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We propose a scenario to explain the observed phenomenon of amplitude alternation
of adjacent 11-year solar activity cycles. It is shown that a noticeable radial gradient of
angular velocity in the radiant zone (calculated by us on the basis of helioseismological
experiments), acting on a weak relict radial magnetic field, generates a powerful deep toroidal
magnetic field of constant direction (the deep -effect of radiant zone). As a result of magnetic
buoyancy, this field gradually penetrates from below to the turbulent layers of the SCZ, where
the dynamo mechanism operates, responsible for the 11-year cyclical activity of the solar activity.
Continuous "feeding" of the magnetic flux in the SCZ due to the additional toroidal flux
emerging from below leads to variations in the power of the total toroidal field in adjacent
cycles. The total toroidal field, rising on the solar surface, causes the observed alternation of
the amplitude of adjacent solar 11-year activity cycles.
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Deep magnetism is involved by researchers to explain the many observed phenomena in
the Sun, although the origin of powerful magnetic fields in the solar subsoil has not been
sufficiently studied, and in some works it is generally beyond the field of view of researchers.
Taking into account this, we have studied the evolution of the deep toroidal field which is
excited by radial differential rotation in the radiant zone filled with the primary (relic) poloidal
field. The results obtained are used to construct a scenario of alternating amplitudes of
neighboring 11-year solar cycles.

Asymmetry of solar cycles.

G. Turner in 1925 noticed a trend [1] that the intensity of the odd 11-years cycles of solar
activity, as a rule, turns out to be slightly higher than the intensity of even cycles. Later
M.N. Gnevyshev and A.l. Ol [2] found that solar cycles, in which the intensity alternates, are
grouped in pairs: paired - unpaired cycles (the Gnevyshev-Ol principle). A significant difference
between the amplitudes of even and odd cycles (bimodality) was convincingly confirmed by
R.M. Wilson [3].

In order to explain the detected asymmetry of cyclicity in papers [4-6], a mechanism was
proposed, according to which the alternation of the heights of adjacent 11-years cycles occurs
due to the fact that the deep primary poloidal magnetic field of the Sun penetrates into the solar
convection zone (SCZ), and thus influences the dynamo process here. According to this
approach, the poloidal field Bp in the dynamo region in the SCZ consists of the sum of two
components. The first component is the alternating poloidal field Bp®, associated with the
dynamo process in the convective zone. It is excited by the a-effect and therefore changes its
direction from one 11-year cycle to another. The second component is the primary poloidal
field Bp" of the radiant zone, which has a constant direction and penetrates from the radiant
zone up into the turbulent layers of the convective zone. Based on this, the total poloidal field in
the dynamo region in the SCZ should oscillate from cycle to cycle: in one 11-year cycle, its
intensity will be higher, and in the next cycle, its intensity will be lower. As a result of this, a
toroidal field that is excited from the poloidal field due to differential rotation (Q2-effect) should
also change its intensity in neighboring cycles. Thus, within the framework of this approach, the
primary field takes part in the formation of a toroidal field in the SCZ (along with the dynamo
field), which leads to the alternation of the intensity of neighboring 11-year cycles.



In contrast to the authors’ idea [4-6], we believe that the primary poloidal magnetic field Bp"
is involved in the generation of the toroidal field not only in the SCZ, but also in deeper layers —
in the area of radiant energy transfer. Our assumption is based on the data of helioseismological
experiments on the internal rotation of the Sun, according to which the radial gradient of the
angular velocity extends deeper than the SCZ into the layers of the radiant zone [7-9].

Taking this into account, we believe that already in the deep layers of the radiant zone (below
the turbulent dynamo region), the deep Q-effect begins to work: radial differential rotation acts
on the relic poloidal field, the lifetime of which is comparable with the lifetime of the Sun, and
thereby creates a stationary toroidal field constant direction over time. Due to magnetic buoyancy,
this deep toroidal field rises and gradually penetrates the overlying layers of the SCZ, where the
turbulent dynamo operates. Obviously, here an additional toroidal field should somehow
influence the processes of magnetism restructuring, which lead to solar cyclicity.

The inner rotation of the Sun.

According to the data of helioseismological experiments, a noticeable radial gradient
of angular velocity 0Q/or is stored in the bowels deeper than the convective zone and tachocline
[7-9]. Figure 1 presents radial profiles of the frequency of internal rotation for three solar
latitudes, obtained as a result of inversions of the data of helioseismological observations [8].
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Fig.1. Radial velocity profiles of the Sun's internal rotation for three polar
angles (latitudes) 6o: ©/2m is the frequency of internal rotation in nanoHertz, r/R |
is the relative heliocentric radius. The figure is taken from paper [8]

It is seen that the latitudinal differential rotation is stored in the full volume of the
convective zone in the depth range (0,7+1,0)r/R_, and it decreases to the minimum value in
the tachocline layer (0,63 +0,7) r/R (R is the Sun's radius). At the same time, inside the SCZ
at each fixed solar latitude the magnitude of the angular velocity of rotation changes substantially
along the radius r. And it is extremely important that the noticeable radial inhomogeneity of the
angular velocity Xr)/Jr persists below the tachocline, penetrating the upper part of the stable
radiant zone. This radial gradient of angular velocity oQ/or undoubtedly acts on the relict
(primary) magnetic field, which will lead to the restructuring of deep magnetism (the deep Q-effect).

We believe that the primary magnetic field of the radiant zone has a dipole structure
whose maximum intensity is reached at latitudes +45°. Therefore, we next take into account the
radial variation of the angular velocity at latitude 45°. As follows from Fig.1 the jump of
internal rotation frequency AQ/2m at this solar latitude in the depth range (0,3+0,7)r/R_ is
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~35nHz. It corresponds to our calculated value of the radial gradient of the angular velocity
aQlor ~ AQIAr ~ 7-10™® rad/s-cm. We believe that the specified radial angular velocity gradient
will affect the primary poloidal field, thereby exciting the toroidal field of the radiant zone
below the SCZ.

Evolution of the toroidal field in the radiant zone.

The change in the toroidal field in the radiant zone is determined by the induction equation
[10]:

0Bt /ot =rsind (B,V) Q i, + rot [Ug X By] + vy ABr. @

The first term on the right-hand side of equation (1) describes the generation of a toroidal
field Bt = By, (B, is the azimuthal component of the field, i, is the azimuthal unit vector in the
spherical coordinate system) under the influence of the radial gradient of the angular velocity
oQ/or on the radial component B, of the primary poloidal field (the deep Q-effect). The second
term of the equation is responsible for the loss of the magnetic flux of the toroidal field due to its
magnetic buoyancy with the velocity Ug, and the third one describes the ohmic dissipation of
the field due to the magnetic viscosity v, = c¥/4nc (o is gas-kinetic electrical conductivity).

As T. Cowling [11] showed for the first time, the time of ohmic attenuation of a relict
magnetic field entrapped by a substance in the formation of the Sun, due to the high plasma
conductivity in the deep bowels (o = 3-10"" CGSE) is extremely long — comparable to
evolutionary of the Sun. Therefore, in the following we will not consider the third term on the
right in equation (1) and focus on considering the processes of field generation in the radiant
zone and its transfer by magnetic buoyancy from the radiant zone in the SCZ.

In order to analyze the restructuring of magnetism in the radiant zone, we will evaluate the
evolution of the magnetic field over time separately for these two processes.

The rate of increase of the toroidal field is determined by the measure of the deep differential
rotation G =roQ/or (r is the distance from the center of the Sun) and the value of the primary
radial field B,

9By =0 (GBr)=0()- (2)
ot |,

Here I" = GB, = (ro€2/or)B, is the parameter of generation (the intensity of deep Q-effect);
it is also taken into account that sin® = O (1) for 6 =45°.

According to E. Parker [12], any magnetic field B of the radiant zone, which is concentrated
into magnetic force tubes (MFT), is transported upward in the direction of SCZ due to magnetic
buoyancy. The magnitude of the rate of rise of the field is determined by the expression

Ug = ur (A1/a)? (B%/8xP), (3)

where ur is the average rate of heat transfer upwards, At is the height temperature scale, a
is the transverse radius of the MFT, P is the gas pressure outside the MFT. From this, the rate of
loss of the growing field B, with the characteristic scale L due to magnetic buoyancy is
proportional to the third degree of magnitude of the field
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Here yp,=(Ug/ LBq,Z) = (ur/8nPL)(\1/a)’ is the parameter of loss of magnetic flux due to
buoyancy.

If you use estimates (2) and (4), then the induction equation (1) can be rewritten (taking
into account the signs of change of the magnetic field) in the following simplified form:

OB, lot~T — yB,>. (5)

From the stationarity condition B, /ot = 0, when the deep Q-effect compensates for the
field losses caused by magnetic buoyancy, we obtain a formula for estimating the maximum
magnitude of the toroidal magnetic field, which can be maintained in the radiant zone for a long
time,
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It is seen that magnetic buoyancy (parameter yp) limits the intensity of the excited field
(parameter I') at the stationary level B(Op. A typical time to reach this value is

1o~ Bo/T = (D), 7)
At a sufficiently powerful source of generation (I">yy) fields, that are larger than the

stationary value Bf’p, are brought to the surface. The characteristic time of the toroidal field B to

rise from a certain depth in the radiant zone up to the lower base of the convective zone can be
estimated by the expression
15 ~ d/Ug = 8Pd /urB? (A1/a)?, (8)
where d = r; — rs; (rr; is the solar radius corresponding to the depth in the radiant zone
from which the field floating up begins, rs is the radius of the lower base of the SCZ).
Calculations of the parameters of the restructuring of magnetism.
Let us proceed to the numerical analysis of the evolution of the deep magnetism of the
Sun, taking into account the calculated value of the radial gradient of the angular velocity based
on the data of helioseismological experiments (6Q/or~ AQ/Ar~7-10"rad/s-sm) and
considered above effects of exciting and loss of magnetic flux of the toroidal field. The
necessary physical parameters (P and ut for calculations are taken from the standard model of
the Sun [13]. According to papers [14, 15], the value of the radial component B, of the poloidal
field in the radiating zone lies in the range of 0,1+ 10 G. Therefore we used three values of B,
for the estimates: 0,1 G; 1 G and 10 G. Following Parker [12], we considered the optimal variant
of restructuring magnetism, when the characteristic magnitude of the change in the magnetic
field L and the temperature scale of the height are equal to the transverse radius a of the
magnetic force tube, the value of which is taken to be 0,1R_ = 7-10" cm. The results of the
calculations of the parameters of the restructuring of magnetism are given in the Table. It can be
seen that as a result of the deep Q-effect a quasi-stationary toroidal magnetic field can be
excited in the radiant zone, whose power varies (depending on the accepted value of the
radial field B,=0,1+10G) in the range of values from 5-10"+2-10® G near the core of the Sun
(riR,=0,3) to 5-10°+2-10" G at the top of a stable section located directly below the lower base
of the SCZ (r/R_=0,7). The latter estimate is consistent with the order of magnitude with the
determination of the toroidal magnetic field at the boundary of the radiant zone and the SCZ from
the decoding of the data of helioseismological experiments [16, 17], as well as with theoretical
calculations within the diffuse models of the solar cycle [18, 19]. The characteristic time 1o of

reaching these field values Bf’p according to the estimates of expression (7) varies accordingly in
the range from 1-10%+5-10%years to 5-10%+2-10°years. The time intervals 1, obtained for the
output of the exciting of field to a steady-state level (when the order of several megaGauss is
reached) are in agreement with the order of magnitude with the estimates 1o within the
diffusion model [18]. Due to magnetic buoyancy, the toroidal fields, whose magnitude outweighs
the regular values B, are gradually pushed out of the radiant zone (where there is no convection)
into the turbulent SCZ layers where the dynamo mechanism operates. The calculations by the
expression (8) of the time tg of the magnetic field removal from the bowels of the Sun to the
lower base of the SCZ (r/R = 0,7) give the following estimates: tg ~ 4- 10%+2:10° years when the
field emerges from depth r/R =0,3(d=0,4R,); and 15~ 10" +4-10° years when rising from the
depth r/R_=0,6 (d=0,1R ). From our estlmates it can be seen that the characteristic time 1o of
reaching the magnitude of the field due to the deep Q-effect is shorter than the time tg of the
field removal from the radiant zone to the SCZ due to magnetic buoyancy. Therefore, a regular
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field of constant direction By can be maintained in a radiant zone for a long time, despite the

permanent loss of magnetic flux due to buoyancy.
Alternation of amplitude of solar magnetic cycles.
Due to the magnetic buoyancy, the deep toroidal field, excited by the deep Q-effect in
the radiant zone, is carried upward and gradually penetrates into the turbulent layers of the
SCZ, where the turbulent dynamo operates. In view of this, the total toroidal (azimuthal)

magnetic field B,, in the SCZ consists of two components: cyclic Bff)(t) , changing with time, and
quasi-stationary (regular) Bg:
B(t) = Bg(t) + Bg. 9

The first magnetic component Bf[i(t), excited by the aQ-dynamo process, changes its

direction (polarity) with a period of 11 years, thereby causing the observed cyclicality of solar
activity [20-22]. At the same time, the second additional component of constant direction,
which, due to magnetic buoyancy, penetrates into the SCZ from below from the radiant zone,
plays here the role of a source of stable magnetic "feeding", which affects the power of the total
magnetic flux of the toroidal field. Therefore, in a certain cycle, when the directions of the two
magnetic components coincide, the total magnetic flux will be more powerful than in adjacent
cycles in which the directions of the two components are opposite. Rising on the solar surface,
the total toroidal field, characterized by these cyclic variations in its magnitude, will cause
corresponding variations in the intensity of the formation of the sunspots, which should
eventually lead to the observed alternation of the amplitude of adjacent (even and odd) cycles.
Conclusion.

A scenario is proposed to explain the observed phenomenon of amplitude alternation
of adjacent 11-year solar activity cycles. It is shown that a noticeable radial gradient of angular
velocity in the radiant zone (calculated by us on the basis of helioseismological experiments),
acting on a weak relict radial magnetic field, generates a powerful deep toroidal magnetic field
of constant direction (the deep Q-effect of radiant zone). As a result of magnetic buoyancy, this
field gradually penetrates from below to the turbulent layers of the SCZ, where the dynamo
mechanism operates, responsible for the 11-year cyclical activity of the solar activity. Continuous
"feeding" of the magnetic flux in the SCZ due to the additional toroidal flux emerging from
below leads to variations in the power of the total toroidal field in adjacent cycles. The total
toroidal field, rising on the solar surface, causes the observed alternation of the amplitude of
adjacent solar 11-year activity cycles.
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YEPI'YBAHHA AMIUIITY I MATHITHUX HUKJIIB COHIIA
Baunepiii KpuBoayocbkuii — 1-p ¢i3.-Mat. HayK., HAYyKOBHUH CITIBPOOITHHK

3anpononosano cyenapii, Wo NOACHIOE CHOCMepedceHe AUWe Yepey8anHHs aMnaimyou
cycionix 11-piunux yuxnie consunoi axmuenocmi. Illokazano, wo nomimuuil paodianvHuil
2paodicHm Kymoeoi weuoKocmi ¢ NpoOMeHUCmiu 30Hi (PO3PAxo8aHull HaMu Ha NiOCMasi OaHUx
2eNi0CeicCMON02IUHUX eKCnepuMenRmis), ooyl Ha cllabke penikmoge padiaibHe MacHImHe noJe,
2eHepyE NOmydicHe 2IubuHHe MmopoidanbHe MazcHimHe noie HOCMIUHO20 CHNPAMYBAHHS
(enubunnuu  (-epexm npomenucmoi 30Hu). BHACNIOOK MACHIMHO20 CHAUBAHHA Ye Noje
ROCMYRO0BO NPOHUKAE 3HU3Y 8 Mypoyaizoeani wapu cousunoi xonsekmusnoi 3onu (CK3), oe
NPAyYioe Mexaumizm OUHAMO, 8ionosioanvrutl 3a 11 - piyHy yukiiuHicms COHAYHOI AKMUBHOCTII.
Henepepsne «nioscuenennsy maenimumoco nomoky 6 CK3 3a paxynok cniausaiouoz2o 3uu3y
000amK08020 MOPOiOAILHO20 NOMOKY NPUBOOUMb 00 6apiayiil. NOMYNHCHOCMI CYMAPHO20
mopoioanbHo20 nons 6 cymiocHux yuxiax. OCMaHHE, CNaUaroyu HA COHAYHY NOBEPXHIO,
BUKNIUKAE CNOCMEPENCeHe Hepey8aHHA AMNIIMYOUu CYCIOHIX COHSAYHUX 11-piunux yuxnie
AKMUEHOCMI.



KuarouoBi caoBa: CoHue; mnpoMeHHMCTa 30Ha;  peNKTOBE  MAarHiTHE  TOJE;
rejlioceiiCMOJIOriYHI  €KCIEpUMEHTH;  BHYTpIIIHE  OOEpTaHHSA; MAarHiTHa  IJIABYYICTh;
KOHBEKTHBHA 30HA; TypOyneHTHe AuHaMO; 11 - piuHMii UK COHAYHOT aKTUBHOCTI.

HAHWBJINXKYI NEPCIIEKTUBUA KOCMIYHOI ITPOT'PAMHU «ARTEMIS»

Irop TkaueHko — 1-p meaar. Hayk., mpodecop
KOpiii KpacHo6okuii — kann. ¢i3.-MaT. HayK, TOIEHT
Ounexcanap Iligropuuii — Bukiagayu

B oaniu cmammi npoananizosano npozpamy micii « Artemisy, onucamni ocnosmni emanu iv
peanizayii, oxapakmepu3o08aHO HUHIWHIUL CMAH OKPeMUXx SUKOHAHUX emanié ma 6UCBImieHl
MauOymHi nepcnekmusu KOCMIYHOi Micii.

KimrouoBi caoBa: Artemis, kocmiuna micis, xocmiuna npoepama, Micays, Mapc,
00CNIONHCEHHS KOCMOCY.

[licns Bucagok Ha MNPUPOAHINM CYNyTHHK 3€MJll acTpOHAaBTU poOWIM (OTO3HIMKH,
MPOBOAMIN EKCIIEPUMEHTH, BCTAaHOBWIM JEKiIbKa TMpamopiB 1 B3SBIIM 3pa3Kd TPYHTY,
nopepraiucs pAogoMmy. Ta 1e THKHEBe nepeOyBaHHS HE IMOKJIANO TOYaTOK TpUBaJii
HPUCYTHOCTI JIFOUHU Ha Mics1li.

UYepes 48 pokiB micias OCTaHHbOI Micli «AnomntoH-17» (B rpynni 1972 poky), sika
nependayvana nmocaaky Ha Micsip, 3’ aBunacs norpeda y moAanbluioMy JOCHIIKEHHI CyITyTHHKA
3emili JUid CTBOPEHHS MOCTIMHOT 0a3H.

HayxoBiii BBaxaroTh, 1o 6a3a Ha MicsIli MOXe epeTBOPUTHUCS Ha BiIIPABHUIA MYHKT s
MOJIbOTIB y JalbHIA KOCMOC, Ha HHOMY MOJKHAa BCTAHOBJIIOBATH KOCMIYHI TEJIECKOIH, SKI
MpaloBaTUMYTh HAa HOBUX MPUHIMIAX; MicsidHa 0a3za JOMOMOXKE B OCBOEHHI Mapcy Ta
CTBOPUTH JOJATKOBI MOJIMBOCTI IIOJO0 BHUPIIIEHHS HAYKOBUX TA€MHHUIb MPO (OpPMYyBaHHA
3emui Ta Micsns. Taka 6a3a, HaBiTh, MOXKE CTaTH €KOHOMIYHO BHTITHOIO 3aBISIKA KOCMIYHOMY
TYpU3MY.

Komunmniii actponaBt Kpic Xandina BBakae, 10 MoCTiHHA MOCTiAHHUIIBKA CTaHIisS Ha
Micsi — 11e HaCTYITHUM JIOTIYHUN KPOK Y JTOCTIHKEHHI KOCMOCY.

Taxox 6araTo eKcrepTiB BBaXar0Th, 10 HAHOUIBINI NMEePEIKOAM IS TTOAAIBIINX MiCil Ha
Micsnpe maroTh OaHanbHI nmpuuuHW. HaliOinmeina mepemkoma s Oyab-sKOi Mporpamu, sKa
nepeadayae KOCMIYHI MOJBOTH, OCOOJIMBO 3 JIIOABMHM, — II€ BEJIMKA BapTiCTh ImpoekTy. [Ipote
OI0/UKET — HE €IMHA TPHWYMHA, Yepe3 sKy JII0JCTBO HE MOoBepHynocs Ha Micsmes. Ha ioro
MOBEPXHI YMMAJIO KpaTepiB Ta BaJyHIB, K1 3arpOKYIOTh O€3MeuHii BUCaILL.

Arne 3Bakarouu Ha pi3Hi npuanHU, NASA 3HOBY 03By4ye iH(POpMAIIiO MPO 3aMyCK HOBOT
nporpamu. Bona yBiOpana y ceOe HanpairoBaHHs ckacoBaHUX mporpam «Cys3ip’s» Ta «Asteroid
Redirect Mission». L] mporpama otprmaia Ha3By «Artemisy («Apremiga»), BOHa OB’ s3aHa i3
Ha3BOI mornepeanboi nporpamu NASA «Anomnony. Li iMeHa HallexkaTh TpelbkuM Ooram. Y
Armomiona icHye cecTpa-OMu3HIOK Ha iM's Aprtemina, sika € 6oruHeto Micsigs. ToOTo, Ha3zBa
MPOTPaMH IIIKOM JIOTIYHA, SIKIIO KEPyBAaTUCS JTaBHBOIO Miosoriero [1].

«Artemis» — nmporpama NASA y koomepariii i3 npuBaTHUMH KoMmmaHissMu Ta €KA momo
PO3BHUTKY TIOTOBAHUX KOCMIUHHX MOIBOTIB. Ii METOIO € Bi/mpaBIeHHs JIOAEH HA MOBEPXHIO
Micsms y 2024 pormi Ta CTBOPEHHS TaMTEIIHBOI 1HPPACTPYKTYpH i3 MOJAIBIIMMU TUTAHAMHU
JIOTIPaBUTH acTPOHABTIB Ha Mapc.

3a OaraTo pOKiB MIATOTOBKH MiCsiYHA Iporpama «Artemisy o0’eaHana Bimpasy KiJibKa
po3pobok. Y moiboTi OpaTMME y4acTh OJKIHKAa Ta YOJOBIKM-aCTPOHABTH. TOYKOIO
«TPUMICSYCHHSI» MIBHUIIE 32 BCe Oy/e TEPUTOPIs MBASHHOTO Nooca Micsiis.

s mporpama € aMOIIIfHUM MIiCSIYHUM IMPOEKTOM 3TiTHO 3 SIKUM OyayTh BUKOHaHi: 37
3amyckiB 3 3eMii, 5 MOcaJoK Ha MOBEPXHIO 3 €KiMa)keM, CTBOPEHHS Mepiioi MicsauHoi 0asw.
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