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ABSTRACT. An important key to studying the impact
of solar activity variations on the Earth's climate is
the Maunder Minimum (late 17th century), during
which extremely little sunspots were observed. Applying
the rare event analysis method to these observations
led the researchers to conclude that the appearance of
sunspots during the Maunder minimum had a weak
amplitude 22-year cycle. The concept of continuity of
magnetic cycles at this time is also confirmed by
measurements of cosmogenic radionuclides in natural
terrestrial archives. Therefore, today it is believed that
during the Maunder Minimum, the cyclic magnetic
activity of the Sun did not stop, although the amplitude
of the cycles was quite low. In the aQ dynamo model, this
may be due to the fact that the magnitude of the magnetic
induction of the toroidal field, excited by radial
differential rotation in the solar convection zone (SCZ), at
this time did not reach the threshold value required for
lifting magnetic power tubes to the solar surface
(nonlinear dynamo mode). Possible physical mechanisms
describing the suppression of the dynamo process at time
intervals, when no sunspots were observed, are analysed.
A scenario for explaining the north-south asymmetry of
magnetic activity during the Maunder Minimum is
proposed. A key role in the proposed scenario is played by
the special nature of the internal rotation of the Sun,
revealed in the helioseismological experiments. According
to helioseismology data, the SCZ is naturally divided into
polar and equatorial domains with opposite signs of the
radial angular velocity gradient. In addition, the radial
angular velocity gradient penetrates into the deep layers of
the stable radiant zone below the SCZ. It is shown that,
taking into account these helioseismology data, the oQ
dynamo excites two harmonics (dipole and quadrupole) of
the toroidal magnetic field in the SCZ, which cyclically
change their direction. The oQ dynamo excites two
harmonics (dipole and quadrupole) of the toroidal field in
the RMS, which cyclically change their direction. At the
same time, the deep Q effect in the radiant zone creates
the toroidal field of stationary orientation. The summary
toroidal magnetic field (the dynamo-field of the SCZ + the
field of the radiant zone) rising to the Sun’s surface due
to magnetic buoyancy may contribute to the north-
south asymmetry in sunspot activity.

Key words: sunspots, the Sun’s magnetic cycle,
the convection zone, differential rotation, dynamo, the
radiant zone, helioseismological data.

AHOTAILIA. BaximuBuM KIHOYEM JI0 BHUBYCHHS
BIUIMBY Bapialiii COHSIYHOT aKTUBHOCTI Ha KJIIMaT 3eMili €
MiHiMyMm Maynzaepa (kimens XVII cromitrs), mim bac
SIKOTO ~ CIIOCTEpirasiocss HaJI3BHYAHO Malo COHAYHHX
WIsIM. 3aCTOCYBaHHS METOY aHANi3y PIOKICHUX MOMIH 10
LUX CIOCTEPEKEHb NMPHU3BENO IOCTIJHUKIB IO BUCHOBKY,
o0 TOSBI COHSYHUX IUIIM Yy MiHiMymi MayHnepa OyB
MPUTAMAHHUHN CIa0KUi 3a aMIDTTYA0I0 22-pidyHUNA ITHKII.
Komnremniisi 0e3mepepBHOCTI MarHiTHUX NUKIIB Y Ie# yac
TaKOX MIiATBEPAKYETHCS BUMIPIOBAaHHSIMH KOCMOTCHHHUX
PamioOHYKJIiIB Yy TPUPOJHUX HA3EeMHHUX apxiBax. Tomy
ChOTOJIHI ~ BB@XKAETHCS, IO  BIPOJOBXK  MIHIMyMy
MayHnaepa NUKIiYHA MarHiTHa akTuBHiCTH COHIT HE
MPUMTIHAIACS, XO0Ya aMIUTITYyAa UUKIB Oyia IOCHTh
HU3BKOI0. Y Mozeni af)-IHHAMO IIe MOXe OyTH TOB’ 13aHO
3 THM, L0 BEJIMYMHA MarHiTHOI iHIYKIii TOPOigaabHOTO
moist, 30yIDKEHOTro  patialibHuM  AudepeHIiaIbHIM
obepTaHHsSM y coHsuHIlM KoHBekTHBHIN 30HI (CK3), y neit
Yyac He JIocsria MOPOTrOBOrO 3HAYEHHsI, HEOOXITHOTO JUIs
i1HOMy MarHiTHUX CHJIOBUX TPYOOK Ha moBepxHio CoHIs
(HenmiHidHMIT pexxum auHAMO). [IpoaHami3oBaHO MOMIIMBI
Gi3YHI MEXaHI3MH, [0 OMHUCYIOTh MPUTHIYCHHS MPOIECY
JMHAMO B IHTEPBAaJM 4acy, KOJIM COHSYHUX IUISIM HE CIIO-
cTepiranocsi. 3ampoNOHOBAaHO CIEHApPid I TIOSCHEHHS
MiBHIYHO-TBACHHOT acWMeTpii MarHiTHOI aKTHBHOCTI
BIIPOAOBX MiHiMymMy Maynzaepa. KiodoBy pons y 3a-
MIPOIIOHOBAHOMY CIICHApii Bimirpae ocoONMBUI XapakTep
BHyTpimmHbOrO  obepranHs CoHOA, BHABICHHH B
TeTi0CeHCMOIIOTIYHUX EKCIIEPUMEHTaX. 3TiHO 3 JTaHUMH
remiocericmoutorii CK3 mpuponHo noaineHa Ha MOJAPHI 1
€KBAaTOpiaJIbHI  JIOMEHH 3 NPOTHIC)KHHUMH 3HaKaMHu
paniaJbHOTO TpajieHTa KyToBoi mBHAKOCTi. Kpim Toro,
pamiaNbHUK TpaJieHT KyTOBOi IIBHJIKOCTI IIPOHHUKAE Y
IMOMHHI [apu cTabiIbHOI NPOMEHUCTOI 30HM HIDKYE
CK3. BpaxyBaginu Iii JaHi OKa3aHo, M0 0Q2-THHAMO 30Y-
JUKY€ Bl TAPMOHIKHU (IMITOJBHY Ta KBaIPYIOJIbHY) TOPOi-
manpHoro moist B CK3, ski IUKIIYHO 3MIHIOIOTH CBIii
HanpsAMoK. BoxHowac rimmbOuaHMA Q-e(heKT y MPOMEHHCTIH
30HI CTBOPIOE TOPOIfANbHE TIOJIE CTAaIiOHAPHOI OpieHTaIlii.
CymapHe MarHiTHe TopoigaipHe moie (nuHamo-mose CK3
+ TI0JIe IPOMEHHCTOI 30HM), IO MiAHIMAETHCS IO TIOBEPX-
Hi COHIIA 3aBAAKH MAarHITHIA IUIaBYYOCTi, MOXKE CIIPHUSTH

MBHIYHO-TIIBICHHIM aCHMETpii aKTHBHOCTI COHSYHHX
IUISAM.
Kiaw4yoBi cjoBa: COHSYHI IIIMHA, MAarHiTHUHA LMK

CoHILlsl, KOHBEKTUBHA 30Ha, JudepeHuiiiHe obepTaHHS,
JUHAMO, TPOMEHHUCTA 30Ha, TeII0CEHCMOIIOTIUHI JaHi.
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400 Years of Sunspot Observations
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Figure 1: Long-term variations in solar activity.

The Maunder Minimum was a period of long-term
decrease in the number of sunspots from approximately
1645 to 1715 (Fig. 1). This was first noted by F. Sporer
(1887) while processing the observational data of R. Wolf
(1868). Sporer's work was soon summarized by E.
Maunder (1894) and Clerke A. M. (1894).

For a long time, the anomaly of solar activity did not
arouse the keen interest of researchers. And only almost a
century later, interest in the problem was revived by John
Eddy (1976), who published a number of additional
evidence regarding the sharp weakening of the solar activity
in the period 1645-1715, calling it the Maunder Minimum.

(In honor of the couple Annie (1868-1947) and Edward
(1851-1928) Maunder, who studied archives of solar
observations on changes in the location of sunspots on the
solar surface over time). According to Maunder
calculations, only about 50 sunspots were observed during
this period instead of the usual 40-50 thousand. The
decrease in solar activity during the Maunder period was
later confirmed by analysis of the radionuclides '°Be (in
trees) and "*C (in glaciers) whose origin is associated with
the penetration of cosmic rays into the Earth's atmosphere.
Using the rare event analysis method during these
observations,  Sokoloff (2004) concluded that the
appearance of sunspots during the Maunder Minimum had
a weak amplitude 22-year cycle. The concept of the
continuity of magnetic cycles is also confirmed by
measurements of cosmogenic radioisotope proxies '’Be and
"*C in natural terrestrial archives. Therefore, it is generally
accepted that during the Maunder Minimum, the cyclic
magnetic activity of the Sun did not stop, although the
amplitude of the cycles was quite low (Wang & Sheeley,
2003). The most widespread belief among researchers is
that the solar magnetic cycle is triggered by the Q2 dynamo
process (Vainshtein, Zeldovich & Ruzmaikin, 1980). For
the o Q2 dynamo model, the Maunder Minimum explanation
may be the fact that the magnitude of the magnetic
induction of the toroidal field, excited by the radial
differential rotation in the SCZ, did not reach the threshold
value necessary for the lifting of the magnetic force tubes to
the solar surface (nonlinear dynamo mode) at this time.
Research over the past decade has shown that modern
dynamo models can reproduce the Maunder Minimum
under specific initial conditions. It can be assumed, for
example, that the absence of sunspots at this time is mainly
due to changes in the field configuration and its latitudinal
and radial redistribution, rather than a decrease in the
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Figure 2: Butterfly diagram of sunspot, Paris archives:

1670-1719 (Sokoloff & Nesme-Ribes, 1994).

magnetic field amplitude itself (Pipin, Sokoloff &
Usoskin, 2012). Eddy, Gilman &Trotter (1976) processed
observational data on sunspot displacements across the
solar disk. It was found that 20 years before the onset of
the Maunder Minimum, the latitudinal differential rotation
was the same as in the modern era. However, it is
important that later (in the initial phase of the Minimum),
the equatorial velocity became 3-5% higher, and the
latitudinal gradient of angular velocity increased three
times. If we assume that these changes were accompanied
by a decrease in the radial gradient of angular velocity due
to the redistribution of angular momentum, then the
magnitude of the magnetic induction of the toroidal field
excited by this radial differential rotation could not reach
the threshold value required in dynamo models for the
lifting of magnetic force tubes to the solar surface. The
presence of long-term suppression of the dynamo process
is often explained in terms of the o effect, which may
contain a fluctuation part associated with chaotic turbulent
motions (Ossendrijver, 2000), leading to irregular large
minima (Brandenburg &Spiegel, 2008).

A very important feature of the solar activity during the
Maunder Minimum was its strong north-south asymmetry
(Fig. 2), when sunspots were observed mainly only in the
southern hemisphere of the Sun.

Sokoloff & Nesme-Ribes (1994) suggest that this
asymmetry can be interpreted within the framework of the
nonlinear aQ-dynamo theory. It has been shown that
sunspot activity results from the action off a nonlinear
rotation on a general magnetic field exhibition two mixed-
parity solutions: a dipole and a quadrupole component.
One mixed-parity solution is relevant to modern Schwabe
cycles while the other could account for peculiar sunspot
activity during the Maunder Minimum.

We suggest that the observed north-south asymmetry of
sunspot surface magnetism may be related to the north-
south asymmetry of the structure of the deep magnetic
field of the Sun. Therefore, it is necessary to look for ways
to detect this asymmetry. To explain the phenomenon, we
in the paper (Krivodubskij, 2021) proposed a dynamo
scenario in which the superposition of the cyclic dynamo-
component of the toroidal field of the SCZ and the
stationary toroidal field of the radiant zone may lead to
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Figure 3: The structure of the global magnetic field
excited by the o Q2 dynamo mechanism in the deep layers
of the solar convection zone near the tachocline.

a predominance of the intensity of sunspot formation in one
of the hemispheres of the Sun.

A key role in the proposed scenario is played by the
special mode of the Sun's internal rotation, revealed as a
result of helioseismological experiments. According to
helioseismological data, the SCZ is divided into polar and
near-equatorial regions with opposite signs of the radial
angular velocity gradient 6CQ/0r (Howe, 2009). If we take
into account helioseismological data on ¢C/0r, the
oQ dynamo excites two harmonics of the toroidal field in
the SCZ (including the tachocline). The first harmonic is a
dipole (polar region 6Q/0r > 0), the second is a quadrupole
(near-equatorial region 0Q/0r < 0) (Fig. 3). These dynamo
toroidal magnetic harmonics change their direction with
the period of the solar cycle.

It is relevant that the radial angular velocity gradient
0CQY/0r penetrates into the deep layers of the stable radiant
zone (Howe, 2009), below the SCZ and the tachocline
(Fig. 4).

The radial gradient of the angular velocity 0Q/Or acts on
the primary poloidal magnetic field, and thereby excites a
toroidal magnetic field of constant direction in time (deep
Q effect of the radiant zone). This second toroidal component
penetrates to the SCZ due to magnetic buoyancy. Then the
summary toroidal field in the SCZ will consist of two
components: variable (the dynamo-field of the SCZ) and
stationary (the field rising from the radiant zone).

Conclusion. The first toroidal magnetic component
(which consists two dynamo harmonics) is excited by the
dynamo process in the convection zone. This component
cyclically changes its direction (polarity). The second
toroidal magnetic component is excited by deep Q effect in
the radiant zone. This component has a constant direction
in time. The deep magnetic component, rising to the
convective zone, can lead here to a predominance of the
summary toroidal magnetic field in one of the hemispheres
of the Sun. The summary toroidal field, when rising onto
the solar surface, can contribute to the north-south
asymmetry of the sunspot formation process. Thus,
continuous "feeding" of the dynamo process in the solar
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Figure 4: Radial profiles of the Sun's internal rotation
velocity for three heliolatitudes 0, Q/2n is the rotation
frequency in nanohertz, /R, is the relative heliocentric radius.
It is relevant that 6€2/0r # 0 in the radiant zone.

convection zone by additional toroidal flow emanating from
the deep radiant zone can lead to the north-south
asymmetry of the sunspot distribution on the surface, which
was characteristic of the Maunder Minimum.
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