zero particles in the framework of the Duffin — Kemmer — Petyu theory in the field of a plane
electromagnetic wave, methods were used based on the introduction of a natural basis and the properties of the action
of matrices in the space of wave functions. The solutions obtained can be used to calculate quantum electrodynamic
processes of the interaction of particles in the field of a plane electromagnetic wave and to determine on this basis the
polarizabilities of hadrons.

Key words: hadrons; polarizability; Lagrangian; Compton scattering.

BBenenune

CBoIicTBa PIIEMEHTAPHBIX YACTHUIl MPOSBISIOTCS B MX B3aUMOACHCTBUSX. Tak, y aJIpOHOB MPH B3aUMO-
JICHCTBHH C DJICKTPOMArHUTHBIM IOJIEM UMEIOT MECTO JIMIOJIbHBIC MATHUTHBIC U KBAJIPYIIOJIbHBIC MOMEHTHI.
B mporeccax paccesHusi (POTOHOB BaXKHYIO POJIb MIPAIOT TAKUE CTPYKTYPHBIE KOHCTAHTHI, KAK MOJSPU3YE-
MOCTH aJJpOHOB, UHTEPIPETAIMS KOTOPhIX Oblia IOJyueHa Ha OCHOBE OOIIMX MPUHIUIIOB PEJISTUBUCTCKON
KBaHTOBOH Teopuu moss [1-3].

B paborax [4—6] B paMKax pelIITUBUCTCKONH KBaHTOBOW TEOPHH MOl TOCTPOCHBI 3()(heKTHBHBIC JIarpaH-
JKUaHbBI JBYX(DOTOHHOTO B3aUMOJICHCTBUSI C aJIPOHAMHU C YYETOM IOJIIPU3YEMOCTEH, KOTOPBIE COMIACYHOTCS
C aMIUIUTYJaMU B HU3KODHEpPreTHueckoM npezactaBienuu [1-3]. Ha ocHOBe 3THUX JarpaH:kKMaHOB MOTYyYEHBI
PENSITUBUCTCKUAE KBAHTOBO-TIOJICBBIC YPABHCHUS JIBIKCHHS YaCTHI] C MOJIIPU3YEMOCTSMHU B AJICKTPOMArHUT-
HoM T1o11e [7; 8].

B mpoueccax B3auMoneicTBUs aApOHOB C IEKTPOMATHUTHBIM MOJIEM IPOSBISIOTCS CBOMCTBA KaK CaMUX
aJPOHOB, TaK U EKTpoMarHuTHOro nosst. C momoripio 3((HEKTUBHBIX JIAarPaH)KUAHOB MOYKHO M3y4arh pas-
JIMYHBIC MPOIECCHI AJPOHHOM AeKTpoarnHaMUKU., OCOObI MHTEPEC BBI3BIBAIOT MCCIICAOBAHUS BIIMSHUS MH-
TEHCUBHOI'O JICKTPOMArHUTHOIO I0JIsi HA MPOSBICHMS Ba)KHBIX KBAHTOBBIX U PEIIATUBUCTCKUX MPOIIECCOB
B3aUMOJICHCTBUS DIIEMEHTAPHBIX YacTuil [9].

OCHOBO HCCIEIOBAaHUI MPOILIECCOB B3aUMOJCHCTBUSL aIPOHOB BO BHEUIHUX 3JICKTPOMATHUTHBIX TMOJISIX
SIBJIICTCSl HAXOXKJICHHE TOYHBIX PEIICHUN COOTBETCTBYIOIIUX PEISTHBUCTCKMX BOJHOBBIX ypaBHeHuU. [is

B321PIMOJ1€I>1CTBI/I$I aJIpOHOB CITMHA E C YUETOM JUITIOJIbHBIX HOH’IpHSyeMOCTeﬁ C HHHeﬁHO-HOHHpHSOBaHHBIM

ANIEKTPOMATHUTHBIM TIOJIEM TOYHBIC PEIICHUSI ONPE/ICIICHBI HA OCHOBE PEIISITUBUCTCKUX BOJTHOBBIX YPaBHEHUH
TIEPBOTO ITOPSIIKA U MPEACTABIICHHI B padorax [10—12].
Hacrosimast pabota mocBsieHa TOYHOMY PEIICHHIO PENIITUBHCTCKUX BOMHOBBIX YPaBHEHUI JUIsSI aJJpOHOB

1 .
co crmmHamu 0 u = ¢ YUE€TOM MX AUIIOJBHBIX MOJIAPU3YEMOCTEN BO BHCITHEM SJICKTPOMAroHuTHOM I10JIC.
2

1 "
YacTuna cnuHa E B I10JI€ IIJIOCKOHU

3J'[eKTp0Mal"HI/ITH0171 BOJIHBI C YY€TOM HOJIﬂpI/IZ}yeMOCTeﬁ

Pemenue YpaBHCHUA ABUKXCHUA YaCTUIIBI CIIMHA E B II0JIC€ MJIOCKOM SHGKTpOMaFHHTHOﬁ BOJIHBI OOBIYHO

MOJy4aroT npuBeAeHrueM auddepeHnanbHoro ypaBHeHUs EpBOro nopaaka K auddepeHnuanb-HOMy ypas-
HEHUIO BTOpOro nopsaka [13]. Meron pelieHust ypaBHEHHs YKa3aHHOTO ABUKEHUS, MpeasiokeHHbI B [10],
MO3BOJISACT pemarh AuddepeHnnalbHble ypaBHEHUs IEPBOTo MOPsIKa B KOBAPHAHTHOM (opme.

Crenys pabdoram [10; 11], Haiinem pemenue augdepeHnanbHOro ypaBHeHUs IEPBOTO MOPSAKA IBUKESHHS

1 . N .
HaCTHUIlbl CIIMHA 5 B MOJIC MJIOCKOU SJICKTPOMAariMTHOU BOJIHBI B KOBAPUAHTHOU q)OpMC C YUYETOM IOJIAPU3YC-

MOCTEH. 1
B [7] nomyden >3 deKTHBHBIN JIarpaHkKHaH B3anMOICHCTBHS AIIEKTPOMArHUTHOTO TTOJIS C YACTHIICH CIIFHA —
C YY€TOM JTUITONBHBIX TOISPU3YeMOCTEN: 2

1 1 _= _
L:_ZF FHV—Ewauyuw—mw+K 0 (1)

uv ovUov?

e £, =9, 4,— 0, A,; W — GUCIHHOPBI; Jy = dy — Ju — YETBIPEXMEPHBIH BEKTOP, OMPEIENSEMbIH KOMIOHEH-

TaMHu au {Zl, iao } TeHBOpLI B IMOCJICAHEM CJiara€MOM HMCIOT BU
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e OCE n BM QJICKTPpHUYCCKad U MarHuTHas JUITIOJIbHAA MOJIAPHU3yEMOCTH YaCTUIIbI CIITMHA

1
W3 narpanmxuana (1) cieqyeT KOBApUAHTHOE YPaBHEHUE JBHIKCHHUS YACTHIIBI CIIMHA — B 3JICKTPOMArHHT-
HOM T110J1¢ [7] 2

. 1
(D +m+—D, (Ko¥s )+ Koo D )w 0, 2)

e D = D,Y,,, Marpuup! Y, yIOBIETBOPSIOT IEPECTAHOBOYHBIM COOTHOWIEHUAM ¥, Y, + ¥, Y, = 28,,; D,= 0, — ied,,.
Ha ocunoBanmuu narpamkuana (1) u ypaBuenus (2) B pabote [7] moka3aHo cOTTacoBaHUE C HI/I3K03HepFeTI/I-
YeCKUM TIPEACTABICHHEM aMIUIUTY/Ibl KOMIITOHOBCKOTO paccesHus Ha HykJoHe [1; 2]. ns pemenus ypaBHe-
Hus (2), KOT/Ia 9acTHIla B3aNMOICHCTBYET C MOJIEM IIOCKOM 3JIEKTPOMAarHUTHOM BOJIHBI, OyZIeM HCIOIb30BaTh
noaxon u3 [12].
B ciyuae miockoBOTHOBOTO TOJISI BEKTOP-TTOTEHITHAI 3aBUCHT OT O = kx =k X, T. €.

whe
A,=4, (9). 3)
[Ipu pemenun ypaBaenus (2) OyzieM cauTarh, 9To
k*= kﬁ =0

u noteHnwman (3) yaosieTBopsier yciaosuro Jlopenna:

—_— 4 —_—
24 (0) 9,4, = Ak, =0,
au—. B stom ClIy4dac TCH30p 3JICKTPOMArHMTHOTO MOJIA BbIPAKACTCA B CIICAYIOUIEM BUAC!
¢

F, =k A, — kA,

’
meAu—

Ecnu Bocnmonms30BaThCs COOTHOIICHUEM

F.F FF+8FF

(YT oV v no “ vptvpo
TO TeH30p K, MOXKHO NPEJCTABUTH TaK:
2n B
Kcu m |:(0(‘ + BM )F;rszu +— = SHGE/p vp:| (4)
[TockobKY TTOTEHITHAITB A;((p) VIOBIIETBOPSIOT ycioBuio Jloperiia, To u3 (4) cnemayet
271 N2
Kcu:%(O(‘E-FBM)kau(A ) : (5)

YumsenHas npoussoaHas D, = d, — ied,, oT TeH30pa (5) paBHa HyIIO:

’

o+ By )&k [(4)] =0.
Taxum oOpazom, ypaBHeHHE (2) MOXKHO 3aIiCaTh B BUJIC

(D+m+K,v,D,)w=0. (6)

DK Zn(

ptop T

Crnenys padoram [10—12], pemrenue ypaBHeHuUs (6) MpecTaBUM Kak

v =7(9)e @), 7

———d¢’, b,= p,— ed,. B atom ciyuae dpyHkuus x((p) YIOBJIETBOPSIET yPAaBHEHUIO

ko + [ (m +i€) +iQk |x =0, (8)
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rie 0003HaYeHO

2 2
b+ m )

2
c.=h—k L= Q=" (0, + By, ) (k) (A7)

Y 2kp
YMHOXUB ypaBHeHHE (8) Ha MaTPUILY l:r, MOy YUM
/€<m +ic ) x=0.

Tornma, cormacuHo [10], hyHKIHIO ) MOXXHO TIPEJCTABUTDH B BUJIE

1(9) = (m = i& )l (o)- )
IToncranoBka (9) B (8) MpUBOIUT K ypaBHCHHIO
ky, +iQky,=0. (10)
Pemrenuie s (10) mpeacTaBiseTcst CIEAYIOMIAM 00pa3oM:
—ifﬂ(w')dw’A
le((P):e ! kX, (11)

e ), — OMCIMHOP, KOTOPBIN HE 3aBUCUT OT () U yAOBIETBOPSET ypaBHEHUIO Jlupaka a1t CBOOOAHO BUKY-
LIEHCS YaCTULLBI.

YuutsiBas cootnomenus (9) u (11) B onpenenennn GpyHkuuu (7), MOIydYUM BbIpaKeHHE OOILETO PELICHUS
ypaBHEHUs (2) B3aUMOEHCTBUS YaCTHIIBI C MOJIIPU3YEMOCTSIMU C MOJIEM TIOCKON 3JEKTPOMAarHUTHOM BOJIHBI:

pr—e(9) - [Q(o")de’

v (x)= (m —ic )IGXOei[ : J (12)

Ecnu y 9acTrIbl OTCYTCTBYIOT TIOJISIPU3YEMOCTH, T. €. O, + [3,, = 0, To BonHOBas dyukiwms (12) nepexoaut
B M3BEeCTHOE pereHue Bomkora [14; 15].

Me3on cniuna 0 B noJjie mJI0CKOi 3J1eKTPOMATHUTHOM BOJIHBI

Juist mony4YeHus TOYHOTO PENICHHs] KOBAPUAHTHOTO NU(PPEpEHIIMATBHOTO YPaBHEHHS TIEPBOTO MOPSIIKa
B3aMMOJICHCTBHS C YUETOM MOJISIpU3yeMocTel TeopeTndeckuM MetoaoM [10] Bocronb3yemces hopmannzmom
Nadduna — Kemmepa — [1etpro. B aTom hopmanu3me tarpaHxuaH B3aUMOJICHCTBUS AIEKTPOMArHUTHOTO ITOJIst
¢ Me30HOM crimHa 0 mmeeT BUI [ 8]

1 l_= A
L=—-—F,F Ewauﬁuw—mw+ze\|/Aq/+K 0 (13)

4 W uv ovVov*

B ypasrenun (13) y(x) 1 (x) — naTMMEpHbIe BOJTHOBbIE (PYHKIMH CKAIAPHBIX YACTHUIL, & YEThIPEXMEPHBIH
- . 5

MMITYJIbC OTIPE/IENSETCS KOMIIOHEHTAMH d), {d, a,= ia, }. HrumepHble MaTpuue B = B, ABISIOTCS MaTpULAMA

Hadbdura — Kemmepa 1 yaoBIETBOPSIIOT IIEPECTAHOBOYHBIM COOTHOIIICHUSIM

B.B.B, +B,B.B,=5,B,+8,B,

Tenzopsl B (13) onpeseneHs! CIeayONIM 00pa3oM:

21 ~
Kcv = WI:OCEFQWF;W + BMFc'suF;lv:I’

1. -
ecv = EWBGaVW’
TJIe CTPENKH HaJ TMPOM3BOJHBIMU YKa3bIBAIOT WX JIEHCTBHE HAa BONHOBBIE (DYHKIIMU YACTHIIBI B MIATHUMEPHOM
HPOCTPAHCTBE; O, U [3,, — AMEKTpUUECKasi 1 MarHUTHAsI OJISIPH3YyEMOCTH [THOHA.
YpaBHEeHHE B3aUMOJICHCTBHA MTHOHA C AJIEKTPOMATHUTHBIM ITOJIEM C YUETOM 3apsa W MOIIPU3yeMOCTEH,
Kak cuenyet u3 (13), MOXKHO 3amucars B BUJIE

A 1
[D+m+5Dch“BG+KGHBGDu]\|;:O, (14)

tie D, =9, — ied,; D= DB,
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C ucnonp3oBanueM Metona Gyakuuii ['puHa B padote [8] yCTaHOBICHO, YTO aMILIUTYIa KOMITOHOBCKOTO
paccesiHus, KoTopast clieAyeT u3 jgarpamkunana (13), B HI3K02HEpreTHUECKOM Tpeiene nMeeT By [12]

2 . .
M= (% + 4nm2a5)(5(”2> é“')) + 4mw’B,, [@5“2) ][ﬁlé“l)],

rae O — dHeprus (HOTOHOB; 7i, U /i, — €IUHUYHBIC BEKTOPHI, HAIPABICHHBIE 110 UMITYIbCaM M1a/IAI0IIET0 U pac-

CesHHOro (OTOHOB k, U k,; g™y gt — COOTBETCTBYIOLIUE BEKTOPHI MOJISIPU3ALIUH.

ITocKONIbKY YCTAHOBIICHO, YTO Ol U [3,, SIBISIOTCS TMOJISIPU3YEMOCTSIMH KOMIITOHOBCKOTO PACCEsHHMS, pac-
CMOTpHM peleHne ypaBHeHus (14) B ciydae B3auUMOACHCTBUS MMHOHA C MOJIEM IIOCKOH 3JIEKTPOMAarHUTHOM
BOJIHBI C YYETOM TOJIIPU3YEMOCTEN.

[loTeHuuan 4, mojst MIOCKOH 3ICKTPOMArHUTHON BOJIHbI 3aBUCHT OT KOOPJMHAT Y€Pe3 HHBAPHAHTHYIO

dazy ¢ = kx:
A,=4, (9) (15)
— ¥ YJIOBIETBOPsIET ycioBHo Jloperia
d,4,=0,
KOoTOpOe, corntacHo (15), mpuMeT BUA

9,4, = kA, =0,

7, . 2 ’ aAH
e k{k. k,=io}, k*=0; 4= —L.
el
B ciyuae korjia BHENIHEE TIONE SBISIETCS TUIOCKOM 2JIEKTPOMATHUTHON BOHOM, periieHne ypaBaeHust (14)
ornpenenum, cieays padore [10]:

y(x)=1(0)e". (16)

[oncrasnss (16) B (14) u yuurteiBas, 94To
21 N2
K, - (%)(% 4By Yok, (4

a MPOU3BOJHAs OT TeH30pa K, paBHA HYJIIO, IPUXOJUM K PABEHCTBY

D,K,,Bs=0,
Y TOT/Ia MTOJTyYUM YpaBHEHHE

kf'+{ib+m+Qk}f=0, (17
21 72
e b, =~ 2= 2 (B ) pH) AT

Cornacho [10], pewenue ypasaenus (17) MOXHO MPEACTaBUTH B BUAEC

f(9)=x(p)e ™,

942 2
b"+m
e €(¢)= | ————d¢".
5%
B pesynbrare u3 (17) momyunm
ko + [ (m+ic) +iQk |x=0. (18)
B ypaBuenuwu (18)
b2 + 2
¢, = bu—ku—m, A=—-m’
2kp
Crenys [10], npencraBuM ) B BUJE MATHMEPHOTO CTOIOLA
mu,
X= u, >
rmeu=1,2,3,4.

ITockonbky k = kuBu’ TO, UCIIOJIB3YS SIBHBIM BUJ| IISITUMEPHBIX MATPHUL], MOXKHO ITOKa3aTh, 4YTO
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0 k k k& k,

k0 0 0 0

k=|k, 0 0 0 0

kk, 0 0 0 0

k, 0 0 0 0

B TakoM ciydae cBEpTKH ng U C), UMCIOT BUJ

lgx: kuuu ’ 5X= Cuty
muk, mu,c,

B urore (18) pacmamaeTcs Ha 1Ba ypaBHEHUS BUIA

(ku)’ + m*uy +i(cu)+iQ(ku) =0,

(19)
u, + (kuu(;) +iuyc, +iQuk, =0.
W3 Broporo ypaBHenwus cuctemsl (19) crexyert, uto
u,= - (k“ug) — iugc, — iQuk,.
YMHOXHB 5TO PaBEHCTBO Ha BEKTOP k,, MOJIy4NM
(ku) = —iu, (ck),

a TIPOM3BOJHAS IPUMET BUJ]

(ku) = —i(uyc) k. (20)
IToncrasnas (20) B mepBoe ypaBHeHHE cUCTEMBI (19), pUX0AUM K BBIBOAY, YTO

(ug +iQu, )k = 0. (21)

Pemennem nns (21) siBngercs
uy(@)= exp[—iJQd(p].
W3 Broporo ypaBHeHnus cuctemsl (20) ciemyet
Uy, = —iuC,.
TaxnMm obpasom, obtiee perenne ypaHeHus (14) nmeet BUIT

im i[pre((p)—jpﬂd(p’]
e 0

Cu

y(x)=N

b

rje N — HOpMUPOBAaHHBII MHOXKUTEIb.

3akjarueHmne

s hopmanusma Jladpuna — Kemmepa — [eThio mostydeH arpaHxuaH B3auMOZICHCTBHUS 3JICKTPOMarHUT-
HOTO TIOJIS ¢ yacTuiiei cruua 0, o0ramaromel TUIMOIbHBIMU IEKTPUUSCKON U MAarHUTHOU TOJSIPU3YEMOCTSI-

MH. BBITIOJTHEHO cortacoBaHKE 3(1)(1)GKTI/IBHBIX PEIATUBUCTCKUX JIATrPAHKUAHOB BSaHMOHeﬁCTBHH qacCTull CIIN-
1

Ha 0 u 5 C DJICKTPOMAarHuTHBIM II0JIEM € aMINUIMTYAaMH KOMIITOHOBCKOI'O pacCEiHUsA, KOTOPBIC YCTaHOBJICHBI
Ha OCHOBC HU3KOOHECPICTUUCCKUX TCOPEM.

1

Bonuoseie ¢pynkuuu tuna . M. Bonkosa mis yactuil cnivaa 0 u E B I10JIE€ TIJIOCKOM 3JEKTPOMarHuTHOMN

BOJIHBI, KaK MPaBUJIO, MOJTYYalOT MyTeM PELICHUS] KOBapHaHTHBIX AuddepeHuranbHbIX ypaBHEHU BTOPOTO
nopsika. B 3Toit paboTe ToUHBIE pelieHus PEISITUBUCTCKUX BOIHOBBIX YPaBHEHHUHN OJISIPU3YIOIIUXCS YaCTHIL
HalIeHbl Ha OCHOBE AU PepeHIINaANbHBIX YPaBHEHHI TIEPBOTO MOPSIIKA.
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