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ABSTRACT. Turbulent motions and convection in
cosmic plasma play a key role in the processes of
magnetic fields evolution in astrophysical conditions.
Involvement of turbulent motions in the consideration,
when studying the reconstruction of magnetic fields,
ended with the creation of the theory of
magnetohydrodynamics of mean turbulent magnetic fields,
which in the literature was called macroscopic MHD. One of
the important effects of macroscopic MHD is called
turbulent diamagnetism. The physical essence of the effect
of macroscopic turbulent diamagnetism consists in the
displacement of global (mean) magnetic fields from areas
of increased intensity of turbulent pulsations to places
with less developed turbulence along the gradient of
turbulent viscosity gradient vr with an effective macroscopic
velocity Uy,=-Vvi/2 (vr= (1/3)ul, u and | are the
effective velocity and the characteristic pulsation scale of
the velocity). We considered the role of macroscopic
turbulent diamagnetism in the formation of the magnetic
field layer in the lower part of the solar convection zone
(SCZ). We calculated the radial distribution of the
turbulent viscosity vr along the depth z for the SCZ model
of Stix (2002). It was found that the radial distribution of
this parameter has the form of a convex function v1(z)
with a maximum approximately in the middle of the SCZ
(z~ 140,000 km). Noticeable positive radial gradient of the
turbulent viscosity Vvr, which is found in the lower part
of the SCZ, causes a downward intense diamagnetic
displacement of the toroidal magnetic field, the velocity of
which reaches the value U, ~4x10° cm/s near the lower base
of the SCZ (z~180,000km). Therefore, macroscopic
turbulent diamagnetism in deep layers plays the role of
negative magnetic buoyancy. Macroscopic
diamagnetism acts against magnetic buoyancy, the
velocity of which is Ug(B) = B/(4np)*? (B is the magnetic
induction, p is the density of plasma), and contributes to
the formation of a magnetic layer of a steady state toroidal
magnetic field with a strength of
Bs = (4mp)*? v1/2 = 3000-4000 G.

Keywords: magnetic fields, turbulence, magnetic buoyancy,
macroscopic MHD, macroscopic turbulent diamagnetism.

AHOTAIIA. TypOynenTHi pyxud 1 KOHBEKHis B
KOCMIYHIH IUIa3Mi BiAIrparoTh KIFOYOBY pOJIb Yy TIponecax
€BOJIIOLi MAarHiTHUX TMOJIIB B acTpO(i3MYHHMX YMOBaXx.
3ayrydeHHst J0 po3IJIsiay TypOyJIeHTHHUX PyXiB IIPH BUBYEHHI
PEKOHCTPYKIIT MarHiTHUX TIOJIB 3aBEPIIMIIOCS CTBOPEHHIM

Teopii MATHITOTINPOJMHAMIKM CepefHIX TypOyJIeHTHHX
MarHiTHHX TOJIB, sIKa B JITEPaTypi OTpUMalla Ha3By MakKpo-
ckomuHoi MI[A. Omumn i3  BaximBHX  edexTiB
MakpockonigyHoi  MI'J  Ha3uBaeTbcs  TypOyJICHTHUM
niamarHeTn3moM. Pi3nuHa cyTh €(eKTy MakpOCKOMIYHOTO
TypOyJIEHTHOrO JliaMarHeTU3My TMOJSIrae y  3MIlCHHI
robajbHUX (CepeAHiX) MarHiTHUX MOJNIB 13 oOjacteid
MIBUIIICHOI IHTEHCHUBHOCTI TypOYJIEHTHHX MyNbcallii y
MicIi 3 MEHII PO3BHHCHOI TYpOYJIEHTHICTIO B3IOBXK
TpamieHTy TypOYJICHTHOTO TpamieHTa B’SA3KOCTI VT 3
edexTuBHOIO MakpockomiuHOW mBuakictio Uy =—Vvy/2
(vr=(1/3)ul, u Ta | — edhexTHBHA MIBUIKICTH Ta XapaKTEPHUI
MacmTald Mmynbcarii). Po3misiHyTo poih MaKpOCKOIYHOTO
TYpOYJICHTHOTO JAiaMarHeTH3My y (hOpMyBaHHI MarHiTHOTO
mapy B HIDKHIH YacTHHI COHSYHOI KOHBEKTHBHOI 30HH
(CK3). Mu  pospaxyBali  pamialbHHUH  PO3MOLT
TypOyJIeHTHOI B’SI3KOCTI VT 1O TTmOMHI Z st Moxpeni SCZ
Crikca (2002). BcraHoBneHO, IO pamiadbHUA PO3MOILT
OBOTO TIapaMeTpa Mae BHTILAI Omykiol (QyHKMii vi(z) 3
MakcumymoM nipubmm3Ho o cepeuHi CK3 (z~ 140 000 km).
[oMmiTHWMIT TO3UTHBHUNA paTialbHUNA TPamieHT TypOYICHTHOT
B’sa3KOCTI VVr, SIKH 3HaXOOUTHCA B HUbkHIKM yactrHi CK3,
BUKJIMKAE HM3XIJHE IHTEHCHUBHE [iaMar”iTHE 3MIIICHHS
TOPOIAJIBHOTO MAarHiTHOTO I10JIs1, IBHIKICTh SIKOTO JIOCSTAaE
smauenns U,~4x10%cm/c 6ina mmwxmboi ocuoBu CK3
(z~180000km). ToMy MAaKpOCKOIYHHMI TYpOyJICHTHHI
JliaMarHeTH3M y TIIMOOKHX IIapax BiAITPae Poib HeeamueHoi
MmaeHimuol  naagywocmi. MaKpOCKOIIYHUN TiaMarHeTHU3M
HPOTHUJI€ MArHITHIN IJIABYYOCTI, IBUJIKICTh KO CTAHOBUTH
Us(B) =B/(4np)'? (B~ maruiTHa iHAyKIis, p — TyCTHHA
IUTa3MH), 1 CIIPHSIE YTBOPEHHIO MarHITHOTO IIapy YCTajIeHOro

TOPOINATBEHOTO MAarHiTHOTO TOJIST HAIPY>KSHICTIO
Bs= (4mp)¥2 v1/2 = 3000 — 4000 I'c.
KarouoBi cigoBa: MarHiTHI 10N, TYpOYJICHTHICT,

MarHiTHa IUIaBYYiCTh, MakpockomigHa MIJI, Makpocko-
NiYHUN TYpOyJIESHTHHI liaMarHeTH3M.

1. The necessity to find "anti-buoyancy"" effects

According to modern ideas, the global magnetic field
of the Sun contains two components. The first component
is a weak poloidal (meridional) magnetic field, the lines of
force of which cross the solar surface at high
heliolatitudes and are therefore clearly observed in the
polar regions of the Sun. The second component is a
strong toroidal (azimuthal) magnetic field hidden in the
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deep layers, fragments of which, when floating on the
solar surface in some places, cause the appearance of
sunspots. Both magnetic components change cyclically
in time in magnitude and polarity in antiphase with a
period of about 22 years, called the Hale magnetic cycle.
When explaining the magnetic cycle of the Sun, the so-
called a©2 dynamo model, which is based on the joint
action of helical turbulence (o effect) and differential
rotation (Q effect) in the solar convective zone (SCZ),
became the most popular among researchers.

For effective excitation of the toroidal field of the Sun
as a result of the effect of differential rotation on the
poloidal field (Q effect), it is necessary that the magnetic
power tubes stay in the generation area for a long time.
However, due to the magnetic buoyancy of Parker (1979),
it is difficult to ensure significant amplification and
storage of strong fields in the entire volume of the SCZ for
a long time. The rate of magnetic emergence of the B field
according to Parker is determined by the expression

Ue(B,p) ~ B/(4np)*?, )

is determined by the expression from which it can be seen
that the value of magnetic buoyancy velocity is inversely
proportional to the plasma density p, which leads to
a limitation on the amplitude of the excited toroidal field.
In view of this, the most favorable conditions for
maintaining strong magnetic fields in the solar depths
exist near the bottom of the SCZ, where the plasma
density is the highest. And therefore, this is where the
velocity of magnetic buoyancy will be the lowest.

But even near the bottom of the SCZ, it is difficult to
ensure the strengthening and maintenance of fields with a
magnitude of more than 100 G for a time comparable to
the period of the solar cycle (due to the rapid evacuation
of strong magnetic fields from the generation zone) (Parker,
1979). Therefore, the problem of compensating the magnetic
buoyancy of strong fields and maintaining them for a long
time in the dynamo area comes to the fore with special
need. Considering this, there is an urgent need to search
for mechanisms of magnetic "anti-buoyancy" ("negative
magnetic buoyancy"). As it turned out, the macroscopic
turbulent plasma diamagnetism can play the role of such a
mechanism in SCZ.

2. Macroscopic turbulent diamagnetism of solar
plasma - against magnetic buoyancy

The effect was discovered by Zeldovich (1956) for the
case of two-dimensional turbulence and later named
macroscopic turbulent diamagnetism by Radler (1968).
The physical meaning of the latter consists in the
displacement of the initially uniform magnetic field from
areas with increased intensity of turbulent motions to
places with less developed turbulence (along the turbulent
viscosity gradient Vvr) with an effective velocity Uy

Un=-Vvr/2. @)

In the work (Krivodubskij, 2024) we calculated the radial
profile of turbulent viscosity vr(z) = (1/3) ul (u and | are
the effective velocity and characteristic size of the turbulent
convective motions, respectively). It was found that the

parameter vr(z) has the form of a convex function with a
maximum vt ~ 10 cm/s approximately in the middle of
the SCZ of z = 120000 — 140000 km (Fig. 1).

Thus, the vertical inhomogeneity of the parameter vt
that we discovered indicates the diamagnetic properties of
the solar turbulent plasma. The qualitatively physical
content of the phenomenon of macroscopic diamagnetism
is as follows. Due to the radial inhomogeneity of the
turbulence, the percolation (seepage) of the turbulent
pulsations occurs from areas of high pulsation intensity in
the directions of their lower intensity. As a result of the
freezing of magnetic lines of force in the plasma,
magnetic fields will be transferred in a similar way.

Therefore, the global azimuthal field must be pushed
out of this area in the radial direction, namely: in the
upper half of the SCZ, the magnetic field will be transferred
upwards to the solar surface, while in the lower half of
the SCZ the magnetic field transfers down to the bottom
of the SCZ.

It is relevant that the noticeable positive radial gradient
of the turbulent viscosity Vvr, which is located in the lower
part of the SCZ, should cause a downward intensive
diamagnetic displacement of the toroidal magnetic field.
Indeed, according to our calculations, the wvelocity of
downward diamagnetic displacement of the horizontal field
near the bottom of the SCZ reaches U, ~ 2-10%cm/s (Fig. 2).
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Figure 1: Radial distribution of the value of the turbulent
viscosity coefficient v1(z) ~ (1/3) ul at the depth z,
calculated for the physical parameters from the SCZ
model by Stix (2002).
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Figure 2: Radial distribution along the depth z of the

velocity U, of the macroscopic diamagnetic transfer of the

global toroidal magnetic field, calculated for the physical

parameters from the SCZ model by Stix (2002).
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Therefore, in the lower part of the SCZ, the As a result of "negative magnetic buoyancy" caused by
macroscopic  turbulent diamagnetism acts against macroscopic diamagnetism, the concentration of a powerful

magnetic buoyancy, i.e., here it performs the role of
"negative magnetic buoyancy". Since the velocity of
magnetic buoyancy depends on the magnitude of the field B,
then from the condition of mutual compensation of the

processes of buoyancy with velocity Ug (see
expression (1)) and diamagnetic  downward
displacement with velocity U, (expression (2))

tUs+ [Uy=0, 3

the value of the stationary toroidal field can be found
Bs~ Uy (4np)*?, 4)

the buoyancy of which will be completely compensated
by macroscopic turbulent diamagnetism (Fig. 3).
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Figure 3: Distribution by depth z in the SCZ model by
Stix  (2002) of the steady horizontal field
Bs=(4np)Y? v1/2, the magnetic buoyancy of which is
compensated by the macroscopic diamagnetic effect.
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Figure 4: (a) — A meridional cross-section of the
SCZ, which demonstrates the direction of the radial
transfer of the toroidal magnetic field according to our
calculations. Arrows show the direction of field transfer.
(b) — Maunder butterfly diagram (*“royal sunspots zone"),
according to observations from 1874 to 1913, showing
areas of sunspot existence depending on heliographic
latitude and phase of the solar cycle, Qt. The area of
upward transfer of the toroidal field is localized in the
range of heliolatitudes (a), which coincides with the
observed latitudinal "royal zone" of sunspots (b).

toroidal magnetic field Bs~ 3000-4000 G occurs near the
bottom of the SCZ. At the same time, thanks to the continuous
action of the Q effect, further strengthening of the toroidal
field continues. Therefore, over time, fragments of the
toroidal field, where B > 4000 G, will rise to the surface in
the "royal latitude zone" and thereby generate sunspots
here (Fig. 4).

3. Conclusion

Thus, the noticeable positive radial gradient of the
turbulent velocity Vvr near the bottom of the SCZ,
revealed as a result of our calculations, causes an intense
downward macroscopic diamagnetic displacement of
the toroidal magnetic field with the velocity U,=Vv1/2.
Acting against the magnetic buoyancy, the
macroscopic turbulent diamagnetism in the SCZ
performs the role of "negative magnetic buoyancy" and
thereby contributes to the long-term maintenance of strong
fields (Bs~ 3000 — 4000 G) in the generation zone near
the bottom of the SCZ.

Due to the continuous action of the Q effect, in the
future, fragments of the enhanced toroidal field, where
B > 4000 G, will rise to the surface in the "royal latitude
zone" and thereby generate sunspots here. At the same
time, in the polar domain, such fields remain blocked near
the bottom of the solar convective zone (there is another
effect of "negative magnetic buoyancy" (Krivodubskij,
2005). And that is why deeply rooted strong toroidal fields
in the polar domains cannot break through to the surface
to be observed at high latitudes in the form of
sunspots (Krivodubskij, 2021).
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