Bulletin of the Karaganda University. Mathematics Series, No.2(118), 2025, pp. 106-121

https://doi.org/10.31489/2025M2/106-121 Research article

On two four-dimensional curl operators and their applications
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Academician O.A. Ladyzhenskaya emphasized the importance of constructing a fundamental system in the
space of solenoidal functions for simple domains such as squares, cubes, and similar regionss Thisparticle
examines the problem of constructing such fundamental systems for a four-dimensional parallelepiped and
cube. As is well known, applying the stream functions known from the two- and three-diménsional cases,
the spectral problem for the Stokes operator reduces to the so-called clamped plate problemy which, in
turn, has no solution in domains such as the square, cube, or parallelepiped. Thus, infhigher-dimensional
cases, the necessity of an analogous stream function becomes evident. In this work, the authors propose
two curl operators that satisfy the above-mentioned requirements. Using the introduced curl@perators, the
spectral problem for the biharmonic operator in a four-dimensional parallelepiped and cube is formulated.
Alternative approaches to constructing a fundamental system are presented; given the unsolvability of the
spectral problem. Furthermore, the growth orders of the obtained eigenyaluesdare established.
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Introduetion

As is well known, the theoretical foundation of classical electromagnetic field (EMF) theory is
based on Maxwell’s equations, which generalize the experimental results obtained by the end of the
18th century. The development of classical EMF theory led to its description as an antisymmetric
second-rank tensor, from which Maxwell’s equations follow. These equations played a key role in the
development of theoretical physics and had¥ profound influence on the creation of the special theory
of relativity and other theories. By the early 20th century, classical electrodynamics was considered
a completed science, and the EMFE\theory received its further development in the form of quantum
electrodynamics.

In this work, we consider two.four-dimensional curl operators. While the first curl operator is closely
related to electromagnetic field theory and Maxwell’s equations, the second curl operator is introduced
artificially. The first eurl operator is introduced (theoretically well-founded) using an antisymmetric
second-rank tenser [1; 146,149|. In fact, the four-dimensional curl operator is introduced on a six-
dimensional yectorfield:” In contrast to the first, the artificially chosen four-dimensional curl operator is
introddeed on ayfour-dimensional vector field. These operators are used by us to construct fundamental
systems in the space of solenoidal functions. These systems are not only important theoretically but
also computagionally efficient for the approximate solution of boundary value problems for the Stokes
and Navier<Stokes equation systems.

It should be noted that spectral problems for the Stokes operator (with periodicity conditions) in
a cubic domain were also considered in the works [2-4]|. In the work 2], the spectra of the curl and
Stokes operators in a cube for functions satisfying the periodicity condition are studied. The Cauchy
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problem for the 3-D Navier-Stokes equations with periodic boundary conditions in the spatial variable
was studied in [4].

First of all, let us formulate the spectral problem for the Stokes operator. Let x = (z1,...,24) €
Q c RY, d > 2, be an open bounded (simply connected) domain with boundary 2. We seek nontrivial
solutions {@g(z), pr(z), = € Q, k € N} and corresponding values of the parameter {u?, k € N} for
the following boundary value problem [5; 38|:

—Aw(z) + Vp(z) = pw(z), z€Q,
div{@(z)} = 0, req, (A)

w(x) 0, x € 0N

In the terminology of inverse problem theory for differential equations [6], problem (A)%an be
interpreted as a coefficient inverse problem, where the condition of overdetermination isirepresented
by the requirement of the nontriviality of the solution {@W(x),Vp(z)}, correspondingito the sought
coefficient yi2.

Let us introduce the main spaces that will be used. Let x = (21,...,z4) € Q &R?, d > 2, be an
open bounded (simply connected) domain with a sufficiently smooth beundary 02, and m > 0 be an
integer,

d
P
WI(Q) = {v| dlely € L2(Q), o] < m} where 91 £ 0% g, [l =" aj, O, = 5
=1 ‘

j
I/?/Q‘(Q) = {U| v e WT(Q), 8%1) =0, j=0,142...,m — 1, %, is the outward normal to GQ} .

Otherwise, in the notation of the spaces, we will follow the monograph [7].

1 The first four-dimensional curl operator

Let us consider the four-dimensional case of the spectral problem (A). We start from the case of
the four-dimensional rectangular parallelepiped.

Let Qp = {xo <z <1, yo <y < y1s 20 < z < z1, (o < ¢ < (1} be a rectangular parallelepiped,
where xq, 1, Y0, Y1, 20, 21, (o, C1lare given. .

Problem 1.1. Find the vectorfunction U(zx,y, z, ) for the given solenoidal vector function @(z, y, z, (),
ie.

Curlﬁ(x7yaZ7C) = w(x7y727C)7 din(J?,yyZvO = O? (x7y727C) € Q47 (1)
where ﬁ = {Uh U27 U37 U47 U57 U6}7 W= {w17w27w37w4}1
U, @W3(), k=1,2,3,4,56; w; € W3(Q), j=1,2,3,4. (2)

We introducenthe first four-dimensional curl operator in the following way
—0,U1 — 0.Us — 0:U3
0, Uy + 0cUs — 0.Us
0.Us + 0,Ug — 0cUy
0,Uz 4 0.Uy — 0yUs

@ = curl U = , diveurl U = 0. (3)

Remark 1. The curl operator in equation (3) acts on a six-dimensional vector U , which, in par-
ticular, corresponds to the following vector composed of the intensity vectors of the electric field
E and the magnetic field H: E = {E', E?, B3}, H = {H', H?, H3} [1; 149,274] namely, U =
={EY E?, E3 H' H? H3}.
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We introduce the following notations

y=1x1, z=1=o, (=x3, T =Ty,
Up = E¥ =iceqEy, Upys = HF = ;1013,@, k=1,2,3, (4)
Q

’LU4:%, wk:jka k:172737

where Ej, k = 1,2,3 are the components of the electric field intensity vector, By, &k = 1,2,3 are
the components of the magnetic field intensity vector, c¢ is the speed of light in a vacuum, ¢¢ is the
dielectric constant in a vacuum, pug is the magnetic permeability in a vacuum, g is the charge density,
7 = {j1, o, ja} is the electric current density vector, and i = /—1.

Proposition 1. According to (3)—(4) and [1; 149] we will have Maxwell’s equations for the electro-
magnetic field in a vacuum:

—iceg0y, B + i&chg - ﬁ%Bz = J1,
—iceoamEQ + %8“31 - iang?) = j27
—ice00y, B3 + =02, By — -0z, B1 = Ja,
iC508x1E1 + iCSOaxgEQ + iC€03x3E3 N %7

Ozy B1 + 023 Ba + 0y, B3 =10,
OpyB1 + L0y, B0 — %0, E3'= 0,
Oy B + %6x1E3 — %8x3E1 =0,
OpyBs + L0,3E) —£0,,E> = 0.

(6)

Proof of Proposition 1. Indeed, if according to (3)—(4) and [1; 149] we introduce new independent
variables instead of the spacetime coordinates (z,vy, z,t) as

X =x, X2 =1Yy, T3=2z, T4=1ict, (7)

where ¢ is the speed of light inha vacuum, one can observe a remarkable symmetry in Maxwell’s
equations describing the glectromagnetic field.

With the notationd(7), the equations satisfied by the electrodynamic potentials (V, Ay, Aa, A3) can
be written as:

{8§1Ak+6§2Ak+8§3Ak+8§4Ak = —[0Jk;
RV +BV+RV 4RV = —£,

where k = 152, 3;"and the Lorentz condition can be written as:
i
8961141 + 8x2A2 + 8273143 + Eam4v =0.

Introducing the notation )
D= Ap, k=123 4=V, (8)
c

the relations between the electromagnetic field vectors E = {E\, Ea, Es}, B = {Bi1, B2, B3}, and the
potentials V, A = {A1, Ag, As}:

E=-VV—-A B=VxA,

108 Bulletin of the Karaganda University



On two four-dimensional curl ...

can be written as follows:

Ey = =05,V + 0., Ak, k=1,2,3,
B] = 8xkAl - azlAk’a j7 kal = 1> 27 37
or, taking into account (8), we will have
{ *%Ek = a:):;6(1)4 - 6504(I>k7 k= 17273)
(9)

Bj = 0,® —0y,%, jk1=1,23

Considering the right-hand side of the relations (9), we will define the elements of the matrix F),,
using Table 1.

Table 1
Matrix Fj,,
v 1 2 3 4
1 0 Bg —BQ —(i/C)El
2 —Bg 0 Bl —(i/C)EQ
3 BQ —Bl 0 —(i/C>E2
4 | (i/c)Ey | (i/c)Ey | (i/c)F3 0
Therefore, we have
Fio = Bg, Fi3 = =By, “\[Fa3 = B,
Fiy=—1E, Pay—=—1FEy F3=—1F;
and we confirm the validity of the conditions
F,=—F,,.
In these notations, the relations (9) willibe written as:
By, =0;, 0, — 0,0, p,v=1,234. (10)
From here, according to (3)#(4)5 we obtain the equations (5).
It remains togestablish ‘the€quations (6). From (10), we obtain
Oy Fuy + O Fay + 05, Fun = 0, A, v = 1,2,3,4. (11)

It candbe yerified that, according to Table 1, the relations (11) are equivalent to the relations (6).

On the other hand, taking into account the notations (4) we can now write the spectral problem
for the Stokes operator corresponding to the equations (5). We have

—Aw(z) + Vp(z) = plw(z), € Q,
div{w(z)} = 0, x € Qy, (12)
) = 0, x € 00y,

W(x

where, when returning from the notation of independent variables (x1,x2,x3,24) to the notation
(z,,2,0):
r=x1, Y=1=o2, 2=1I3, C:$4,
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we get

w4<z,y,z,<>=W, W@y 2 C) = Gy 2O k= 1,2,3,

p(z,y, 2, () is the scalar function of the artificial pressure.

Let us introduce the notation for the spaces
6 4
W3 () = (W3())", Wi() = (W3())" (13)
Proposition 2. In the notation (4), the following equality of the sets holds [5; 470]:
curl {W3(Q4)} = W(Qy) = {0 € W}(Qy), divii =0} . (14)

Proposition 3. If U = Uy = Us = Uy = Us = Ug = Ul(x,y, 2,() € W3(Qy), thenlinstead of (14)
we obtain:
€ Wo(S) = curl{U }yp, —p, =3 =U4=Us =Us=Uenz () CoW ($2a).
The following statement has been proven.

Proposition 4. For each four-dimensional vector function w(z,y, 2,¢§) € W (€4) (14), there exists
a six-dimensional vector function U (z,y, z,¢) € W2(€y) (13) that satisfies’the relations (1)~(3). The
converse statement is also true: for each six-dimensional vector function U (z,y, z,¢) € W3(Qy) (13),
there exists a four-dimensional vector function w(z,y, z, (). € W (€4) (14) that satisfies the relations

(1)-(3).
Now we turn to the case of the four-dimensional'eube Q = {0 < x,y, 2, < [}.
Let Uy =Us=U3=Us=U;=Us =1,
U ={U,U,U,U, UG} (x,y,2() € 2, (15)
then we have:
U(m7 y? z? C) = {U7 U7 U7 U7 U7 U}7
’lﬁ(fE, Y, =z, C) = {wlv w2, W3, w4}-

We introduce the curl operator (3) for the “four-dimensional cube” Q under the condition (15) in
the following way

(=0y = 0- = 0)U
- (O +8<—az)U -
w=curlU = , divcurlU = 0.
(Op + 0y — Oc)U

(Op + 0. — 0y)U
T this case, the spectral problem for the Stokes operator (12) takes the form:
(=AU = (=AU, (z,9,2,¢) €Q,
U=0;U=0, (x,y,2,() € 09,

where and 77 is the outward unit normal to 0€).

The spectral problem (A1), along with its extensions to polyharmonic operators, has been the
subject of extensive research [8-11|. It has been shown that an explicit solution for a square domain
is unattainable due to the failure of the separation of variables method in this case. The only known
exceptions are circular and spherical domains [12-14]. In [15], lower bounds for the first eigenvalue
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of problem (A1) were derived for various manifolds. Numerical approximations of problem (Al) are
provided in [16,17]. Various issues of biharmonic operators were also studied in [18-20].
Let us replace the biharmonic operator in the problem (12) with a fourth-order differential operator.
Problem 1.1.
(05 + 0y + 02 + OH)U = N (=AU, (2,y,2,) €L, (16)

Ujaq = 07Ujpq = 0. (17)
The spaces V1(Q2) and V5(2), with dim = 4. Let V1(£2) and V2(€2) denote the spaces equipped with
the scalar products: (Vu, Vv)r2q) YVu,v GV([)/%(Q) and ((u,v)) e ((ﬁu,@gv)ﬂ(m + (35u, 8§U)L2(Q) +
2, 52 2, 52 172
+ (0%u, 8ZU)L2(Q) + (acu,acv)m(m Vu,v eWs(Q).

We will show that the set of “generalized eigenfunctions” of the inverse operator T:3.! toithe opatator
from (20), belonging to the space V5(2), forms an orthonormal basis in the spacesV; ().
For this purpose, we will consider the following auxiliary boundary value problem

(02 + 0y + 02 + 0F) u(w,y,2,¢) = (=A) h(z,y,2,¢)_in\Q, (18)

u(z,y, z,¢) = Ozu(z,y,2,() =0 on 0N, (19)

which, in operator form, is expressed as:

Tu = Blh, (20)
T € Z(W3(Q): W52(), B gl (B W5%()).

Let h € L(Q), i.e. Bith € W5,%(22). Then the boundary value problem (18)-(19) (or (20)) can be
written as the following (highlighted) identity:

def def

(T, ) ® ((0,0) = (B @) < (0 9K) |, 9 o(e,7,0) € Va(9), (21)
where
def
((u,v)) = (8£u,6§v)m(m + (Oju, a;”)m(g) + (8§u, 821})L2(Q) + (Bgu, agv)p(ﬂ) , (22)
1
((u,u) = §”AUH%2(Q)- (23)

Remark 2. Aéeording to'(24) from [7; 117, 125] for convex bounded domains z = (z1, ..., 74) € Q C R?,
d > 2, with a piecewise Smooth boundary 052, the following inequality holds:

ice | 2 () < CllAu] L2y, Vu € W3o() = WHQ)NW3(9); (24)

(u,v)g?)Q = /(uv + UgVy + UpgpVpy) AT, Ugy = (ux]xk) , B k=1,...d,
Q
therefore, due to the inequalities (24) and (23), the equivalent norm (22) is defined in the space
W%(Q)ﬂv?/% (€2). This norm induces an equivalent norm on the subspace I/?/%(Q) C W3,(9).
Theorem 1. Let h € L?()), i.e. Bih € W5%(Q). Then the boundary value problem (16)—(17) has
a unique solution u € V5(Q).

Remark 3. The statement of Theorem 1 remains valid if h € W%’O(Q), i.e., Bh € L*(Q), where
B € Z(W3(0): LA().
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Remark 4. According to (23) and (24) for the continuous bilinear functional ((u,v)) (22), the
condition of positive definiteness holds:

((u,w) = Kllull{,q) Vu € Va(Q). (25)

Theorem 2. Let the operator B in the spectral problem (16)—(17) be defined as in Remark 3:
B e Z(W3,(9); L*(Q)). Then the operator T!:

T71: L2(Q) = W(Q) c L*(Q)

is self-adjoint and compact, as it acts in the space L?(Q), i.e. the set of “generalized eigenfunctions”
of the operator T, belonging to the space V2(2), forms an orthonormal basis in the space 14(Q).

Proof of Theorem 1. The statement of Theorem 1 follows from (21), (23), (25)pand the continuity

of the bilinear functional (22) in the space I/?/%(Q) [21; 629, 653]. Definition of condition (E)f[22;169]:
positive definiteness of the principal self-adjoint part of the system — the ellipticity_condition for one
equation.

Proof of Theorem 2. To prove Theorem 2, let us consider the mappingZ % Bh — u, defined from
the statement of Remark 3 to Theorem 1. It is linear and acts continuously from L2(Q) to V2(Q2). Due
to the compact embedding V2(f2) < L?(Q), the linear operator 75!, ‘¢onsidered as a linear operator
on L%(Q), is compact. This operator is also self-adjoint (“relative to'the operator B”) because

(T~'Bhy, Bha)12(0) = ((u1,u2)) = (BhiyT ' Bhs) 12(q),

where

T 'Bh; = u;, Bh;e L*(Q), T 'Bh;c V»(Q), i =1,2.

Consequently, the operator 7! possesses a @emplete orthonormal sequence of “generalized eigenfun-
ction” (see the formulas below in (27)): v; € Va(Q),

T 'Buj = A 05, j 21, A72>0, A2 =40, j— +oc. (26)

By multiplying equatio (26) scalarly by Ty, we obtain
vj € Va(Q); ((vj50)) = X} (Vu;, Vo) 121y, Yo € V() (27)
where j > 1, )\? >0, )\? — 400y, o0, we indeed have
(v, Ti) ggrap= ((vj,v)) = A3 (Buj, v) 2() = A (Vj, Vo) 12(0)-
From the underlined identity(which coincides with (27)), we obtain, as usual:
(Vuj, Vo) 29y = 6k ((05,08)) = A0k, Vi, k.
Thisseompletes the proof of Theorem 2.

Theorem 3. The spectral problem (16)—(17) has the following solution:
Un(2,y,2,¢) = Xp(2)Yn(y) Zn(2)Tn(), )‘gm n €N, (28)

where Xn(.%') = (I)n(a)h?:xv Yn(y) - (I)n(0>|a:ya Zn(z) - (I)n(a)|0':zv Tn(C) - q’n(U)\a:g are defined as
follows )
(I)Qn—l(C) = Sin2 %7 )‘%nfl = <w) , N E N7

®2,(¢) = [Aanl — sin Ay, 1] sin? % — sin? % [A2nC — sin Aoy (], (29)
A2, = (22)?, neN,

and {v,, n € N} are the positive roots of the equation tanv = v, and p2 = \2/3, n € N.
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The arrangement of eigenvalues on the positive half-axis is shown in Figure 1 (here [ = 2).

1

tan A

sin A

Lol

Figure 1. The positive roets of the equations (for [ = 2):

tan v, = vy, Vn:%:)\n; sin\, =0, neN.

From Figure 1 we get:

3 5
0<)\1:7r<)\2:§—£1<)\3:27r<)\4:§_52<

7
<>\5=37r<)\6:77r—53<)\7:47r<...

Next, from Theorein 1 we obtain:

Corollary 1. The eigenvalues {\2,, n € N} are ordered as follows:

2 2 1
0 < gy = 20 Gt Dm
l 2

2u, (2n+D)rw
—_— H 7’
l 2
where {v,,; n € N} are the positive roots of the equation tanv = v.
Theorem 4. The system of functions {Uy,(z,y, z,{) }o—; C V2(Q), defined by the relations (28)—(29),
forms a complete orthogonal sequence of “generalized eigenfunctions” in the space V;(2).

VneN,

)\217,: 'I’L*}OO,

Let us introduce the notations:

W3(Q) = (W3(Q)°,  Wi(Q) = (Wh(Q)*, (30)

W(Q) = {@ eWL(Q), div = 0}. (31)
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Proposition 5. For each four-dimensional vector-function @(x,y,z,¢) € (V1(Q))?, satisfying the
condition div(z,y,z,{) = 0, there exists a unique six-dimensional vector-function U(z,y,z,() €
(V2(£2))8. The converse statement is also true.

The validity of Proposition 5 directly follows from the proof of Proposition 4.
Proposition 6. The equality of sets holds [5; 470]:

curl fW2(Q)} =W(Q).
Let H(2) denote the space of solenoidal functions, defined as follows:
H(Q) = {u| & € L*(Q), divdi =0, @ iilaq = 0}, L*(Q) = (L*(Q))*, (32)
where @ - 71 is the normal component of the vector .
Proposition 7. If Uy = Us = Us = Uy = Us = Ug = Ul(a, y, z,¢) € W2(Q)nthemWaget
W € Wo(Q) = Curl{ﬁ}|U1:U2:U3:U4:U5:U6:Ue Era (OF

Next, we introduce the extended system of functions {Uﬁl(m, Y&, C)}:;:o , where

Uol(x7y7z7<.) EO? U7%’L(x7y7z7c) = Um(l',y,Z,C), m E N?
and construct vector-functions
Upiars (@9, 2,C) = {U, U U, U UL ULy € W3(9), (33)

where m, j, k,q,r,s € Ny = NU {0}, which, as is'evident, will form a fundamental system in the space
V1(Q) = (11(2))°.

Theorem 5. By applying the curl operator from (3) to the extended system of vector-functions (33),
we obtain the desired fundamental systemn(m, j, k, ¢ € Ny):

Wi jkqrs @Y, 2, ) = {W1 mjk, W2,mrs W3 jsq, Wa kqr } EVOV(Q) (34)
in the space of solenoidal funetionsy#H (€2) (32), where
Wanrs (T, Yy 20 C)= 8IU7}I + OCU} - azU;, (x,y,2,0) € Q, m,r,s € Ny,
Wy jsq(@,y, 2, () = (%Ujl + (9yU51 — 84Uql, (z,y,2,0) € Q, j,8,q € Ny,
w3 kgl T, Y, 2, () = axU,% + 8ZUql — 8yUTl, (x,y,2,0) € Q, k,q,7 € Ny,
Wa,mjk(2,y,2,() = —3yU,%1 — azUjl - 8CU,$, (r,y,2,0) € Q, m,j, ke Ny,
div Wy jkgrs(2, v, 2,() =0, (2,9,2,() € Q, m,j,k,q,r,s € No, (35)
Wnjkgrs(©,Y,2,¢) =0, (x,y,2,() € 0, m,j,k,q,7,s € Np. (36)
Proof of Theorem 5. From the formulas defining the vector-function (34), we sequentially obtain:
w1 = wil? < 3|0V — UD)? +18¢(Us — Us)* +10.(Us — U§)[”] ,

Jwz — w|* < 3 [|0:(Ua = U3)[* + 10, (Us — U§)I* + 10c(Us — U],
ws — w§[* < 3[|0:(Us — US)|* + 10:(Us — U§)* + 18, (Us — U5,
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wy —wil* < 3[10y(Ur — UF)? +10:(Uz — U3)I* + |0¢(Us — U5)?]
ie.,

1@ — 0|12 () < 2V3|IU = Uf|ly, () < 2V3e,

where, first, according to Proposition 4, for each vector-function (z, y, z, () EVOV(Q) from (31), there

corresponds a unique vector-function U(z,y, z, ) GVOV% (©) (30).
Secondly, the finite sum

U l“yaZC Zan :cy,z,(), N: < o0,

ensuring the fulfillment of inequality

”(_j(,%', Y, z, C) - ﬁa(x7 Y, z, C) ||V1(Q) <e
corresponds to the sum defined by the formulas:

Ne

we(ﬂg7y727<-) = Zanwn(%yaZ,C)7 NE < 007
n=0

and satisfying inequality:
\[Hw(ﬂf .2, C) — 02,9, 2, O) @) < 10 (@) S0 (2,9, 2, Ol gr @) < &
due to the fact that equality

[, y, 2,C) = w5 (2,9, 2, OllL2gey, = 0@, y, 2,¢) — @7 (2,9, 2, O)llae)

and identity

10 — @2 e )& 0, LA(Q) = H(Q) @ HH(Q)

hold. The relations (28)—(31) show_.that the'system of four-dimensional vector-functions
[0y, )20 © (@),
forms a fundamental systemmin the space of solenoidal vector fields H(S2), satisfying the condition
div @y, (z,y,2,¢) = 0.
This concludes the proof of Theorem 5.
Proposition 8. ‘Any vector-functions of the form
w(z,y,2,¢) ={0,0,0,wy(x,y,2,()},
w(z,y,2,¢) ={0,0,ws(x,y,2,(),0},
w(z,y,2,¢) = {0,wa(,y,2,(),0,0},
w(z,y, z,¢) = {wi(z,y,2/(),0,0,0},
from the space (I/(I}/%(Q))4 (where the functions w1 (z, vy, 2, ¢), wa(z,y, 2, (), ws(x,y, z,() and wy(x,y, 2)

are identically nonzero) cannot be solenoidal, i.e., they will not satisfy both the equation (incompress-
ibility condition of the incompressible fluid) div @ (x,y, z,{) = 0 (35) and the boundary condition (36).

Thus, we have constructed a fundamental system in the space of solenoidal functions for a four-
dimensional “cubic” domain.
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2 The second four-dimensional curl operator for a 4-D domain

Let us formulate Problem 1.1 for the second four-dimensional curl operator. We start from the
case of the four-dimensional rectangular parallelepiped, dim Q4 = 4.

Problem 2.1. Find the vector-function U (z, y, z, ) for a given solenoidal vector-function @(x, y, z, (),
i.e.

Cur]‘ﬁ(x7 y7 Z’ C) - w(x7 y? Z’ C)’ dlvuj(x7 y? Z? C) = 07 (:L'7 y’ Z? <) 6 Q47 (37)
where U = {Uy, Uy, Us, Uy}, @ = {wy,wa, w3, ws},

Uj € W5(Q), wj € W3(), j=1,2,3,4. (38)
We introduce curl operator [5; 141] in the following way

0,Us — 8,Uy — 8:Us
0,Uy — 6<U3 — 0, U3

W = curlU = , diveurl Ue= 0. (39)
3<U1 + 0, Uy — 6yU4
We recall the notation for the spaces
4 4
W3(Qa) = (W3()) ", W) =11 5(2))". (40)

Proposition 9. If Uy = Uy = Us = Uy = U(z, yyz, ('€ W3(€,), then instead of (14), we obtain:
W e WO(Q4) = Curl{U}|U1:U2:U3=U4:UEVV%(Q4) C W<Q4)

The following statement is true.

Proposition 10. For each four-dimensional vector-function w(z,y, z,() € W(§4) (14), there exists a
four-dimensional vector-function U (z, yy2, ()€ W3(Q4) (40) that satisfies the relations (37)-(39). The
converse statement is also true: for each fotie=dimensional vector-function U (z,y, z,¢) € W2(Qy) (40),
there exists a four-dimensional vector-function w(z,y, z,{) € W(4) (14) that satisfies the relations
(37)-(39).

Now we turn to the casewof the four-dimensional cube Q = {0 < z,y, 2z, < [}.

Let

U =Up=Us =U;=U, U={UUUU}, (2,y.2,() €Q, (41)

then we have

U(x,y,2¢) = {U,UUU},
ﬁ(w,y, Z, C) = {U/l,wg, ’UJ3,U)4}.

Thedur] operator (39) for the “four-dimensional cube” 2 under the condition (41).

(0y — 02 — 0)U
. (0, — 84 —0,)U .
w 1U , diveurlU = 0.
(O¢ + 0, — 0y)U
(0p + 0y — 0,)U

In this case, the spectral problem for the Stokes operator (A) takes the form:

AA = SU = 12(-A+ U, (x,y,2,¢) €Q, (42)
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U=0;U=0, (x,y,2,() € 09, (43)
4
Szg(agz+agz+a§<—a§ ), (44)

where 77 is the outward unit normal to 0f2.

In equation (42), let the operator S = 0, and then replace the resulting biharmonic operator (—A)
with a fourth-order differential operator. As a result, instead of the spectral problem (42)—(44), we
obtain the spectral problem (16)—(17) with A2 = p2, for which Theorems 3 and 4 remain valid.

Let us introduce the notations:

2

W2(Q) = (W3(Q)",  WAQ) = (W), (45)

W(Q) = {@ eW(Q), divd =0} (46)

Proposition 11. For each four-dimensional vector-function w(z,y, z, () S4(Va(®2))% satisfying the
condition div@(z,y,z,() = 0, there exists a unique four-dimensional vector-funetion U(zx,y, z,() €
(V(£2))8. The converse statement is also true.

The validity of Proposition 11 directly follows from the proof of, Proposition 10.
Proposition 12. It Uy =Uy =Us=Uy =U(x,y, 2,() EI/?/%(Q), then we get:
W e Wo(R2) = Curl{U}|U1:U2:U3:U4:UE W) CW(9Q).

Next, we introduce the extended system of functions {U}n(aj, Y, 2,C )}:no:o , Where
Up (2,9, 2,¢) = 0, Up (2,94, C) # Un(z,y,2,), meN,
and construct vector-functions
O @epe, V=H{Up, UL UL Uy} € WH(Q), (47)

m, j,k,q € Ng = NU{0}, which; as evident, will form a fundamental system in the space V1(Q) = (V1(Q))*.

Theorem 6. By applying the curl®perator from (39) to the extended system of vector-functions (47),
we obtain the desired fundamental system (m, j,k,q € Ny):

Ui kg (2, Y, 2, C) = {W1 kjj, Wa,gkk W3,mjq Wa,jkm } € W(E2) (48)
in the space of solenoidal functions H(2) (32), where

wl,kjj(JUa%Zy C) = ayUli - 8ZUj1 - 8CU31) (‘T’ywzvé-) € Q) j7k € ND:

wo, gk (2,9, 2,C) = 0:Uy = OV = OUy, (2,9,2,() €9, kg €N,
W3,mjq(T, Y, 2,C) = 8CU7%1 + azUjl - 8qul: (x,y,2,() €, m,j,q € Ny,
Wa g (2., 2,C) = 0aUj + Uy = 0:Up,, (w,y,2,¢) €Q, m,j.k € No,
div Wy jkg(2,y,2,0) =0, (2,9,2,() € Q, m,j, k,q € Ny, (49)

u_jmjkq(x:yazaC) = Oa (xvywva) € 8Qa m7j7k7q € NO' (50)
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Proof of Theorem 6. From the formulas defining the vector-function (48), we sequentially obtain

w1 — w§f? < 3[|0,(Us — US)I” +10:(U2 = U35)|* + |0 (U2 = U3)[?]
|wz — wi|* < 3[|0(Us — US)|* +10:(Us = U§)* +[0¢(Us = U5) ] ,
jws — w§|* < 3[102(U2 = U3)* + 10, (Us — UF)* + 10c(Ur = U] .
wa — wi|* < 3 [10:(Ua = U3)|* + 10, (Us — U3)* +10:(U1 = UF) ],

ie.,

|16 — @ |2y < 2V3I0 = Ullv, o) < 2V3e,

where, first, according to Proposition 11, for each vector-function @(z,y, 2, () EVOV(Q) fromy(46),/there

corresponds a unique vector-function ﬁ(z, Y,2,C) GVOV% (Q) (45).
Secondly, the finite sum

U (a,y,2,¢) = Zan (2,9,2,C), N € odf

ensuring the fulfillment of inequality

||(_jl(;1;’y’ 2, C) - ﬁla(l'ayazag)nvl(Q) <e

corresponds to the sum defined by the formulas:

we(x,y,2,() = Zanw'n(x,y,z,g), N, < o0,

and satisfying inequality:

2\fllw(ﬂc 92 €) — 05z, gl ey < 101 (2,9, 2,0) = U (2,9, 2, Oll v
due to the fact that equality
[ (26— w0 (2, 4, 2, ()2 (@) = 1W(2,y, 2, ¢) — @ (2,9, 2, () a©)
and identity
10— @y ) = 0, LA(Q) = H(Q) & HH(Q)

hold.

The relations (51)—(54) show that the system of four-dimensional vector-functions

{U_}n(xa Y, =, C)}’?LO:O - (VI(Q))47

<,

(51)

(52)

forms a fundamental system in the space of solenoidal vector fields H(£2), satisfying the condition

div @y, (z,y,2,¢) = 0.

This concludes the proof of Theorem 6.
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Proposition 13. Any vector-functions of the form
= {07 07 07 w4(x, Y, 2, C)} )

= {070711}3('%'73/727()’0}7
= {0’1”2(95797270,0:0}7
= {w1(fL‘,y,Z,C),0,0,0},

from the space (I/%/%(Q))4 (where the functions wi(z, vy, 2, ), wa(z,y, z,(), ws(x,y, z,() and wy(x,y, )
are identically nonzero) cannot be solenoidal, i.e. they will not satisfy both the equation
(incompressibility condition of the incompressible fluid) div@(z,y, z,{) = 0 (49), andsthésboundary
condition (50).

w(z,y,z,¢
W(x,y, 2, ¢
w(

$7y727<

~— ~— ~— —

W(z,y,2,¢

Thus, we have constructed a fundamental system in the space of solenoidal functions for a“four-
dimensional cubic” domain.

Conclusion

The paper considers two four-dimensional curl operators. The first is the classical one, which is used
in the description of Maxwell’s equations for electromagnetic fields. The seeond curl operator is new and
has not been known before. Based on these operators, an explicit'eenstruction of a fundamental system
in the space of solenoidal functions for the “four-dimensionalicube™ 1s obtained. This fundamental
system of functions can be used for the approximate solution of boundary value problems for stationary
and evolutionary Stokes and Navier-Stokes equationss It'is,worthrnoting that in the works [23] and [24],
the solution to the spectral problem (A1) for, the biharmonic operator in the domain €2, represented
by a 3-D sphere, was found.
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