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INDUCED VACUUM CURRENT

AND MAGNETIC FLUX IN QUANTUM
SCALAR MATTER IN THE BACKGROUND

OF A VORTEX DEFECT WITH THE NEUMANN
BOUNDARY CONDITION

1. Introduction

A topological defect in the form of the Abrikosov—Nielsen—Olesen vortez in the space of an ar-
bitrary dimension is considered as a gauge-flux-carrying tube that is impenetrable for quantum
matter. The charged scalar matter field is quantized in the vortex background with the perfectly
rigid (Neumann) boundary condition imposed at the side surface of the vortex. We show that
a current circulating around the vortez is induced in the vacuum, if the Compton wavelength
of the matter field exceeds the transverse size of the vortex considerably. The vacuum current
is periodic in the value of the gauge flux of the vortex, providing a quantum-field-theoretical
manifestation of the Aharonov—Bohm effect. The vacuum current leads to the appearance of an
induced vacuum magnetic flux that, for some values of the tube thickness, exceeds the vacuum
magnetic flur induced by a singular vortex filament. The results are compared to those obtained
earlier in the case of the perfectly reflecting (Dirichlet) boundary condition imposed at the side
surface of the vortex. It is shown that the absolute value of the induced vacuum current and
the induced vacuum magnetic flux in the case of the Neumann boundary condition is greater
than in the case of the Dirichlet boundary condition.

Keywords: vacuum polarization, Aharonov—Bohm effect, vortex defect.

homotopy group of the group space of the broken
symmetry group is nontrivial. Abrikosov vortices are

There are many theoretical models in field theory
which contain the phenomenon of spontaneous break-
down of symmetries, see, e.g., [1]. This phenomenon
gives rise to topological defects of various kinds,
see, e.g., [2, 3]. In this paper, we will consider a
linear topological defect known as the Abrikosov—
Nielsen—Olesen (ANO) vortex in condensed matter
physics [4, 5] or a cosmic string in cosmology [2, 6, 7].
This topological object is formed, when the first
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real physical objects in the type-II superconduc-
tors [8, 9]. Cosmic strings are currently hypotheti-
cal objects, and their possible manifestations such
as gravitational waves, high-energy cosmic rays, and
gamma-ray bursts are actively searched in the Uni-
verse [10-12].

In the classical theory of the ANO vortex, a spin-
0 (Higgs) field condenses, and a spin-1 field corre-
sponds to the spontaneously broken gauge group;
they are coupled in the minimal way with constant
éy. The transverse size of the vortex is of the order
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of the correlation length or the Compton wavelength,
h(mge)~!, where my is the mass of the condensate
field. The physical requirements of single-valuedness
of the condensate field and finiteness of the vortex en-
ergy result in the following dependence of the vortex
flux on ép: ® = § dxA(x) = 2mhcéy', where A(x)
is the vector potential of the gauge field, and the in-
tegral is over a path enclosing the vortex once. The
quantized matter field is coupled minimally to the
gauge field with constant é. So, the quantum effects
in the background of the ANO vortex depend on the
value of ed.

Since the phase with broken symmetry exists only
outside the vortex, the quantum matter field can-
not penetrate inside the vortex. We assume further
that the interaction between the ANO vortex and
the quantized matter field is mediated by the vec-
tor potential of the vortex-forming spin-1 field only,
and the direct coupling between the vortex-forming
spin-0 field and the quantized matter field can be ne-
glected. If so, the ANO vortex does not affect the
surrounding matter in the framework of classical the-
ory, and such an influence is of the purely quantum
nature. The effect is a quantum-field-theoretical man-
ifestation of the famous Aharonov—Bohm effect [13],
see review [14]. It is characterized by the periodic de-
pendence on the value of the vortex flux, ®, with the
period equal to the London flux quantum, 2wficé~t. A
particular case of ég = 2¢ (® = whcé !, half of the
London flux quantum) is implemented in ordinary su-
perconductors, see, e.g., [8]. Cases of fractional values
of the London flux quantum are physically meaningful
as well, and can be implemented in chiral superfluids,
liquid crystals, and quantum liquids, see [15, 16].

The physical condition of non-penetration of the
matter field inside the vortex means the absence of
the matter field current through the side surface of
the vortex, namely jT|7‘o = 0, where r is a radial co-
ordinate which is perpendicular to the side surface,
and rg is the radius of the vortex. Hence, the ANO
vortex can be considered as a magnetic tube of the
finite transverse size. In the case of the scalar matter
field, the condition of non-penetrability can be satis-
fied with the use of a family of boundary conditions
of the Robin type

(cos O + sinfroy)|,, =0, (1)

where 6 is some arbitrary parameter. Among all pos-
sible values of the parameter 6, two values are promi-
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nent. The case of § = 0 corresponds to the perfectly
reflecting (Dirichlet) boundary condition #|,, = 0.
The case of § = 7/2 corresponds the perfectly rigid
(Neumann) boundary condition 79,4|., = 0.

In the present paper, we shall study the current
which is induced in the vacuum of the quantized
charged scalar matter field by the ANO vortex with
nonvanishing transverse size with the perfectly rigid
(Neumann) boundary condition on its side surface
(0 = w/2). This current creates a magnetic field in the
vacuum, and the total induced vacuum magnetic flux
will be studied in detail in what follows. In the case
of the ANO vortex of zero transverse size, this prob-
lem was solved previously, see [17-19] and references
therein. For the case of the finite transverse size of the
ANO vortex, the induced vacuum current, magnetic
flux, energy and the Casimir force were considered
in the [20-24] for the case of the perfectly reflecting
(Dirichlet) boundary condition.

It should be noted that, for the quantized fermion
matter field, the condition of non-penetration of the
matter field inside the finite transverse size ANO
vortex has a form different from (1), and it can be
parametrized with the help of one parameter in the
case of two-dimensional space and four parameters
in the case of three-dimensional space. The induced
vacuum current and magnetic flux in these cases were
considered for all values of parameters in [25-27].

2. Induced Vacuum
Current and Total Magnetic Flux

We start with the Lagrangian for a complex scalar
field ¢ in the (d 4+ 1)-dimensional space-time
L= (V)" (VH) = m*¢™y, 2)

where V, is the covariant derivative, and m is the
mass of the scalar field. The vacuum current is con-
ventionally defined as

jx) = fii(ZEA)*l X

A

XAPAE)VOA)] = [VOA () A (x) }, 3)

where A is the set of parameters (quantum num-
bers) specifying the state, wave functions ¥, (x) form
a complete set of solutions to the stationary Klein—
Fock—Gordon equation

(=V? +m?) ¥ (x) = E39(x), (4)
ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 1
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E), = E_, > 0 is the energy of the state; symbol

3 denotes summation over discrete and integration
A
(with a certain measure) over continuous values of \.

In the present paper we are considering a static
background in the form of the cylindrically symmet-
ric gauge flux tube of the finite transverse size. The
coordinate system is chosen in such a way that the
tube is along the z axis. The tube in a 3-dimensional
space is obviously generalized to the (d — 2)-tube in
a d-dimensional space by adding extra d — 3 dimen-
sions as longitudinal ones. The covariant derivative
is Vo = 0y, V = 8 —ie'V with é being the coupling
constant of the dimension m®~%9/2 and the vector po-
tential possessing only one nonvanishing component
given by

V, = ®/2m, (5)

outside the tube; here, ® is the value of the gauge flux
inside the (d — 2)-tube, and ¢ is the angle in polar
(r, ) coordinates on a plane which is transverse to
the tube. The Neumann boundary condition at the
side surface of the tube (r = ry) is imposed on the
scalar field:

ar'l/})\ |r:r0 =0, (6)

i.e., the surface of the flux tube is a perfectly rigid
boundary for the matter field.

The solution to (4) and (6) outside the impenetra-
ble tube of radius rg takes the form

wknp(x> = (Qﬂ-)(lid)/QeiPXdizeimPQ\n—éé/Qﬂ(kr, kTO)a

(7)
where
Y, (0)Jp(u) = J,(v)Y,(u)
Q,(u,v) = -2 b, (8)
[72(0) + Y22 ()]

and 0 < k < o0, —co<pl <0 (j=1,d—2),n€Z
(Z is the set of integer numbers), J,(u) and Y,(u)
are the Bessel functions of order p of the first and
second kinds, the prime near the function means the
derivative with respect to the function argument. So-
lutions (7) obey orthonormalization condition

/ XY (K () =
’I">"’0
5k — k')

= T r O/ 5d_2(p - P/)- 9)

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 1

Using (3) and (7), we get j, = jq—2 = 0 and

Jo(r) = ' 7(x) — 2% (x) = (2m)" / d'=?p

x /dk: k(p? 4+ k? +m?) Y28 (kr, kro), (10)
0
where
e\
S(u,v) = Z T o Q|nfé<l>/27r|(u7v)' (11)

nez

Due to the infinite range of the summation, the last
expression is periodic in the flux ® with a period equal
to 2mé~!, i.e., it depends on the quantity

-2 [2)

where [[u]] is the integer part of the quantity u (i.e.,
the integer which is less than or equal to w).
Let us rewrite (11) in the form

(12)

S(u,v) = So(u) + S1(u,v), (13)

where

So(u) =

=Y [(n+1=F) I3 _p(u)=(n+F) i p(u)] (14)

n=0

and
S1(u,0) = S [ +1 = F)Auprp(u,v) -
n=0
— (n+ F)Anyp(u,0)], (15)
where
Ap(uv ’U) =

_ 2) [V (w) = J3(w)] — 27 (v) T, (w) Y (v) Y (w)
Y2 (v) + Jg2(v) '

(16)

The vacuum current j, circulating around the (d —
— 2)-tube leads to the appearance of a vacuum mag-
netic field with strength B3¢ directed along the
(d — 2)-tube; this is a consequence of the Maxwell
equation
T@TB?I“)'d(T') = —ej,(r), (17)
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where the coupling constant e differs in general from
é. The total flux of the induced vacuum magnetic field
across a plane which is orthogonal to the (d — 2)-tube
is defined as

o)) =2r / drrB54(r) (18)
To

and is given by the expression

o) — en / dr i (r) (1 :g) (19)
To

Inserting j,(r) (10) and changing the order of inte-
gration over r and p, we get, see [20],

o) 5 (4m) (=972
@ =em oT(d/2) / \/71 T2/
X D(mrg V1 + u2/(d=2)), (20)
where I'(v) is the Euler gamma—function and
dz z y
da $ (=22 (@

/ < ) V2 + a2 1)

It should be noted that the function D(y) (21) is im-

mediately related to the total induced vacuum mag-
netic flux in the d = 2 case:

I €
ol = 5 Dlmry). (22)

Since S (u, 0) = 0, one can obtain
dz z

/ ol OV
=3 Lra-F) (F —~ ;) (23)

and the total induced vacuum magnetic flux in the
d = 2 case is finite in the limit of a singular (i.e.,
infinitely thin) vortex filament, ro — 0 [17]:

6‘; F(1—F) ( - ;)

However, in the d > 3 cases, the total induced mag-
netic flux becomes infinite in the limit of the infinitely
thin vortex filament [18]. In this case, the considera-
tion of the vacuum polarization by the vortex filament
of the finite transverse size is especially actual.

6

So(2) =

lim fIJ(I)

r0—0

(24)

3. Numerical Analysis
of the Induced Vacuum Characteristics

As one can see from the previous section, in order to
find the induced vacuum magnetic flux in the d-di-
mensional space, we first need to find it in the 2-di-
mensional space. Unfortunately, this task in the case
of a vortex tube of finite transverse size can be solved
only by numerical methods.

With this aim, we rewrite expression (10) in the
d = 2 case in the dimensionless form

Fio(r)]y = 21 7dzz [z + (m;")Q}

0

~1/2
S(z,Az),

where A = ro/r (A € [0,1]). (25)

In the limit of a singular filament (rq = 0), ex-
pression (25) contains only Sy (14). The summation
in (14) can be performed analytically and (25) is re-
duced to the following form, see [20]:

_ sin(F) w?
N ) ey o e

< fw[K7 p(w)— K3 (w)] +(2F ~ 1) Kp (w)K1_p (w)},
(26)

smg
TJg

where K,(u) is the Macdonald function of order p.
The total induced vacuum magnetic flux in this case,
see (24), attains the maximal absolute value equal to
le]/(72v/3m) at F = F., where
1 1

Fy 5 (1 + \/§> (27)

Next, we will numerically compute the induced vac-
uum current in the d = 2 case at F' = F, when the
integral in (25) is likely to be most distinct from zero
(note that the current at F' = F_ equals to that at
F = F; with the opposite sign). So, for a vortex tube
of nonvanishing radius, we have to compute values of
dimensionless quantity rj, at different values of A. To
do this, we perform the high-precision numerical in-
tegration in (25) with the help of a technique devel-
oped earlier in [20-24]. The results of computation
can be approximated by an interpolation function in
the form

, T > To,

o) g = [6\_/25 } {P”(Z; xO)} iﬁiﬁﬁ?
(28)
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Fig. 1. The dimensionless induced vacuum current (rj,) as a function of the dimensionless distance from the axis of the tube
(z) for different values of the dimensionless tube radius (xg) for the case of the Neumann (NC) and the Dirichlet (DC) boundary
conditions: (a), (¢) solid line corresponds to rj, x 102 for zgp = 1, dashed line corresponds to 7j, x 10 for zo = 2/3, and dotted
line corresponds to rj, for zg = 1/3; (b), (d) solid line corresponds to the cases of a singular filament (zg = 0), dashed line
corresponds to zg = 10~ 1, dotted line corresponds to xp = 10~2 and dash-dotted line corresponds to z¢p = 10~3. Variable x is

along the abscissa axis

where z = mr, zg = mro and P;(y), Q;(y), R;(y)
are polynomials in y of the j-th order with the z-
dependent coefficients. It turns out that, for the inter-
polation of data, the most suitable choice of function
(28) contains the polynomials with indices n = 9 and
k = 4. The first factor in square brackets describes
the large-distance behavior in the case of a zero-radius
tube (filament), the second factor in square brackets
is an asymptotics at small distances from the side sur-
face of the tube, the last factor describes the behav-
ior at intermediate distances. Since the vortex tube
is impenetrable, rj,(r) (28) vanishes at z < .

The results in the d = 2 case for the induced vac-
uum current in the case of the Neumann boundary
condition are presented on Fig. 1, a and Fig. 1, b. For
comparison, we also present the results for the in-
duced vacuum current in the case of the Dirichlet
boundary condition [20], see Fig. 1, cand Fig. 1, d. As
one can see, the current is negligible for the tube
of large radius, i.e., of order of the Compton wave-
length and greater, ro > m™', see Fig. 1, a and
Fig. 1, ¢. One can note that the induced vacuum cur-
rent in the case of the Neumann boundary condition
has a much weaker dependence on the tube thickness

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 1

xo (Fig. 1, a) as compared to that in the case of the
Dirichlet boundary condition (Fig. 1, ¢). The current
in the case of ro < m™! is comparable with the cur-
rent in the case of a singular filament, see Fig. 1, b
and Fig. 1, d. It should be noted that, in the case
of the Dirichlet boundary condition, the induced vac-
uum current is always less in value than in the case
of a singular filament, see Fig. 1, d. It is not true
for the case of the Neumann boundary condition, see
Fig. 1, b. It should be noted that the value of the cur-
rent in the case of the Neumann boundary condition
is greater than the value of the current in the case of
the Dirichlet boundary condition at any value of the
tube thickness.

Using (19), (21), (22), and (28), we compute nu-
merically the total induced vacuum magnetic flux in
the d = 2 case for different values of the tube thick-
ness (parameter o = mrg). The results of the com-
putation in the dimensionless form can be approxi-
mated by an interpolation function in the form

(1
n m®; InD(xg) = M1(20)O(X — o) +

e
+ [a—i— by + dxd + L2($O):| O(zg — X),

(29)
7
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Fig. 2. The dimensionless induced vacuum magnetic flux in spaces of different dimensionality as a function
of the dimensionless tube radius (z) for the case of the Neumann (NC) and the Dirichlet (DC) boundary
conditions: e’lmq)g[) — solid line, efl‘I’gI) — dashed line, (em)*lfby) — dotted line. The case of xg = 0 and

d = 2 is presented by a horizontal solid line

The dimensionless induced vacuum magnetic flux in the cases of dimension d = 2, 3,4
for tubes of different radii and for the case of the Neumann (NC) and Dirichlet (DC) boundary condition

x0 1 2/3 1/3 1071 1072 1073
o <1>g”, NC 7.09 x 10~ 7.79 x 1075 9.05 x 104 5.34 x 10~3 9.92 x 10~3 0.01
m <1>§”, DC 2.36 x 10~8 5.76 x 10~7 2.07 x 1075 4.88 x 10~4 3.66 x 1073 6.22 x 1073
L <1>g’>, NC 10-6 1.41 x 10—° 2.26 x 10~ 2.14 x 10~3 9.34 x 10~3 1.64 x 102
1a{) DC 3.07 x 1079 8.83 x 1078 4.13 x 1076 1.48 x 104 2.22 x 1073 6.55 x 1073
Lo NC 7.5 x 10~8 1.3 x 106 3.02 x 105 5.58 x 104 1.08 x 102 1.15 x 101
L @El”, DC 2.06 x 10~10 7.06 x 10~9 4.43 x 1077 2.68 x 1075 1.25 x 10—3 1.32 x 1072

where M;(y), L;(y) are polynomials in y of the j-th
order, ©(y) is the Heaviside step function and X =
= 1072, Using (20) and (29), we compute numerically
the total induced magnetic flux in the d = 3,4 cases,
ie. <I>§)1) and q)fll). The results for the d = 2, 3,4 cases
are presented in Fig. 2, a and in Table. For compar-
ison, we also present the results for the induced flux
in the case of the Dirichlet boundary condition [20],
see Fig. 2, b and Fig. 2, c.

8

As one can see, in the case of the Neumann bound-
ary condition (for d = 2), there is a region of the tube
thickness (0 < 2o < 0.4), where the absolute value of
the induced flux is greater than in the case of a singu-
lar filament, see Fig. 2, a. Whereas the absolute value
of the flux induced by a singular filament is always
greater than the absolute value of the flux induced by
a tube of the nonvanishing radius with the Dirichlet
boundary condition, see Fig. 2, b and Fig. 2, ¢. One

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 1
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can see also that the induced flux from a tube with
the Neumann boundary condition is greater than the
induced flux from a tube with the Dirichlet boundary
condition at any value of the tube thickness.

In the case of higher space dimensions, the behav-
ior of the induced flux in the case of the Neumann
and Dirichlet boundary conditions is similar, see
Fig. 2. For the case of a space with a higher dimension
(d =4) at large radii of the tube, the induced flux is
a more strongly decreasing function. But, at smaller
radii of the tube, the induced flux is a more strongly
increasing function compared to that in the case of
the space with a smaller dimension (d = 3). While
the induced flux in the unphysical case of a singular
filament is infinite for d > 2, the induced flux in the
physical case of a tube of nonvanishing radius is fi-
nite. As one see from Table, the absolute value of the
flux induced by a tube with the Neumann boundary
condition is always greater than the absolute value of
the flux induced by a tube with the Dirichlet bound-
ary condition for any dimension of the space.

4. Summary

In the present paper, we have considered the current
and the total magnetic flux which are induced in the
vacuum of the quantized charged scalar matter field
by a topological defect in the form of the ANO vortex
in a space of arbitrary dimension. We assume that the
ANO vortex is impenetrable for the quantum mat-
ter. The perfectly rigid (Neumann) boundary condi-
tion is imposed on the matter field at the side sur-
face of the vortex. The same problem was considered
previously for the vortex with the perfectly reflect-
ing (Dirichlet) boundary condition on its side surface
[20]. So, we compare the results obtained for the Neu-
mann and Dirichlet boundary conditions at the side
surface of the vortex.

In both cases of the above- mentioned boundary
conditions, the induced current is circulating around
the vortex, and it is vanishingly small in the case
of the vortex transverse size being of the order of
or exceeding the Compton wavelength of the matter
field (zg 2 1), see Fig. 1, Fig. 2 and Table for the
d =2, 3,4 dimensions of the space. This confirms the
previously obtained conclusion [21-24] that the vac-
uum polarization effects are essential only for matter
fields with masses which are much smaller than the
scale of the spontaneous symmetry breaking (mass of
the Higgs field forming the topological defect).

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 1

In both cases of the above- mentioned boundary
conditions, the induced vacuum current decreases ex-
ponentially at large distances from the vortex. The
current and the induced vacuum magnetic flux are
odd in the value of the vortex flux, ®, and periodic in
this value with the period equal to the London flux
quantum, 27é~1. They vanish at F = 0,1/2,1 and
are of opposite signs in the intervals 0 < F' < 1/2
and 1/2 < F < 1, with their absolute values being
symmetric with respect to the point F = 1/2. In the
case of a space of dimension d > 2, the account for
the finite transverse size of the vortex eliminates an
unphysical divergence for the total induced vacuum
flux, which takes place in the case of a singular vortex
filament.

The visible difference between the cases of the Neu-
mann and Dirichlet boundary conditions lies in the
magnitude of the vacuum polarization effects. The
absolute value of the induced vacuum current and
the induced vacuum magnetic flux in the case of the
Neumann boundary condition is greater than that in
the case of the Dirichlet boundary condition. In par-
ticular, as one can see from Fig. 1, d and Fig. 2, b
for the dimension of the space d = 2, the vacuum ef-
fects in the case of the Dirichlet boundary condition
are always smaller than in the case of a singular vor-
tex filament. However, as one can see from Fig. 1, b,
for the case of the Neumann boundary condition, the
absolute value of the induced vacuum current can ex-
ceed the absolute value of the induced vacuum cur-
rent in the case of a singular vortex filament. Moreo-
ver, there is a region of the vortex thickness values
(0 < zp < 0.4), see Fig. 2, a, where the absolute value
of the induced vacuum magnetic flux is greater than
that in the case of a singular vortex filament for the
d = 2 space.

The work of Yu.A.S. was supported by the Na-
tional Academy of Sciences of Ukraine (project
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IHIYKOBAHI BAKYYMHUN CTPYM

TA MATHITHHNI ITOTIK ¥ KBAHTOBAHIN
CKAJISIPHI MATEPII B IIPUCYTHOCTI
BUXPOBOI'O JE®EKTY 3 TPAHUYHOIO
YMOBOIO THUITY HEIMAHA

Tononorignuii nedext y Burisai Buxopy Ab6purocosa—Hinbce-
na—QOuJieceHa y mpocTopi JOBUIBHOT BUMIPHOCTI PO3IJISIAE€THCS
SK TPpyOKa, 110 MICTHUTh HOTIK KaJibpyBaJbHOI'O IOJISI Ta € He-
IIPOHMUKJINBOIO JJIsl 1oJIs MaTepil. KBaHTOBaHE 3apskeHe CKa-
JIsipHE TOoJie MaTepil KBAHTYEThCS 3 ypaXyBaHHSM HasiBHOCTI
BUXOpPY, Ha IIOBEPXHI $IKOrO HaKJaJeHO ymoBy Tuiy Heiima-
na. IToka3zamo, 0 HAaBKOJIO BUXODPY IHIYKYETbCS BaKyyMHII
CTPYM 32 YMOBH, III0 KOMITOHIBCbKa JOBXKUHA XBUJIi IIOJIS Ma-
Tepil 3HAYMHO IEePEBUIILy€E IoNepeIHnil po3Mip Buxopy. Bakyym-
HUIl CTPYM € Iepiofu4HO0 (DYHKINEIO Bijl IOTOKY KaibpyBasb-
HOT'O IIOJISI BHUXOPY, IO € KBAHTOBO-IIOJBLOBUM IIPOSIBOM ede-
kry AaponoBa—Boma. BakyyMHuil crpyM BUKJIMKAE NOsBY iH-
JIyKOBAHOT'O BaKyyMHOI'O MATHITHOIO IIOTOKY, SIKHH (3a JesaKnx
3HAYEHb TOBIIUHHU TPYOKMN) MEPEBHUIILY€E BAKYyMHUI MArHiTHUN
HOTIK, IO IHAYKYETbCS CHHIYJISIPHEM BuxopoM. Orpumani pe-
3y/abTATH Oy/jay HOPIBHSIHI 3 pe3ysjbTraTaMy, OTPUMaHUMU JJIst
BHUIIAQJKY, KOJU Ha [OBEPXHIO TPYOKHU HAKJIAJAJIUCT TPAHUIHI
ymoBu tuity ipixse. Byso mokazano, 10 y BUNAJKy IpaHu-
anol ymosu Tuity Helimana abCco/roTHI 3HAUEHHS iHIyKOBAHOIO
BaKyyMHOTO CTPyMy Ta iHIYyKOBaHOI'O BaKyyMHOI'O MarHiTHOIO
[IOTOKY IIE€PEBUILYIOTH 3HAYEHHS BIJIIOBIIHUX BEJIUYINH y BU-
najKy, KOJIu Ha TPyOKY HaKJIaJaloThCsA FPDAHUYHI YMOBH THUILY
Hipixe.

Katwwoeti caoea: BakyyMHa noJsipusaisi, eexkr AapoHo-
Ba—Bowma, Buxposuit gedexr.
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