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Fundamental and regular transport solutions of Maxwell’s equations and
their properties at superluminal speeds: shock electromagnetic waves
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Introduction

Maxwell’s Equations (ME) linking the vectors of electric
and magnetic intensity with electric currents and charges
constitute the basis of the modern electrodynamics and
allow determining the electromagnetic (EM) field at known
charges and currents, and vice versa. Many scientists
have been solving various tasks for them since the second
half of the 19th century. The bibliography in this area
is extensive and there is a lot of educational literature
on electromagnetism [1-7].

Movable sources mounted on platforms of different
vehicles are the most common existing sources of EM waves
emission. It is evident that the travel velocity significantly
impacts the processes of EM wave propagation in the media
with different electrical conductivity and permeability, as
well as the shape of the source itself and the nature of its
operation. The studies in this area are not that abundant,
and these are related to certain type of the emission
source [8-14].

Previously, we constructed fundamental and generalized
transport solutions of the ME system under the action of
movable EM wave sources moving in a fixed direction at
a constant velocity, which is lower than the velocity of
propagation of EM waves in the medium called Zight [15].
Formulas were obtained for calculating EM fields for
moving emitters of various types and arbitrary shapes,
useful for radio engineering applications.

Here we construct fundamental and generalized solutions
to the problem of motion at velocities exceeding the light
in the considered electromagnetic medium and coinciding
with it. Regular integral representations are constructed in
an analytical form.

At light and superlight velocities the system of transport
ME becomes strictly hyperbolic, its solutions describe shock
EM waves, at the fronts of which the electric and magnetic
field intensity vectors are discontinuous. The methods of
the theory of generalized functions were used to obtain
the conditions at the shock wave fronts which confirm the
known properties of the transversity of EM waves and the
orthogonality of the electric and magnetic field strength
vectors at their fronts and phase surfaces.

1. Transport ME. Mach number

Let us consider the ME system:

oH |
rotE + uuo — :Jm(Xh X2, X3, t),

ot
oE
rotH—eeoﬁ = j®(X1, X2, X3, 1), (1)
divH =0, divD=p°®

where j™[V/m?] is the magnetic current density vector,
j¢ [A/m?] is the electric current density vector, E [V/m] is the
electric field strength vector, H(X, t) [A/m] is the magnetic
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field strength vector, p®[C/m?] is the volumetric density of
electric charge.
Material ratios:

B = yyoH, D= SS()E, (2)

where u is the magnetic permeability of the medium, ¢ is
the electrical conductivity of the medium, B(X1, X2, X3, t) is
the magnetic field induction vector, D(Xi, X2, X3,t) is
the electric field induction vector.

Magnetic currents j"(X1, X2, X3, t) are introduced in the
equations (1). j™ = 0 in the ME. Next, let us remove this
constraint.

Let us consider mobile transport sources of EM waves
that move at a constant velocity V in a certain direction (e;).
They can be described by currents of the form j™(x1, X2, Z),
z = X3 + Vt. In the moving coordinate system (X1, X2, Z):

d 0
— =V =
at 0z

and the vector ME will have the following form:

% - % +V,u,uoaa—z Hi = jT'(x1, X2, 2),
T T Vi o Ha = 15010, 2),
g_ff - g—i +Vuuoaa—z Hz = j7(X1, X2, 2),
?:22 - % —Veeg aa—z Ei = jT(x1, X2, 2),
% _ 88|)_(|12 —Veegy 88—2 Ex = j3(X1, X2, 2),
38_')'('12 _ f;_')'('zl ~Vegp 88_2 E, =j;(x1.%2,2).  (3)

Two scalar equations (1) do not change their form. Let
us call this system fransport ME. Let us write it in matrix
form [15]:

M(9y, 82, 3, )u = J, eqno(4)

where 9; = aixi’ j=1,2,z; M(d,0,,9,) — Maxwell’s
transport differential operator, which has the following form:

M =
0 —0, 3  Vuped, 0 0
3, 0 —0, 0  Vupd, 0
—82 81 0 0 0 Vuyoaz
—Veegpd;, 0 0 0 —0z a |;
0 —Veegpod, 0 07 0 —01
0 0 —Vé‘é‘oaz —32 31 0

. E(X1, X2, Z) ~ [(i"(x1, %2, 2)
H(x1,%2,2) )’ X, x2,2) |-

Next, let us use the following notations: ¢ = ——— —

JHtiotEs
the propagation velocity of EM waves in the considered
medium. Let us call it light.

Let us call the ratio M :\E/ as the Mach number
like the ratio of the velocity of motion of the source of
disturbance in the medium with respect to the velocity of
wave propagation in the medium is called in the continuum
mechanics.

There are three possible cases of motion that change
the type of equations (4) and the type of its solu-
tions: sublight M < 1, light M = 1 and superlight M > 1.
We built and studied ME transport solutions at sublight
velocities earlier in Ref [15]. We have elliptic type
equations in this case. Here we consider two other
cases that lead to systems of strictly hyperbolic and
parabolic type, respectively, of the velocity of motion,
which significantly affects the type of solution and its
properties.

2. The Green tensor of transport ME
at superlight velocities

Definition. The Green ME tensor is a matrix of
Jfundamental solutions of equations (4) at

J = 6(x1)6(x2)8(2){dij Yexe-

satisfying the emission conditions, which describe waves
propagating from a movable wave source and attenuating
in the infinity.

The Green tensor satisfies the equation

M(81, 82, SZ)U(Xl, Xa, Z) = 5(X1)5(X2)5(Z){5i]‘}6x6, (5)

and where §;; — Kronecker symbol, §(...) — Dirac delta
function. We use Fourier transform in the space of slow-
growth generalized functions to build it [{]16,17}.

The relation with the original coordinates have the
following form in the transformation space (kj, k2, k3)

(X1, X2, Z) <> (K1, k2, k3).

The Fourier transform has the following form for regular
functions:

F[f (X1, X2, 2)] = f (K1, ko, k3) = / f (X1, X2,2)
R3

x gl (xikitxaka+2ks) gy dx,dz,

Inverse Fourier transform:

F7Uf (K, ka, k3)] = f (X1, X2, Z)

_ _(2;)3 / Flky. k. ky)ei kol 20 dic diydks. (6)
R3
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Using the property of Fourier transform of the derivative:
dj < —ikj, and delta functions: F[§(X1)6(X2)8(z)] = 1, we
obtain a system of linear algebraic equations for determining
the components of the Green tensor transform:

M(—iki, —iks, —ik,)U(ky, ko, k3) = {8ijYoxs.  (7)

Here M(—iky, —iky, —ik;) — the Fourier transform of the
Maxwell transport differential operator:

M(—iky, —iky, —ik,) =

0 | k3 —i kz —i k3V‘LL‘Lt0 0 0
—i k3 0 | kl 0 —i k3V‘LL‘Lt0 0
i k2 —i k1 0 0 0 —i k3V,u,uo
i k3V880 0 0 0 i k3 —i kz
0 i k3V€€o 0 —i k3 0 i k1
0 0 ik3V880 Ikz —ikl 0

(8)
The solution of equations (7) has the form of an inverse
matrix:

UKy, Ko ks) = (M(=iky, —iky, —ik)) ™, (9)

the columns of which are components of the Green tensor
at superlight velocities presented below:

r 0 g B ks ]
KTk k2P
—iks
KAC—i2n? 0
% —ik)
e GECE
Umb=1 " giawe |- {Um}= ok ’
VSS[)k}(k%+k%—k§rT12) V££0k3<k%+k§7k§m2)
ikiky ikl —ikim?
Veeoks (ki +i; —k;ne) Veeoks (K-+kI—Kn?)
% 7“9
L Veeo(ki+k3—k3m?) | L Veeo(Ki+k3—K2n?) |
T —2ik22 . M iki—ikim? 7
ki —ksme Viapoks (k3 —K2n?)
ik ikoky
K+ —kgn? T Vatoks (G —Kk2P)
0 ik
— — V,u,ug(kf+k§—k§rnz)
{Uns}= " AUmi}= :
Veey (k3+k3 —k3m?) 0
_ ik —iks
Veeo(ki+k; —k3m?) K —k2n?
—iksn? ik,
L Veeo(ki+k3—kIm?) | L k3+k3—kIn? i
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r —ikoKy b r ik b
Vupoks (K2+kZ —kZm?) Vo (K3 +k3 —k3m?)

—ik}—ik3M? L
Viapioks (K2 —Kk2nP) Viupo (ki +k3—k3m?)

—iky —ikym?
— Vo (k3+k3—k3m?) — Vo (K+k3—k2ne)
{Ums}= s {Ume}=
ik —ik
R e —iam
1 2 3 1 2 3
ik
0 Kk —I2n?
ik
Krc—km L 0 |

We obtain the following in denominators using similar terms
atM > 1,since ] —M2 <0

ki + k3 +kj — M?*k3 = ki + k3 — k3, m=+/M2—1.

It should be noted that the components of the Green tensor
are expressed in terms of the following basic functions and
their originals:

— 1

fo(ki, ka2, k3) =

= m < f()(Xl, X2, Z), (10)

1 —
fi(ki, ko, k3) = —mfo(kl, k2, k3) & fo(X1, X2,2)

= BZ f 1(X1, X2, Z).
(11)
By using them, the properties of the Fourier transform of
derivatives the original U(Xy, X2, Z) is represented through
these basic functions:

0

—iksfo(ki, ka, k3)

ikafo(ki, Ko, K3)

{U_ml}z.z.zz_ =
oy TgM? f1(ki, k2, k3)

88[)V

9z T o(X1, X2, Z)

—0,fo(X1, X2, 2)

1 (312 — Mzazz)fl(xl, X2, Z)

egV

1
88[)V

0102 F 1 (X1, X2, Z)

— v 0 fo(x1, %2, 2)
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iks fo(ki, ko, ks) r —3,fo(X1, X2, 2)
0 0
B —ikifo(ki, ka, ks) 91 fo(X1, X2, 2)
Unt = = {Unp} =
{ m2} I;;(I)(\i f (kI’ k2’ k3) { mZ} eeOV 8132f (Xl, X, Z)
kzeeloli/M fl(k19 k29 k3) €€0V (82 M282)f (Xl’ X2’ Z)
L elekil fo(ki, ka, Ks) — v 02fo(x1, %2, 2)
[ —ikafo(ki, ka, K3) ] 3 fo(x1, %2, 2)
iki fo(Ki, Ko, k3) —0yfo(X1, X2, 2)
_ 0 0
{Uns}= —~ = {Um} = ,
ss[)V fo(ki, Kz, k3) 880\, 01 fo(x1, X2, 2)
— ok fo(ki, ka, ks) ssov 9 fo(xi, %2, 2)
L 880'{,12 fo(ki, ka, ks) | eeo\/ 0z Fo(X1, X2, Z) |
(B £ k1, o, )] i (0~ M1 110,72
k‘k2 f_(kl, kz, k3) W — 0102 1(X1, X2, 2)
- fo(ky, ka, k 91 fo(X1, X2, Z
{Um4}: ,U,UO ( 1 2 3) :}{Um}: ,u,uV 1 ( 1 2 )
0 0
—iksfo(ky, ka, k3) 3z fo(X1, %2, 2)
iky fo(ky, ka, Ks) L —d2fo(x1, X2, 2)
[ ,u,uov f (kl, k2, k3) i I ,u,uUV 8132f1(X1, X, Z)
M £ (ki ko ks) iy (M207 = 03) f1(x1, X2, 2)
ik
{JmS} _ ,u,uz\/ f (kl, k2, k3) N {UmS} _ ,u,uOV 82f0(X1, X2, Z)
Ik3f()(k1, k2, k3) —asz(XI’ X2, Z)
0 0
—iky fo(ky, k2, k3) 1 fo(x1, X2, 2)
[ fo(ki, ko, ks) WOV nfo(x1, %2, 2)]
ﬂ_ﬂ':\i fo(ki, ka2, k3) WOV 3 Fo(X1, X2, 2)
_ =ik £ kg, Ka, K 33 o(X1, X2, Z
(Grg) = | 707 o(K1, k2, k3) o {Ung) = WOV 3 fo(X1, X2, 2)

—i szo(kl, ko, k3)
iky fo(ki, ka, k3)
0

92T o(X1, X2, 2)

=01 fo(X1, X2, 2)

0
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Hence, the Green tensor components are defined through
the original basic functions. Let us build them.

3. Building original basic functions at
M>1

Let us consider the Fourier transform of the basis
function:

- 1
fo(ki, ko, ks) = o————, 13
olka- ko, ks) K2+ k3 — mek2 (13)

which is the Fourier transform of the fundamental solution

of the equation:
9%f,  9%f, B
Xz 9x3 ax3

0°fo _ §(x1)8(x2)8(x3).  (14)

This is a hyperbolic wave equation. We use the fundamental
solution of the wave equation in 2Dspace to build its
solution [16,17]:

R , 8%
— 4+ — ] —a " — =8(X1)6(X2)(t), 15
(e + 5a) - G —atasoanw,  (3)

B aH(at—r) B 5 5
\I’(xl,xz,t)——m, r=4/Xi+x;5 (16)

which satisfies the radiation conditions
W(Xy, X2,t1) =0 for t <Oand r > at. (17)

We obtain the original of the first basic function comparing
with (14):

~_H@z-mr)
2722 —mer?’

Here H(z) — Heaviside function.

Next, let us find (X1, X2, Z) using convolution (*) with
the Heaviside function. By virtue of (11) and the properties
of H'(z) = §(2):

fo(X1,%2,2) = (18)

f1(X1, X, Z) = f()(Xl, X2, Z)Z * H(Z)

1 [ HE-—m)
__Ei ﬁ ﬁH(z—g‘)dﬁ

H@) [ 1
G n[\/mdé

Z2 —mér2
mr

H(z —

_ (z mr)ln <z+
2w

(19)

The basic functions are built. It should be noted that

their carrier is the interior of the cone: z > mr, outside of

which U(Xy, X2, z) = 0. That is, the surface of the Mach
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cone z = mr is the front of the shock EM wave on which
the components of the Green tensor are singular, since
fo(Xl, X2,Z) —ooatr — %

So, all components of the Green tensor are built. Let us
build solutions to these equations for an arbitrary right-hand

side using the property of the Green tensor.

4. Building transport solutions of ME
atM > 1

The solution, up to the solution of a homogeneous system
of equations, has the form of a tensor-functional convolution
of the right side of the equations (4) with the Green tensor:

u(x, z) = U(x, z) « J(X, z), (20)

E(X, z) j"(x, 2)
(H(x, z)) =Ux.2) (je(x, z)) ’

or component-by-component

6

Ui(x,z) = U(x.2z)* jk(x.2), i=1,...,6. (21)
k=1

The formula (20) contains convolutions of basic functions
and their derivatives with current components of the
following form:

ui(x,z) = fyxg(x,z), k=0,1,
W(X,z) =0;fr*xg(x,z), j=1212,
U3(X,z) =0jdmfr*g(X,2), m=1,2,z

Here, using g(Xi,X3,2z) , we conditionally designate
the components of the currents jk(Xi,Xp2,2), where
k=1,...,6.
Since
a,H(z—nmr)=356(z—nmr),

OjH(z —mr) = —nr ;6(z — mr),

where §(z — mr) — a simple layer on a light cone which is
a singular generalized function, so the derivatives of the
basis functions are also singular:

9 f H(z —mr) zH(z — mr)
z10 — - -
2ﬂ\/22—m2r2 2.77( 22_m2r2)3
1
- §(z—nr),
2\ z% — mér? (@ )
5 g Hz—-nmr)  mxH(z—nr)
T oavzE —mere 21 (VZZ - m2r2)3
mr,
+ ————=6(z — ).
27/ 2% — mér? ( )

Here and further r,j = r /9x; =

T.
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As you can see, here the density of the simple layer
on the cone is equal to infinity, which does not allow
direct differentiation of the basic functions. Therefore, the
convolution differentiation property should be used when
calculating convolutions [16,17]:

3 (fr*9g(x, 2))
=0 fr*g(x, z),

Uy (x, z) = = (fk*9;9(x,2))

Us(X, 2) = 0j0mfi x g(x, z) = 9jOm(fK * g(x, 2)). (22)

That is, the solutions of ME (21), for which
j™(x, z) = (0, 0, 0), have the form

1
Ex = 97
X GEOV (9

—di1(foxj$)}

M203)(F1# j§) + 0102(F1 = j5)

1 . .
E, = _@{alaz(f1 %)+ (37 —M23D)(f1 * |S)

+32(f0* it}

E, = —M?)d5(foxjs)},

(23)

eeV {81 (foxjf) 4+ a(foxjs)—(1

Hx = 85(fo* j3) —02(fo * j2),
Hy = —85(fo j$) +d1(fo* jS),
Hz = d2(fox J7) =91 (fox j3). (24)

If j°(X, z) — regular functions, then the solution can be
represented in integral form using the integral representation
of convolutions (22):

(frxg(x,2))

z

@ [ [ tx-voamz- o) dny

r<Z  nr(xy)

w(x, z) = 0j (fk * 9(x, 2))

ui(x,z) =

= H(2)d / (/Z fk(x—y,g‘)g(y,Z—§)d§)d)’1dy2,

r<z/m mr(x,y)

us(x, z) = 3;9; (fk *g(x, 2))

= H(2)39 / ( / f(x=y, £)aly, z— §)dg‘>dy1dyz,

r<z/m nmr(x,y)

where

X=(X1,X2), Y= (1.y2), rxy)=I[x-y|.

Here the external integral over the domain yecR?:
r(x,y)<g is a circle of radius z/m centered at point X.
The introduction of the derivative under the sign of the

integral depends on the differentiability properties of the
components of the electric current density j°(X, z).

If the currents are differentiable, then convolutions (22)
should be calculated using formulas

(X, z) =9 fr*g(X, z) = fix0;9(X, 2),

U3(X, 2) = 0jomfk x g(X, z) = fr x0;0mg(X, ).  (25)

Then not g(X, z), but their derivatives are used in the inte-
gral representation of these convolutions. If the components
are singular generalized functions, then the convolutions
in solution (21) should be taken according to the definition
of convolutions in the space of generalized functions [16,17].

It should be noted also that the formulas (23), (24), in ad-
dition to currents distributed in the 3D-space, allow building
solutions of transport systems for EM wave emitters, whose
carriers are concentrated at points, on filaments or surfaces
of arbitrary shapes, which can be modeled by singular
generalized functions of simple and multidimensional layer
type and surfaces of different dimensions, as shown by us
for sublight velocities in Ref. [15].

5. Shock EM waves as generalized
solutions of ME. Conditions on fronts

The transportation system is strictly hyperbolic at su-
perlight velocities. Therefore, it can have non-differentiable
solutions that are discontinuous on characteristic surfaces in
addition to smooth differentiable solutions.

Let’s consider such solutions that describe shock EM
waves, on the fronts of which solutions and their derivatives
experience jumps. Let us use the Method of Generalized
Functions to determine the conditions at the shock wave
fronts [18-20]. To do this let us consider a system of ME in
the space of generalized vector functions, the components
of which belong to the class of generalized functions
D’(R®) [16,17]:

M(dy. 3. 3,) (I‘i) = M(31. 9. 32) (fl)

+ M(ny, Ny, ny) KEI)L(SF (X2, 2)

: E(x, z)
ZJ(X, Z) + M(nl, Ny, nz) |:( >:| OF (Xz, Z), (26)
H(x,2)) |,
where
M(nl’ n29 nZ) =
0 —n, n,  Vuuen; 0 0
n, 0 - 0 Vuuon; 0
—Ny ny 0 0 0 V‘Lt/.l()nz
—Vegn, 0 0 0 —Nz M
0 —Vegyn, 0 n, 0 —n;
0 0 —Vegh, —My n 0

Technical Physics, 2024, Vol. 69, No. 11
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Here, the cap on top denotes a generalized vector function.
Using the property of differentiating discontinuous regular
functions in D’(R?®), we obtain the right part (26) which
has a simple layer on the surface F which is the front of the
shock EM wave:

M(n;, ny, ny) KEI(())(( i))ﬂ F(SF (X2, Z),

the density of which is determined by a surge of the
electric and magnetic field strength vectors on F. For

E(x,z),H(X, z) to be a generalized solution of ME (4),
its density should be zero:

M(n;, Ny, N;) [(I]j:l(();( 2)]': =0. (27)

This leads to conditions for surges of E(X, z), H(X, z)
components at the front of the shock EM wave:

—nz[Ez] + m[Es] + Vuuonz[H;] = 0,

—Veeon,[Eq] — nz[Ha] + m[H,] =0,
Nz [Eq] — mi[Es] + Viuponz[Ho] = 0,
—Veen, [Ez] + nz[Hi] — m[H;] =0,
—Mm[Ei] + m[Eo] + Vupon [Hs] = 0,
—Veeonz[E3] — m[H] + ni[H2] = 0. (28)

It is convenient to represent the equations (28) in vector
form:

ViauoH(x, 2)] = [[EJe. n(x. 2)],
Veao[E(x. )] = [[H]e. n(x, 2)]. (29)

where the vector products of the surge of the intensity
vector at the wave front to the normal to the front are on
the right in the equations . It follows that the electric field
and magnetic field strength jumps are orthogonal to each
other and orthogonal to the normal to the wave front. If the
medium is undisturbed in front of the wave front, then it
follows from (29) that:

Vupo H(x, z)|r = [Er, n(x, z)],

Veey E(X, 2)|r = [HE, n(X, 2)]. (30)

Here E(X, z)|r = Er, Hr = H(X, z)|g — the value of the
stresses at the front of the shock EM wave.

As follows from these relations, EM shock waves are
transverse and the vectors of electric and magnetic intensity
at the front of the shock wave are orthogonal to each other
and lie in a tangent bundle to it.

This fact is well known for phase surfaces of electric and
magnetic intensity of EM waves [1-7]. We showed this in
Ref. [20] for ME discontinuous solutions that describe shock
EM waves. Here this property of EM waves is proved for
supersonic transport solutions of ME equations.

Technical Physics, 2024, Vol. 69, No. 11

6. The Green tensor at the light velocity
of the radiation source

For V=c, M = 1. In formulas (9) m= 0. The Fourier
transform of the basis function

1
f (K, Ko, k3) = ——— (31)
ki +k3

is the Fourier transform of the fundamental solution of the
Laplace equation:

32f, 09%f,
— + —= =8X)6(2). 32
Its solution has the form
Inr
fo(X1,X2,2) = _ES(Z)’ (33)

f1(X1, X2, 2) = fo(X1, X2, 2)z x H(Z) = —% H(z)Inr.

(34)
It should be noted that a half-space is the support of these
functions: z > 0 — outside of which U(Xy, X3, Z) = 0. That
is, the plane z = 0 is the front of an electromagnetic shock
wave on which the components of the Green tensor are
discontinuous. The solution of the ME will have a similar
form (20), (23) and (24), only the functions should be
taken as basic functions (33), (34). The conditions at the
front of the emitter shock wave have the form (29), where

_ 1
V= i
Conclusion

ME transport solutions are built in Ref [15] and in
this paper in the entire velocity range, from sublight to
superlight velocities, which allow calculating EM fields from
emitters of arbitrary shapes, which can be modeled using
both regular and singular functions, both in the absence of
magnetic currents and with their presence. The question
arises when and where to use superlight transport solutions
of ME.

It is known that charged particles that move in a
liquid medium at a velocity higher than the velocity of
light in this medium cause a cone-shaped glow, which is
called Vavilov—Cherenkov radiation, or simply Cherenkov
radiation [8,21-24].  Cherenkov’s experiments clearly
demonstrate the presence of such shock waves [21]. The
Cherenkov cone is the front of the shock wave, which is the
envelope of the Mach cones at its front.

This phenomenon was mathematically described using
harmonic waves the phase velocity of which exceeded the
light velocity in the considered EM medium (see [8]). The
solutions built here make it possible to describe this effect
for any superlight emitters, and the presence of Cherenkov
radiation already suggests that the solutions obtained in this
paper can be used to study EM fields in a variety of media,



1642

L.A. Alexeyeva, I.A. Kanymgazieva

and not only in liquid, but also in bodies and tissues under
laser and other types of irradiation.

Cherenkov radiation is used in the nuclear industry [24],
where the research presented here can be very useful for
use.

It should also be noted that the obtained solutions can be
used to solve diffraction boundary value problems in EM
media limited by cylindrical surfaces and shells. Such a
class of subsonic and supersonic transport boundary value
problems for an isotropic elastic medium was considered
and published by us earlier in Ref [25-27]. We assume
that a similar class of transport boundary value problems
in cylindrical domains should be considered for EM media.
We already carry out these studies within the framework of
the specified grant project.

Funding

The study was financially supported by the Science
Committee of the Ministry of Science and Higher Education
of the Republic of Kazakhstan (grant AP19674789, 2023-
2025).

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] JC. Maxwell. A Traktat ob elektrichestve i magnetizme
(Nauka, M., 1989), t. 1,2. (in Russian).

[2] Dzh. Dzhekson. Classicheskay elektrodinamika (Mir, M.
1965) (in Russian).

[3] LL Tamm. Osnovy teorii elektrichestva (Nauka, M. 1976) (in
Russian).

[4] R. Feynman, R. Leighton., M. Sands. Feynmanovskie lektsii
po fizike — Elektrichestvo i magnetizm (Mir, M., 1965), t. 5
(in Russian).

[5] R. Feynman, R. Leighton., M. Sands. Feynmanovskie lektsii
po fizike — Elektrodinamika (Mir, M., 1966), t. 6 (in
Russian).

[6] L.D. Landau, EM. Lifshitz. Teoriya polya. Teoreticheskaya
fizika (Fizmatlit, M., 2003), Vol. 2 (in Russian).

[7) LV. Saveliev. Kurs obshchei fiziki. Elektrichestvo (Nauka, M.,
1970), t. 2 (in Russian).

[8] VL. Ginzburg, VN. Cytovich. Perekhodnoe izluchenie i
perekhodnoe rasseyanie (Nauka, M., 1984) (in Russian).

[9] J. Heras. Phys. Lett., 237 (6), 343 (1998).
https://doi.org/10.1016/30375-9601(98)00734-8

[10] A. Heras. Am. . Phys,, 62 (12), 11091115 (1994).
https://doi.org/10.1119/1.17759

[11] JA. Heras. Phys. Lett., A, 249 (1), 1 (1998).
https://doi.org/10.1016/S0375-9601(98)00712-9

[12] O. Dushek, S.V. Kuzmin. Europ. J. Phys.,, 25(3), (2004).
DOI: 10.1088/0143-0807/25/3/001

[13] V. Hnizdo. Eur. J. Phys,, 25, 351 (2004).
DOI: 10.1088/0143-0807/25/3/002

[14] SS. Sautbekov, K.N. Baysalova, Y.K. Sirenko. AIP Advances
11, 105012 (2021).

[15] L.A. Alekseeva, L. A. Kanymgazieva. ZhTF, 94 (4), 539 (2024)
(in Russian). DOI: 10.61011/JTF.2024.04.57523.174-23

[16] VS. Vladimirov. Uravneniya matematicheskoy fiziki (Nauka,
M., 1981) (in Russian).

[17] VS. Vladimirov. Obobshchennye funkcii v matematicheskoj
fizike (Nauka, M., 1979) (in Russian).

[18] L.A. Alekseyeva. Matematicheskiy zhurnal, 6 (1), 16 (2006)
(in Russian).

[19] L.A. Alexeyeva. Boundary integral equations of nonstation-
ary BVP for wave equations Book of abstracts. Int. Congress
of Mathematicians (Madrid, 2006), p. 436.

[20] L.A. Alexeyeva. Comp. Mathem. Mathem. Phys., 42 (1), 75
(2002).

[21] P.A. Cherenkov. UFN, 93, 385 (1967) (in Russian).

[22] LE. Tamm, LM. Frank. DAN USSR, 14 (e3), 107 (1937) (in
Russian).

[23] J. Jelley. Cherenkovskoe izluchenie (IL, M. 1960) (in
Russian).

[24] V.P. Zrelov. Izluchenie Vavilova—Cherenkova i ego prime-
nenie v fizike vysokih energiy (Atomizdat, M., 1968) (in
Russian).

[25] L.A. Alekseyeva. Differentsial’'nyye uravneniya, 46 (4), 512
(2010) (in Russian).

[26] L.A. Alekseyeva. Differentsial’nyye uravneniya, 53 (3), 327
(2017) (in Russian).

[27] LA. Alexeyeva. General Functions Method in Transport
Boundary Value Problems of Elasticity Theory /| Intech
Open. In the Book Differential equations. Theory and current
researches. Ch. 8, 129 (2018).

Translated by A.Akhtyamov

Technical Physics, 2024, Vol. 69, No. 11



