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PAULI EQUATION IN CURVILINEAR COORDINATES OF MINKOWSKI SPACE,
SEPARATING THE VARIBLES

The non-relativistic Pauli approximation for a spin % particle is studied in arbitatry curvilinear
orthogonal coordinates.The final goal is to develop ¢ unified approach to separating the variables in equation
for s spin % particle in all 12 system of orthogonal coordinates in the flat space, first in more simple Pauli
approximation. A general structure for the covariant equation is derived Pauli equation in arbitrary orthogonal
coordinates, it includes the relevant tetrads and Ricci rotation coefficients. Because the possibility to develop a
unified approach to separating the variables in ordinary presentation of the covariant Pauli equation is rather
problematitic, other way for studying the problem is proposed. It is based on transforming the usual
2-component Pauli equation to an equivalent system of first order four differential equations, by introducing two
auxiliary components, because it is known that the task of separating the variables in the system of differential
equations in partial derivatives may be solved easier for the first order systems. One simple example for
illustating this approach, is given; a spin % particle problem in presence of external magnetic field when using
the cylindrical coordinates.

Key words: spin % particle, curvilinear coordinates, tetrad formalism, Ricci rotation coefficients, Pauli
approximation, separation of the variables.

YPABHEHMUE ITAYJIA B KPUBOJIMHEVMHBIX KOOPJIUHATAX
INPOCTPAHCTBA MUHKOBCKOI'O, PA3JEJEHUE IIEPEMEHHBIX

Hepenamusucmckoe npubnuscenue Ilaynu Ons wacmuyvl co cnumom % uzyuaemcs 6 npousBoabHbIX
KPUBOJIUHEUHBIX OPMOLOHANLHBIX KoopouHamax. Koneunou yenvio sgnsemcs pazpabomka eouno2o0 nooxooa
K pa30eieHut0 NEPeMEeHHbIX 8 YPAGHEeHUU O YACmUuybl CO CNUHOM Y 60 6cex 12 cucmemax opmozoHAIbHBIX
KOOPOUHAM 8 NJOCKOM NPOCHMpancmee, cHavana 6 bonee npocmom npubaudicenuu Iaymu. Bwisedena obuas
CmpyKmypa 0isi Kogapuanmno2o ypastenus Ilaynu 6 npouszgonvHblX OPmMO2OHANIbHBIX KOOPOUHAMAX, KOMOpas
sKnIOuaem 6 cebs coomeemcmeyrouue mempaost u Kodpduyuenmol epawenus Puuuu. ITockonvky 603mooic-
HOCMb pazpabomxu eOUH020 N00X00a K pas0eseHuio NepemMeHHbX 8 00bIYHOM NPedCmasieHUU KOBAPUAHIMHO20
ypasuenus Ilayiu 0060110 npobremamuyna, npednodcer opy2oi cnocod uzydenus npooremvl. On ocHodan
Ha npeobpazoeanuy 0ObLIYHO20 2-KOMNOHEHMHO020 Yypaghenus Ilaynu 6 9K6UBAIEHMHYIO CUCEMY U3 Yemblpex
ouphepenyuanvblx ypasHeHuil nepeo2o NopsaoKa nymem 86e0eHuUsl 08YX 8CHOMO2AMENbHbIX KOMHOHEHMOS,
NOCKOMLKY U3BECMHO, YMO 3a0a4d pa30elenusi NepemMeHHblx 8 cucmeme OupgepeHyuanrvhblx ypasHeHull
8 HACMHBIX NPOU3BOOHBIX MOJCem OblMb pewena npowe 0 cucmem nepeo2o nopaoxa. Ilpuseden npocmoil
npumep, ULTIOCMPUPYIOWULL 5Mmom nooxoo: 3a0aid o yacmuye co CNUHOM %2 6 NpUCymcmeuu GHeune2o maz-
HUMHO20 NOJISL NPU UCNONB30BAHUU YUTUHOPUYECKUX KOOPOUHAM.

Knrwouesvle cnosa: wacmuya co cnunom %, kpueonunetinvie KOOpOUHAMbL, MeMpaoHblil hopmanusm,
Ko Puyuemvl epawenus Puuyu, npubnusicenue Ilaynu, pasoenenue nepemeHHbix.
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Introduction

The study of all possibilities for separating the variables in quantum mechanical
equations is important for applications in theoretical problems.

In particular, for flat Euclidean space there is known 13 system of coordinates
allowing for the complete separation of the variables in the Laplace equation, closely related
to Schrodinger equation.

This problem becomes more involved when turning to the Dirac equation or Maxwell
equation, and other.

However, in [1] it was shown that with the use of squaring procedure for the Dirac
equation leading to the scalar Klein — Fock — Gordon equation, one may construct solutions
for the Dirac equation as well, using the known solutions for the scalar equation.

Therefore, the possibility to get solutions for Klein — Fock — Gordon equation equation
in all 13 coordinates systems, permits us to expectcorresponding solutions for the Dirac
equation as well. Similar posibility exists also for Maxwell theory [2; 3].

In the present paper, we will derive an explicit form of Pauli equation in arbitrary
orthogonal coordinates of the 3-dimensional Euclidean space, parameterized by the metric

dS? = c?dt? —h2(x)(dx")? —h2 (x)(dx?)? —h2 (x)(d°)?. (1)
We will start with the covariant form of the Dirac equation [4]

1 a mc
= Vable J[ T —]J¥ =0, (2)

;)
| e
[7((c)aa 2 h

where j=1 stand for six Loretzian generators for bispinor representation of the Lorentz
group; e(‘é) (X) stands for the digonal tetrad, related to the metric (1).

Pauli approximation in orthogonal coordinates for g, -space
Let us start with the relativistic Dirac equation in orthogonal coordinates

. ., 1 . . . )
{Wo(ao + Ao)+ |71(E(81 + IEA1)+G11123 +G21J31 +G31]12) +

. 1 . . . .
""72 (h_ (0, +ieA,) '|'Glzl23 "'622]31 +G32]12) +

2

+iy3(h13 (0, +ieA) + G,y |2 + Gy [ 4 Gy [2) - M}¥ = 0; @3)
where the shortening notations for the Ricci coefficients are used
Gu:;/m:%, Glzzyzszz—iz—ﬂj, Gn:;/233:+ij—::j,
G, =V =+ hf:l G, = Vop = aﬁ:]z v Gy = Vas —f]ll—:::,
Gfmﬁ—%, 32=7122=+i11—2§, Ggg=7033=aﬁ]—:]3;

for static metrics, the formulas simplify due to identities G, =G,, =G,, =0.
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It is convenient to apply the shortening notations for derivatives

1 . ] ] )
D, = E(al +ieA) +G, j® +G, j* + Gy j*

1 ) ) ) )
D, = h—(a2 +ieA) +G, j? +G,, j* +G,, %,

2
1 . . . .
D3 = E(al +|eA3)+G13]23 +Gz3131 +Gssjlz-

We will use the Pauli presentation for Dirac matrices:

o |l 0] , 10 o , |0 o ; |0 o
7_0 —I’}/_—al 0’7/_—0'2 0’7/_—0'3 0|

10 01 0 —i 1 0

oy = y O = , O, = , O3= ;

o1 Lo Pji oo o
also we need the bispinor generators j* :E()/k ')

jzsz_l o, 0 -31:_1 o, O -12:_1 o, 0

2|0 o 2|10 o, 2|0 o,

To perform the non-relativistic approximation, we will apply the general method
of projective operators:

° 11 0 % 10 0
|::’Jr = |+7/ = , P = I /4 = ’
2 0 0 2 0 1
0
e ¢+(X)‘1 W, =pw =‘ |
@_(X) 0 @_(X)

The, the starting Dirac equation may be presented in the block form

i@+A) Do o) _ . |o.(x) "
SiDo, i@, + A e ()]
where
1 1 ~ .1 21 21
D, = E(a ,HieA) i 5 G0, —i 26210'2_'_63163 :dl_IEGHO-l_IEGZlO-Z_IEG310-3’
1 1 1 1 P 1 1 1
D :h_z(a , TieA)) - 2 ZUl_IEGZZGZ_IEGISZO-l% :d2__EGlzal_IEGZZUZ_IEGISZO-:%’
1 1 1 .1 ~ 1 .1 .1
E(@ +ieA) -1=Go, —1—= 5 G,,0, —IEG%G3 =d, i EGlso'1 _IEGBO-Z -1=G,;0,.

®)
From (4), it followstwo blocks equations (k =1, 2,3)
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IDyp, +if)k0'kgof =Meo,, —ilf)kakgz)+ —-iD,p =Mo.. (6)
According to general method, we are to separate the rest energy by the formal change
D, = (D,—iM); S0 obtain

i(D,~iM)g. +iD, 0,0 =Mg,, -iDop, —i(D,~IM)p. =Mg., (7
whence after simplifying we get
.1 .1 . .1 4 .1
'VDO(DJr""VDka(Df =0, _lﬁDko_er_'ﬁDo(/l =2¢._. (8)
It is known that we should assume the following orders of smallness for involved
quantities:

o0 1, @ : X D, : X %Gk,: X, ﬁDo: X2, 9)

1
M
Taking this into account, we derive two equations of order X and order x?:

.1 4 .1 1 A
®_ :—lmDnO'n(DJr, IVDOQr_HVDka(D’ =0. (10)

Eliminationg the small component , , we arrive at the following equation for the
large component , :

- l Ay oy Loy ey Py A

iD,p, = —N(Dlal + D,o, + D,0,)(D,o, + D,o, + Do), . (11)
Let us detail this equation (note the new notation » =w):

iD,W = —ﬁ (|510'l + 62(72 + 6303)(1510'1 + |520'2 + |530'3)‘I’; (12)

Taking into account identities

A A

Do, =d,o, —i %Gllo-lo-l —i %6210-20-1 =i %Gmo'so'lv

. L1 .1
D,o, =d,o, —i 56120'10-2 -1 56220'20-2 —1 56320-30'2’

D.o, = d,o, —i %6130'10'3 —i %6230'20'3 —i %G330'30'3.

and the formulas for products of the Pauli matrices, we obtain

A A .1 1 1
Do, =d,o; —i EGll - 562103 + E G;,0,,

R A 1 .1 1
D,o, =d,o, +§G1263 —1 EG22 _56320_1’ (13)

A A 1 1 21
D,o, = d,o, —EGBU2 + 562301 —i EG%.

Thus, we have the identity

Do, +D,0, + D,0, = (d,0, +d,0, +d,0,) -
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.1 1 1 1
-1 > (G +Gp, +Gy) + > (Gps —Gyp)oy + Py (Gy —Gy3)o, + > (G, —Gy)os.
It may be presented shorter (for static case, we have B=0)
D,o, + D,o, + Do, = (d,0, +d,0, +d,0,) -iB+ B0, + B,o, + B,0,.
Therefore, the Pauli equation in curvilinear coordinates takes on the form

iD, ¥ = —ﬁ(—is +(d, +B)o, + (d, +B,)o, + (d, + B,)o,)
x (=B +(d, +B,)o, +(d, +B,)o, + (d, + B,)5,)) V.

The detailed structure of the Pauli equation
Let us detail the product of tho multipliers

IT? = (—iB+(d, +B))o, +(d, + B,)o, + (d; + B,)5,))
x(-iB+(d, +B)o, +(d, +B,)o, +(d, + B,)5,)) =
= —iB(-iB+(d, + B))o, +(d, + B,)o, +(d, + B,)5)) +
+(d, + B))(-iBo, + (d, + B,) +i(d, + B,)o, —i(d, + B,)o,)) +
+(d, +B,)(-iBo, —i(d, + B)o, +(d, + B,) +i(d, + B,)s,)) +
+(d, +B,)(-iBo, +i(d, + B,)o, —i(d, + B,)o, + (d, + B,))).
Temporally, we will apply the shortening notations

d, +B, :hi(ak+ieA\)+Bk =Q.k=1,2,3;

k

then we obtain
[1? =-iB(-iB+Qa, +Q,0, +Q,0,) +Q,(-iBo, + Q +iQ,0, —iQ,0,) +

+Q,(—iBo, —iQ,0, +Q, +i1Q,0,) + Q;(—iBo,; +i1Qo, —i1Q,0, +Q,),

that is

[1°=-B°- IBQ,o, —1BQ,0, —iBQ,0, —1Q,Bo; +QQ, +iQQ,0, -1QQ,0, —
—iQ,Bo, —i1Q,Q,0; + Q,Q, +1Q,Q,0, —1Q;Bo, +1Q,Q,0, —1Q,Q, 07 +Q,Q5,

or
Hz = +(Q1Q1 +Q2Q2 +Q3Q3) - BZ -
_iB(Q1O_1 + on-z + Qso-g) - i(QlBo-l + QZBO'2 + Q3BO'3) +

+|(Q1Q2 - Q2Q1)0-3 + I(Q3Q1 - Q1Q3)O'2 + I(Q2Q3 - Qst)o_l;

(14)

(15)
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for generality we will preserve the term B relevant for non-static metrics.
Let us turn to the structure of the Pauli equation

i —_i zz—i _R?2_
IDO\P_ oM I oM {(Q1Q1+Q2Q2+Q3Q3) B

—i(BQ, +Q,B)o, —i(BQ, +Q,B)c, —i(BQ, + Q,B)o;) +
+i (Qle - Q2Q1)0-3 + I(Q3Q1 - Q1Q3)O-2 + I(Q2Q3 - Q3Q2)61}"P-
We should find the commutators [Q,, Q] :

- to b (Lol
(QQu=QQY =H(( -2, 2~ -05)20)+
.1 1 1. 1 .11 1 1 )
+Ie((h—282 h—S)As—(Eﬁg h—Z)Az)Heh—zh—S(@zAs—53A2)+(E<9283 —h—sasBz)}‘P,
—qto by Lo L
(Q3Q1 _Q1Q3)lP _{((h3 a3 hl)al (hl 61 h3 )63) +
.1 1 1.1 .11 1 1 )
+le((h—353 E)Ai —(Eé’l h_3)A3)+'eh_3E(G3A*_81A3)+(E6381_E8183)}T’
—rto e (Lo L
(Qle _Qle)lP _{((hl a1 h2 )82 (hz a2 hl)al) +
.1 1 1.1 .11 1 1
‘He((Eal h_Z)A2 _(h_zaz E)Ai) + |eEh_2(alA2 _aZAi) + (Eale _h_28281)}ql'
With the special notations
1 1 1
Eﬁl = 8(1), h—282 = 8(2), E83 = 8(3),
52A3_53A2 = anv aaAi_alAs = F31' a1Az _azAi = F12!
the above formulas read more symmetrically
(QQ-QQ)Y ={(@ )0~ (0 110,)+
. 1 1 .11
‘He((a(z) E)Aa - (6(3) h_Z)Az) + Ieh_zh_3 an + (8(2) Bs _8(3) Bz)}q];

(QQ-QQ)¥ ={(C )3~ 120+

+ie((8(3) %)A - (8(1) hls)Aj) + ieh%% Fy + (8(3) B - a(1) B,)}Y;

(Qle - Qle)lP = {((a(l) hi)@z - (8(2) %)81) +

(16)
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+ie((0, hiz)Az (@, %m) + ie%h—lz o+ (0B, ~ 0, BUIY.

They may be presented yet shorter

(90~ Q)Y = o+ 6~ (Pry 0 +ieA)

.11
Heh_E Fy + (8(2) B, -0 B,)}Y;

2

Q0 ~QQY =@ )0 +1eA)~ (P s +ieA) +

.11
+|eh—— F,+ (8(3) B, -0y B,)}Y;

3

(QQ:~QQ)Y ={(@y (0, +ieh) - (@, %)(al +ieA))+

.11
'HeEh— FlZ + (8(1) BZ —8(2) Bl)}\P

2

For non-static metrics, we would add expressions for three terms
—i(BQ, +Q,B); —i(BQ,+Q,B); —i(BQ;+Q;B));

we omit them.
For static metrics, the Pauli equation has the following general structure
. 1 1
IDO\P = _mnz = _m{(QlQl + QzQz + Q3Q3) +
+H(QQ; ~ Q)0 +i(QQ ~QQy) T, ++iI(QQ, — Q)L 1Y (17)

Pauli equation in the first order form
Let us turn to the non-relativistic equation (12)

iD,Y = —ﬁ(f)lal +D,o, + D,6,)(D,o, + D,o, + D,0,) ¥, (18)

and give other but equivalent formulation of this problem, which is based on the first order
differential equations. To this end, ltutning to the operator-multiplier entering eq. (18):

D = (Do, +D,0,+D,0,) = -iB+(d, + B,)o, +(d, + B,)o, + (d, + B,)o;

We fix its matrix structure

~

(d,-iB+B,)  (d,—id,+B,—iB,)

A ) (19)
(d,+id, +B, +iB,)  (-d,-iB-B,)

D=

As the next step, let us introduce a subsidiary 2-component function @
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¥ @
v=| 1, @®=|_'=D¥ =], (20)
lP2

2

so that
®, =(d,—-iB+B,)¥, +(d, —id, + B, —iB,)¥,,

@, = (-d, —-iB—B,)¥, +(d, +id, + B, +iB,)¥,.

In this way, instead of the above Pauli equation we get equivalent system of four first
order equations

@, = (+d, —iB+B,)¥, +(d, —id, + B, -iB,)¥,,
= (_da_iB_Bs)T2+(di+idz+Bl+iBZ)\P1’ (21)

2iMD, ¥, +(+d, —iB +B,)®, +(d, —id, + B, —iB,)®, = 0,

2iIMD, ¥, +(~d, —iB—B,)®, +(d, +id, + B, +iB,)®, =0, (22)
Where
d, = ia+|e/s& d =10 +ieA, d -1 S +ieA;
hy hyt T

1 1 1 1
Bl :E( 23 32) Bz =E(G31_G13)1 B3 :E(GIZ_GZ:L)’ B =§(G11+G22+G33)-
In static metrics, equations become simpler
@, = (+d, +B,)¥, +(d, —id, + B, —iB,)¥,,
@, = (-d, - B,)¥, +(d, +id, + B, +iB,)¥; (23)
2iMD, W, +(+d, +B,)®, +(d, —id, + B, —iB,)®, =0,
2iMD, ¥, + (~d, - B,)®, +(d, +id, + B, +iB,)®, = 0. (24)
The usual 2-component Pauli equation is obtained by eliminating auxiliary variables @, @, .

Particle in magnetic field, cylindrical coordinates
Let us write down the needed initial definitions

(r,9,2), G :+£1 B:_ll &1:5, &2:1(5 _ieB_rz)' 63:8;
AR 2r' 2r’ r re? 2 z

the system of Pauli first order equations reads

i . Bro, 1/2
®, =+0,¥,+(0, - (9, -1 —)—/—)‘{’2,
r

=-0,%,+(0, 40, B—r)—“—z)
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2IMAY, +0,0,+(0, - (a i B—r)—ll—z)cp =0,

2IMOY, 0.0, + (0, +~ (a —'eB—r)—ll—z)CD =0.

The general substitution for the wave functlon should be

VY =e—iEteim¢eikz fl(r) ’ d=¢e |Ete|m¢elkz gl( ) (25)
f,(r) 9,(n)[’
correspondingly we get more simple system
9, —+|kf+(—+ ( - B—r)—“—z)fz,
1 Br’, 1/2
g, = -k, + (S -2 m-e£) -1t
1 B 1/2 (26)
2MEf+|kgl+(—+ (m— —r)——) g, =0,
r
. 1 Brz, 1/2
MEF, —ikg, + (- (m—e =) -1 2)g, =
Let us introduce the shortening notations (also for brevity let B—= B)
A Br? Br’
i+ ( —1/2——) b —i——( 1/2——) (27)
dr dr
then the equations read
g, = +ikf,+4,f,, g, =—ikf,+Db, T, (28)

2MEf, +ikg, +4,9, =0, 2MEf, —ikg, +b,g, =0.
Eliminating the redundant variables, we derive two second order equations
2ME f, —k?f, +ika, f, —ika, f,+4 b, f =0,
2ME f, —k?f, —ikb, f, +ikb_f +b & f =0;
SO We arrive at two separated equations
(a:.mf)m +2ME —k?) f,(r) =0, (29)
(b.&_+2ME —k2)f,(r)=0.

They are readily solvable, and then lead to the known Landau levels (see for instance
in [5]). One can use the following two independent solutions

oo | N
\Plze—lEtelmbelkz 1(() )‘7 \Ilzze—lEtelm¢elk2 (30)

f, ()]

We can elaborate another way for studying the problem, more preferable for further
extension. To this end, we turn back the the first order system (34)
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g, = +ikf, +4a_f,,

g, = —ikf, +b_f,,

2MEf, +ikg, + 4,9, =0, 31)
2MEf, —ikg, +b,g, = 0;
evidently, for existence of solutions, we should assume the algebraic constraints
9, =4, g, = 14, f,;5 (32)
this leads to
w fo=ikf, +4af,,
f, = —ikf, +b, f,,
Hy 1y - 2 Ty A1 (33)
2MEf, +ikgy £, +4 1, T, =0,
2MEf, —ik s, f, +b_s, f, = 0;
and then we should assume the differential constraints
amfz :C1f1’ 6m fl :C2 fz;
then the system reads
wf =ikl +Cf = p=ik+C,
u,f,=—kf,+C,f, = pu, =-ik+C,, (34)
2MEf, +ikgy f,+1,C f, =0 = 2ME+ikg +4,C, =0,
2MEf, —ikw, f, + ,C,f,=0 = 2ME—iku, + 1,C, =0.
This algebraic system can be readily solved
=ik+C, =—-ik+C;
H Hy (35)

2ME +ikz + 4,C =0, 2ME —ikg, +4C =0,

that
2ME +ik(ik +C) + (-ik +C)C =0,

2ME —ik(—ik +C) + (ik + C)C = 0;
whence it follows

C=+i2ME—K?, 4 =ik+iV2ME—K?, 4, =ik +iV2ME—K’; (36)
., 11, determine the constraints in the first order system

9, =uf,9,=u1f, C=+iV2ME—-k?. C2=—(2ME—k?).

In turn, the differential constraints gives separate equations (without lost of generality
onecanset c,=c,=cC)

(4,p,-CH(=0, (b4, -CHT(r)=0; (37)

They coincide with equatiopns (29). We should remember that the functions
f,(r), f,(r) are linked to each other by the first order differential constraints
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(3,6, -CHAI) =0, £, = 26,£,()
(B, ~CHLM =0, £, =24, ()
So we can introduce two new solutions
f1 f1
Y = ~ |, ¥ = ~ 1
O EX A e E N (38)
C C

+

we readily find relationships between the above solutions w_ ,w, (30) and the new ones
L

VoW (- C¥,-C¥ =(C-C)Y, (39)

+

Conclusions

The non-relativistic Pauli approximation for a spin % particle was studied in arbitatry
curvilinear orthogonal coordinates.The final goal is to develop a unified approach to
separating the variables in equation for spin % particle in all 12 systems of orthogonal
coordinates in the flat space, first in more simple Pauli approximation. We derive general
structure for covariant Pauli equation in arbitrary orthogonal coordinates, it includes the
relevant tetrads and Ricci rotation coefficients. Because the possibility to develop a unified
approach to separating the variables in ordinary presentation of the covariant Pauli equation is
rather problematitic, other way for studying the problem is proposed. It is based on
transforming the usual 2-component Pauli equation to an equaivalent system of first order
four differential equations, by introducing two auxiliary components, because it is known that
the task of separating the variables in the system of differential equations in partial derivatives
may be solved easier for the first order systems. One simple example for illustating this
approach, is given; a spin % particle problem in presence of external magnetic field when
using the cylindrical coordinates.

The more perspective for generalization is seems to be the method that is based on first
order form of Pauli theory.

REFERENCES

1. Veko, O. V. Peculiarities of squaring method applied to construct solutions of the Dirac,
Majorana, and Weyl equations / O. V. Veko, V. M. Red’kov // Nonlinear Phenomena in Complex
Systems. — 2015. — Vol. 18, Nr 1. — P. 44-62.

2. Maxwell equations in matrix form, squaring procedure, separating the variables and structure
of electromagnetic solutions / V. V. Kisel, E. M. Ovsiyuk, V. M. Red’kov, H. G. Tokarevskaya //
Nonlinear Dynamics and Applications, Minsk. — 2009.— Vol. 16. — P. 144-168.

3. Maxwell equations in complex form, squaring procedure and separating the variables /
V. V. Kisel, E. M. Ovsiyuk, V. M. Red’kov, N. G. Tokarevskaya // Ricerche di Matematica. — 2011. —
Vol. 60, nr 1. — P. 1-14.

4. Red’kov, V. M. Particle fields in Riemannian space and the Lorentz group / V. M. Red’kov. —
Minsk : Belarussian science, 2009. — 486 c.

5. Quantum mechanics of particles with spin in an external magnetic field / E. M. Ovsiyuk,
0. V. Veko, Y. A. Voinova [et al.]. — Minsk : Belarussian science, 2017. — 515 c.



16 Becnix Bpacykaea ynieepcimama. Cepois 4. Dizika. Mamamamuvika M 212025
CIINCOK HCIIOJIb3OBAHHBIX NCTOYHHUKOB

1. Veko, O. V. Peculiarities of squaring method applied to construct solutions of the Dirac,
Majorana, and Weyl equations / O. V. Veko, V. M. Red’kov // Nonlinear Phenomena in Complex
Systems. — 2015. — Vol. 18, Nr 1. — P. 44-62.

2. Maxwell equations in matrix form, squaring procedure, separating the variables and structure
of electromagnetic solutions / V. V. Kisel, E. M. Ovsiyuk, V. M. Red’kov, H. G. Tokarevskaya //
Nonlinear Dynamics and Applications, Minsk. — 2009.— Vol. 16. — P. 144-168.

3. Maxwell equations in complex form, squaring procedure and separating the variables /
V. V. Kisel, E. M. Ovsiyuk, V. M. Red’kov, N. G. Tokarevskaya // Ricerche di Matematica. — 2011. —
Vol. 60, nr 1. — P. 1-14.

4. Red’kov, V. M. Particle fields in Riemannian space and the Lorentz group/ V. M. Red’kov. —
Minsk : Belarussian science, 2009. — 486 c.

5. KBaHToBasgs MexaHHKa 4acTHI] CO CIIMHOM BO BHeIIHEM MarHuTHoM noje / E. M. OBcHIOK,
O. B. Beko, 5. A. Boitnona [u 1p.]. — MH. : ben. HaByka, 2017. — 515 c.

Pykanic nacmyniy y paoaxyeio 14.09.2025



