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We analyze the spectra of two sunspots of July 8, 2015 and September 5, 2021 which were observed
with the ATsU-5 solar telescope of the Main Astronomical Observatory of the National Academy
of Sciences of Ukraine. The main goal of the study was to search for signs of superstrong magnetic
�elds in the sunspots (> 103 G), taking into account the fact that such magnetic �elds can have
mixed magnetic polarity. An SBIG ST-8300 CCD camera was used to record a spectral interval
of about 8�A near the Fe I 5434.5�A line, where six metal lines with e�ective Land�e factors geff
from −0.014 to 2.14 are located. Also, FeI 5397.1 line with geff = 1.426 was studied too for the
second sunspot. In the �rst spot, we found a splitting of the I ± V pro�les in the FeI 5434.5 line,
corresponding to a magnetic �eld with a strength of ≈ 25 kG, which has the opposite magnetic
polarity with respect to the �kilogaussian� magnetic �eld (≈ 2 kG) determined from lines with large
Land�e factors. A detailed comparison of the spectral widths in the Stokes I pro�les of two lines
of the 15th iron multiplet, FeI 5434.5 and 5397.1�A showed that their additional widening (local
peaks of splitting) sometimes occurs at di�erent places on the Sun. Considering that these lines
have almost the same temperature sensitivity and formation height in the atmosphere, it is unlikely
that this is a non-magnetic e�ect due to variations in thermodynamic conditions and the velocity
�eld. Regarding the possible in�uence of spectral blends, the paradox is that it is the more �clean�
line Fe I 5434.5 that demonstrates the most incomprehensible splitting peaks. This strengthens the
assumption that the observed splitting peaks are of a magnetic nature. But then, if we assume that
the additional widening of the 5434.5 line is due to the magnetic �eld, then its value should be ∼ 105

G. The semi-empirical model for the �rst sunspot was built using the so-called Tikhonov stabilizers,
which modify the objective function to ensure the smoothness and stability of the solutions of the
inverse problem. This model has an anomalous feature, namely, the maximum of micro-turbulent
velocities in the region of the temperature minimum, i. e. where the minimum of these velocities is
present in the model of a quiet photosphere. Perhaps this feature indicates very strong magnetic
�elds in this sunspot. On the whole, we cannot draw a �nal conclusion about the existence of the
abovementioned superstrong magnetic �elds in the sunspots, but we draw attention to interesting
and mysterious e�ects in the line pro�les, which require additional studies.
Key words: Sun, solar activity, sunspots, magnetic �elds, the Zeeman e�ect, super-strong

magnetic �elds.
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INTRODUCTION

Sunspots are convenient objects on the Sun for
measuring magnetic �elds in them. They have a slow
evolution and signi�cant size, sometimes up to 100 Mm
[1,2], which is much higher than the spatial resolution
of modern solar telescopes. The magnetic �eld strength
in the umbra of developed sunspots usually reaches 2�3
kG, and sometimes even 4-6 kG [3�6].

With such a strong magnetic �eld, a full Zeeman spli-
tting can be observed in some narrow lines of iron wi-
th large Land�e factors (g = 2.5 − 3), which allows one
to reliably measure the modulus of the magnetic �eld
strength B, regardless of the orientation of the lines of
force, scattered light or instrumental polarization. It is
also important that the above �kilogaussian� magnetic
�elds in sunspots are observed with the �lling factor f
close to unity (f ≈ 1). Due to this, the picture of the
Zeeman e�ect is very contrasting and allows one to achi-
eve high accuracy of measurements, up to several tens of

gauss [7].
Sunspots contain multiple small-scale structures in the

umbra and in the penumbra. Very small-scale (spati-
ally inresolved) structures can contain especially strong
magnetic �elds. Weak spectral e�ects were detected in
the spectra of sunspots, which indicate magnetic �elds
with an intensity of 7�7.5 kG [8] to ≈ 8 kG [9,10].
The authors of the �rst work found indications of the
existence of such very strong magnetic �elds in the
penumbra of the sunspot, where matter descends at high
speeds, 20 km s−1. As for magnetic �elds with intensi-
ty of about 8 kG, evidence of their presence was found
in small-scale areas of umbra of large sunspots, where
there was a rise of matter at speeds of 2�3 km s−1. The
�lling factor of such sections is relatively small, f ≤ 0.3.
Recently, Dur�an et al. [11] measured magnetic �elds up
to 8.2 kG in the light bridge in a sunspot where the �lling
factor was close to one.
Perhaps, even stronger magnetic �elds exist in

sunspots exceeding 7�8 kG [12]. Acad. Severny �rst
suggested that local magnetic �elds in sunspots can
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reach 50 kG [13]. The following methodological points
are important for their detection and study.

(1) The use of spectral lines with large Land�e factors
automatically limits the range of the registered
magnetic �eld [14]. If even stronger magnetic �-
elds do exist, they must be manifested in the
spectrum by very strongly splitted Zeeman si-
gma components, which are di�cult to detect in
the spectrum of sunspots for two reasons. First,
such spectral components may go beyond the regi-
stered range of the spectral monochromator. For
monochromators based on the Fabry�Perot �lters,
these are just a few angstr�oms (see, for example,
[15]). Second, intense molecular lines appear in the
spectra of sunspot umbras, which can greatly �noi-
se� the picture of the Zeeman e�ect, especially with
small �lling factors. In addition, weak Zeeman si-
gma components can fall on neighboring solar lines
(blends), where they are also di�cult to detect.

(2) Extremely strong magnetic �elds can be very
tangled, with close (spatially unresolved) contact
of opposite magnetic polarities. That is, the si-
tuation can be similar to quiet regions where
entangled magnetic �elds contain large hidden
magnetic energy [16]. In this case, there may
be no characteristic polarization in the Stokes
parameters Q, U and V , typical of the Zeeman
e�ect. However, even in this case, it is possible to
diagnose such magnetic �elds by the Stokes pro�le
I, i. e. by the integral intensity, taken into account
that these pro�les should be expanded, and the
magnitude of this expansion should be the greater,
the greater, the Land�e factor is. Therefore, to
detect and study strong mixed-polarity magnetic
�elds, it is necessary to compare the observati-
ons in the several lines with various Land�e factors,
including spectral lines with very low sensitivity to
the Zeeman e�ect.

(3) With existing methods of interpreting observati-
ons, the expansion of spectral lines by very strong
mixed-polarity magnetic �elds can be mistaken for
the e�ect of turbulent velocities [17]. A characteri-
stic feature of this may be the atypical behavior of
these velocities, for example, their atypical relati-
onship with thermal velocities or anomalous alti-
tude pro�le of turbulent velocities.

In the study presented below, we take into account all
the above points (1), (2) and (3). The aim of our work is
to estimate the local magnetic �eld in the sunspots based
on the comparison of the Stokes I for spectral lines with
signi�cantly di�erent Land�e factors. A speci�c task of our
study is a comparative study of changes in the pro�le of
the Fe I 5434.5 line and other spectral lines in the transi-
tion from the photosphere to the sunspot. In our previous
paper [12], we found, in particular, that the FeI 5434.5 li-
ne expands sharply in some places of the sunspot and its
surroundings, and this e�ect has no analogues in other
spectral lines. One of the reasons for this expansion could

be the presence of particularly strong (∼ 105 G) and
spatially unresolved magnetic �elds of mixed magnetic
polarity. It this paper, we are trying to test this prelimi-
nary conclusion using new observational data.
We are carefully considering the possibility of the exi-

stence of such superstrong magnetic �elds in sunspots,
precisely because evidence has recently been obtained
in favor of such �elds in a limb �are at heights of 5�30
Mm [18], i. e. at the level of the lower solar corona. If
such superstrong magnetic �elds can exist in the lower
solar corona, then they can de�nitely exist in sunspots
at a much deeper level in the Sun's atmosphere. It is
important to note that a theoretical paper [19] has just
been published in which a new class of force-free solutions
for a horizontal magnetic �lament with a circular cross-
section is found, in which the magnetic �eld strength on
the axis signi�cantly (up to 2�3 orders of magnitude and
more) exceeds the strength of the longitudinal external
�eld that keeps the rope from lateral expansion. That is,
this means that if the external magnetic �eld in sunspots
is 103 G, then on the axis of the corresponding small-scale
structures embedded in the sunspot umbra, it can be 2�3
orders of magnitude stronger, i. e. 105−106 G. Of course,
this theoretical prediction requires careful observational
veri�cation.

I. OBSERVATIONS AND SELECTED
SPECTRAL LINES

Observational material for our study was obtained
using horizontal solar telescope ATsU-5 of the Main
Astronomical Observatory of the National Academy of
Science of Ukraine. The telescope is well tested and has
a half-width of the instrumental pro�le of 19�21 m�A[20].
Regarding the spatial resolution, it is determined on the
instrument not by its aperture, which could theoreti-
cally provide a subsecond resolution, but by seeing the
image. This vibration, depending on the time and day of
observations, can reach 5�6 arcsec. However, the spectra
obtained actually have such �ne details that can only
occur if the actual spatial resolution is about 1�2 arcsec
(see Fig. 2 below, for instance). During the observati-
ons, the spectra of sunspots and surrounding areas were
recorded using an SBIG ST-8300 CCD camera. To obtain
the spectra I + V and I − V , a polarization mosaic
by Skomorovsky [21] and a quarter-wave plate were
used; both of these elements were placed in front of the
entrance slit of the spectrograph. Some other features
of such observations on ATsU-5 as well their processing
were described in paper [12].
In this paper, we analyze in detail the observations of

the leading sunspot in the active region NOAA 2381 of
July 8, 2015, which was located at a distance ρ/R = 0.25,
µ = 0.97 from the center of the disk (in our previous
paper [12] we analyzed the sunspot of August 25, 2015).
The parameters of ρ,R and µmean the observed distance
from the center of the solar disk, the observed solar radi-
us and the cosine of the heliocentric angle, respectively.
The diameter of the penumbra of this spot was about 30
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Mm; the spot was irregular in shape, especially its umbra
(Fig. 1).
I ± V spectra were recorded with two-seconds exposi-

tions at 7:15:07 and 7:29:06 UT, accordingly. During the
exposures, the entrance slit of the spectrograph crossed
the spot in the north-south direction on the disk, as is
shown in Fig. 1.

Fig. 1. The sunspot of July 8, 2015 in white light according to
the SOHO data (left) and the normalized spectrum obtained
with the ATsU-5, which is analyzed in this paper (right)

The I ± V spectra were recorded in the wavelength
range about 8�A around the Fe I 5434.5�A line. The list
of suitable spectral lines which are located in this range
is presented in Table 1. In this Table, Land�e factors for li-

nes Nos. 3 and 5�6 correspond to empirically determined
values, according to papers [22,23]; for other lines, these
factors are theoretical for the case of the LS coupling.
Other parameters of spectral lines are taken from multi-
plet tables by Moore [24]. In addition, we later added
spectral line Fe I 5397.1 to our analysis to determine the
nature of the subtle e�ects in line 5434.5. These two lines
were studied only in the second sunspot, on September
5, 2021.
As can be seen from Fig. 1, lines Nos. 1, 5, 6 (geff =

1.44− 2.14) have a signi�cant Zeeman splitting, whereas
in lines Nos. 2 and 4 (geff = 0.5 − 0.66) it is almost
invisible. In line No. 3 with a very small Land�e factor
(geff = −0.014), this splitting is not visible at all, but
here another e�ect attracts attention, namely: noticeably
strengthened wings in the middle part of the sunspot. It
should be noted that the spectrum image presented in
Fig. 1 was �cleaned� by special computer programs in
such a way as to equalize the level of intensity in and
outside the spot, as well as to remove from the spectrum
the bands corresponding to the boundaries of the polari-
zation mosaic bands. This equalization of intensities was
performed on those parts of the spectrum where there
are no Fraunhofer lines. In this regard, the clearly vi-
sible e�ect of strengthening the wings of the line Fe I
5434.527�A should be considered as real. This conclusion
is also con�rmed by the data for the second sunspot on
5 September 2021.

No. Element and multiplet number λ, �A EP , eV geff

1 Mn I � 1 5432.548 0.00 2.143

2 Fe I � 1143 5432.950 4.43 0.666

3 Fe I � 15 5434.527 1.01 −0.014

4 Ni I � 70 5435.871 1.98 0.500

5 Fe I � 1161 5436.299 4.37 1.440

6 Fe I � 113 5436.594 2.27 1.816

7 Fe I � 15 5397.141 0.91 1.426

Table 1. Selected magnetosensitive lines which were used for magnetic �eld measurements in the sunspot

II. EFFECTIVE MAGNETIC FIELD Beff

E�ective magnetic �eld Beff was measured using the
method of `centers of gravity' of I + V and I − V pro�-
les [25]. The di�erence between the positions of these
pro�les in a spectrum was considered to be 2∆λH , i. e.
double Zeeman splitting. It is necessary to note that it
is correct for a pure longitudinal �eld only when angle
γ between the �eld line and the line of sight is 0◦ or
180◦. In other cases, the measured splitting should be
smaller than the real one, and the determined magnetic
�eld strength is expected to be reduced in comparison wi-
th the actual magnetic �eld value. In order to reduce the
in�uence of noise �uctuations in the far wings of the lines,
only central parts of the pro�les were taken into account
where distances from the line center did not exceed the
half-width of the spectral line.

Figure 2 shows, for illustration, the distribution of
spectral positions of lines Nos. 1 and 3 (from the li-
st of Table 1) along the direction of the entrance slit
of the spectrograph for two orientations of the quarter-
wave plate. These spectral positions are calibrated in
gauss (G) on an ordinate axis and presented by two
curves which correspond to angles +45◦ and −45◦ of the
quarter-wave plate axis relatively to the optical axis of
the polarization mosaic. Along the horizontal axis on Fi-
gure, the horizontal coordinates of corresponding places
on the Sun are given in numbers of pixels (slit, pxl).
We will denote this parameter in the short form as S

below. Borders of the bands of the polarization mosaic
are shown by vertical stroke lines. For our observations,
the width of one mosaic strip corresponds to 3.34 Mm on
the Sun. The noisy curve (I + V ) shows the actual noise
of the measured signal.
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One can see for line No. 1 the following main well-
visible e�ects by the �rst line: (a) periodical deviations
of the line position when transiting from a given band of
mosaic to the next one, and (b) discrete change of the
sign of deviation to the opposite sign for di�erent ori-
entations of the quarter-wave plate. In particular, such
e�ects demonstrate the magnetic nature of these mani-
festations.

Fig. 2. Distribution for of spectral positions of lines No. 1
(above) and 3 (botton) along the direction of the entrance
slit of the spectrograph the sunspot on July 8, 2015 for two

orientations of the quarter-wave plate (see the Text)

In order to determine the magnitude of the measured
magnetic �eld using these graphs, it is necessary to take
half of the di�erence of the line position corresponding
to the di�erent orientation of the quarter-wave plate for
each speci�c strip of the mosaic. For example, in Fig. 2
in the abscissa interval S = 1100 − 1170, the line posi-
tions correspond to values of +1600 G and −1900 G.
Subtracting the second value from the �rst one and taki-
ng half, we have an average �eld in this strip, equal to
1750 G. In the physical sense, this value is intermedi-
ate between the longitudinal component BLOS ≡ B|| =
B cos(γ) and the modulus of the magnetic �eld B, since
the observed splitting of Zeeman's π and σ components
is not complete (this is clearly seen in Fig. 1). That is,
it can be expected that in some places in the spot, the
modulus of the magnetic �eld was greater than ≈ 1.8
kG.

A similar examination of line No. 3 with a very small
Land�e factor (−0.014) shows that in some places of the
sunspot it also has a very weak spectral splitting. The
strongest e�ect of this kind is marked by an arrow in
the bottom panel of Fig. 2. If we interpret this spectral
splitting as a manifestation of the Zeeman e�ect, then the
corresponding �eld strengths should be approximately 25
kG. The second important conclusion from these data
is that the magnetic polarity of this superstrong �eld
should be opposite to the polarity of the magnetic �eld
with a strength of about 2 kG measured by line No. 1 (see

above). That is, this means that small-scale inclusions
with �elds of 104 G range and opposite magnetic polarity
were embedded in the background kG �eld.

Fig. 3. Stokes I for line Mn I 5432.548 (geff = 2.143) at di-
�erent places of active region NOAA 2381 (July 8, 2015),

which is displayed on Fig. 1

Fig. 4. Same as in Fig. 3, but for the line FeI 5432.950
(geff = 0.666)

Fig. 5. Same as in Figs. 3 and 4, but for the Fe I 5434.527�A
(geff = −0.014)

At �rst glance, this conclusion seems unreliable, but
it should be taken into account that a similar case was
observed also in another sunspot, namely August 25,
2015, which was studied in paper [12]. This follows from
a comparison of Figs. 3 and 4 in the above paper, where
one can see that for the same places in the sunspot the
sign of the splitting of the I+V and I−V pro�les in line
No. 1 is the same as in line No. 3. But since line No. 3
has a negative Land�e factor (−0.014), it means that the
corresponding polarity of the superstrong magnetic �eld
is opposite to the polarity of the weaker �kilogauss� �eld.

In addition, a close contact of strong magnetic �-
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elds of opposite polarity is expected theoretically too,
more precisely in the linear force-free model by Solov'ev
and Lozitsky [26]. According to this model, magnetic �-
elds can reach ∼ 104 G in the central part of small-
scale (spatially unresolved) force-free ropes, and these
central parts are surrounded by a periphery with weaker
magnetic �elds of opposite magnetic polarities.

III. STOKES I

On the basis of the observed pro�les I +V and I −V ,
Stokes I pro�les were calculated. In Figs. 3�5, these pro�-
les are compared for some spectral lines for that secti-
on of active region NOAA 2381, which is displayed in
Fig. 1. Some angularity of the line pro�les is explained
by the fact that the parasitic blends in the wings of the
lines were removed using the method of linear envelopes.
It can be seen from Fig. 3 that line No. 1 with a high
magnetic sensitivity changes signi�cantly from the quiet
photosphere to the sunspot. In this Figure and in Figs. 5�
6, the narrowest pro�les belong to the photosphere outsi-
de the sunspot, the wider ones to the sunspot penumbra,
and the widest ones to the sunspot umbra.

From Fig. 3 it can be seen that not only the half-
width of line No. 1 increases in the spot, but also the
depth, i. e. in general � the equivalent line width. This
is an expected e�ect for a line with a large Land�e
factor and a low excitation potential of the lower term
(EP = 0.00 eV) � such lines always amplify in sunspots.
In contrast, the Fe I 5432.950 line with a small Land�e
factor (geff = 0.666) hardly changes from photosphere
to a sunspot (Fig. 4); similar changes occur in Ni I
5435.871�A line (geff = 0.500).

Interestingly, the Fe I 5434.527�A line with the almost
zero Land�e factor also changes markedly during the
transition from the photosphere to the sunspot (Fig. 5).
The corresponding change concerns, mainly, its wings,
which become much wider and more intense in the
sunspot umbra. The central depth of this line also
increases in the spot, but less than the intensity of its
wings. This ampli�cation of the wings is visible, as was
noted above, even from the two-dimensional image of the
spectrum of the sunspot (Fig. 1).

One of the reasons for this e�ect may be that the
pressure in the sunspot at the level of τ5 = 1 is hi-
gher than in the photosphere. According to Maltby et

al. [27], the total pressure (gas + turbulent motions) in
the photosphere model is 1.211 × 105 dyn/cm2, while
in a sunspot (model M) it is 2.685 × 105 dyn/cm2, i. e.
2.22 times higher. According to the calculations by Dr.
Mykola Gordovskyy, performed at our request using the
NICOLE code [28], it is the pressure that signi�cantly
a�ects the expansion of the pro�le of the line Fe I 5434.5.

Another reason for the signi�cant ampli�cation of the
wings of the Fe I 5434.527�A line in the sunspot umbra
may be a signi�cant increase in turbulent velocities. This
issue will be considered in detail below (see section 9
below).

IV. FULL WIDTH AT HALF MAXIMUM,
FWHM

It is interesting to compare the quantitative changes
in line pro�les from photosphere to di�erent parts of the
sunspot versus the intensity in the spectral continuum.
The data on the continuum are shown in Fig. 6, where
the horizontal axis presents the position on the Sun in
pixels, and the vertical axis � the relative intensities.
Each point on the graph represents the average value for
one strip of polarized mosaic; the points on the graph are
shown with a step of 3.34 Mm on the Sun. It is seen that
the intensity in the continuum is reduced in the sunspot
umbra by about 4 times; the horizontal coordinates of
1050�1150 correspond to the sunspot umbra, while the
coordinates of approximately 800�900 and 1300�1400 �
the penumbra of the spot. The surrounding photosphere
corresponds to numbers of pixels from 0 to 500 and from
1500 to 2000.

Fig. 6. Variations in the intensity in the spectral continuum
(in arbitrary units) along the direction of the entrance slit of

the spectrograph for the case presented in Fig. 1

Fig. 7. Variations in the full width at half maximum, FWHM,
of line No. 1 (Mn I 5432.548�A, geff = 2.143) and line No. 3
(Fe I 5434.527�A, geff = −0.014) along the direction of the

entrance slit of the spectrograph

From Fig. 7 it follows that the FWHM of line No.
1 increases very signi�cantly in the sunspot umbra �
from 125 to 230 m�A, i. e. 1.84 times. This increase anti-
correlates closely with the intensity in the spectral conti-
nuum: the line width is greater the lower the intensity
in the spectral continuum. Obviously, the main factor in
this expansion is the magnetic �eld, i. e. the Zeeman spli-
tting, which should be maximum in the sunspot umbra.
Let us estimate this e�ect. For the Mn I 5432.548�A

line, taking into account its Land�e factor, the relationship
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between the Zeeman splitting ∆λH and the magnetic
�eld B is as follows

∆λH = 2.95× 10−5B, (1)

where the Zeeman splitting ∆λH is expressed in
�angstr�oms (�A), and the magnetic �eld B is expressed
in gauss (G). For an approximate theoretical estimate of
the broadening of the line pro�les, the Unno theory [29]
was used. Fig. 8 shows the theoretical dependences for
the longitudinal (γ = 0◦) and transverse (γ = 90◦) �elds
and for the absorption coe�cient η0 = 2.5.
In this Figure, the following parameters are presented:

∆λ1/2 ≡ FWHM, vH = ∆λH/∆λD. It can be seen from
the Figure that for vH ≤ 0.8 the dependences for γ =
0◦ and 90◦ are close to each other, but for vH > 0.8
they gradually diverge from each other. Based on these
dependences and on the observed expansion of the Mn
I 5432.548 line in the sunspot (by a factor of 1.84), we
obtained B = 1.92 kG for γ = 0◦ and B = 2.95 kG
for γ = 90◦. These values should be compared with Be�

= 1.75 kG (see Section 3 above), which was obtained
directly from the splitting of the I±V pro�les. As long as
we can expect for this line BLOS ≤ Beff ≤ B in the case
of a homogeneous (one-component) �eld, the observed
broadening is quite explainable from the point of view of
the dominance of the Zeeman e�ect in it.
If a similar consideration is applied to line No. 4 with

geff = 0.500, then for it we have the theoretical value
of the magnetic �eld intensity B ≈ 2.5 − 2.7 kG versus
the value Beff ≈ 1.6 kG measured directly from the spli-
tting of the I ± V pro�les. This di�erence is also quite
understandable, given that the FWHM method of the
Stokes I pro�les gives the modulus of the magnetic �eld
strength, while the Beff value presents the longitudinal
component BLOS (for lines with small Land�e factors).
The observed variations in the FWHM parameter for

line No. 3 have the following main e�ects (Fig. 7): (a) si-
gni�cant line broadening from 165 m�Ain the photosphere
to about 235 m�Ain the sunspot, i. e. by more than 40%,
and (b) three maxima of the FWHM parameter, one of
which rests on the umbra of the sunspot, and the other
two � on its penumbra. The latter e�ect seems especially
strange and will be discussed in detail below.
In order to considering the Zeeman splitting, the

following gauge formula should be used for line No. 3
for linking the Zeeman splitting and the magnetic �eld
strength:

∆λH = 1.93× 10−7B. (2)

For another line of the 15th multiplet of iron, FeI
5397.14 (geff = 1.426), the corresponding formula is as
follows:

∆λH = 1.94× 10−5B. (3)

That is, at the same magnetic �eld, the 5397.14 line
splits approximately 100 times more strongly than the
5434.5 line.
From the dependences presented in Fig. 8 it follows

that at a magnetic �eld B = 3000 G, the half-width of

the Fe I 5397.1 line should increase by 11%, while the
Fe I 5434.5 line should increase by 0.1% only. Thus, the
increase in the half-width of the Fe I 5434.5 line presented
in Fig. 7 is probably purely non-magnetic. If it is attri-
buted to the magnetic �eld (which in this case is far
from obvious), then the corresponding magnitude of the
magnetic �eld should be 105 G.

Fig. 8. Theoretical dependence of FWHM ≡ ∆λ1/2 versus
relative Zeeman splitting vH = ∆λH/∆λD (see the Text)

V. LINE WIDTH AT DIFFERENT DEPTHS,
FW025 AND FW075

In order to develop diagnostic tests to search for parti-
cularly strong magnetic �elds, the following parameters
were also considered: FW025, the full line width at a
depth of 25% of the maximum, and FW075, the full line
width at a pro�le depth of 75% of the maximum. Changes
of these parameters along the direction of the entrance
slit are shown in Figs. 9�11.

Figure 9 shows that the parameter FW075 for li-
ne 5434.5 has two clear maxima in the region of the
penumbra of the sunspot, while in the sunspot umbra
this parameter has almost the same value as outside the
spot, in the photosphere. On the contrary, the parameter
FW025 has only one high maximum in the umbra of the
sunspot, while on the border of �umbra�penumbra� its
changes are close to the plateau type. In other words, the
deepest sections of the line pro�le expand most strongly
in the penumbra of a sunspot, while in the sunspot umbra
the greatest expansion is observed in the line wings.

Interestingly, almost nothing of this kind is observed
in the line with a large Land�e factor (Fig. 10). More
precisely, in such a line one clear maximum is observed in
the sunspot umbra. True, for the deep parts of the pro�le
it is wider than for the narrower parts of the pro�le.

As for the lines with the Land�e factor in the range
0.5�0.67, the relative expansion of the pro�le is almost
the same here at di�erent depths of the pro�le both for
the umbra and penumbra of the sunspot (Fig. 11). The
corresponding distributions along the direction of the
entrance slit of the instrument closely resemble a plateau
or a slightly inclined plateau. More exactly, the local
peak of this plateau is localized, likely, in the sunspot
penumbra (S ≈ 1300).
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Line, �A geff [FW075] [FW025] [FW075]/[FW025]

FeI 5434. 527 �0.014 1.35 2.08 0.65

NiI 5435.871 0.500 1.20 1.12 1.07

MnI 5432.548 2.143 1.83 2.25 0.81

Table 2. The maximum changes of the line widths upon transition from photosphere to the sunspot umbra for the sunspot of
July 8, 2015

Fig. 9. Comparison for Fe I 5434.5�A (geff = −0.014) of the
full line width at a depth of 25% (FW025) and 75% (FW075)
of the maximum for di�erent places on the Sun along the
direction of the entrance slit. Here, the maximum expansion
is 1.34 (FW075) and 2.08 (FW025) in units of the surrounding

photosphere and relates to the sunspot penumbra

Fig. 10. The same as in Fig. 9 but for Mn I 5432.548�A line
(geff = 2.143). Here, the maximum expansion is 2.25 (FW025)
and 1.83 (FW075) in units of the surrounding photosphere

and relates to the sunspot umbra

Fig. 11. The same as in Figs. 9 and 10 but for Ni I 5435.871�A
(geff = 0.50). Here, the maximum expansion is 1.20 (FW025)
and 1.12 (FW075) in units of the surrounding photosphere

and relates to the sunspot penumbra

Obviously, it is di�cult to explain this by purely non-
magnetic factors. It is known that in the penumbra
of a sunspot the temperature is much higher than
in the umbra, and it is closer to the temperature of
the surrounding photosphere (≈ 5500 K). According
to direct measurements, the magnetic �eld strength in
the penumbra of the spot is also lower than in the
sunspot umbra. The picture of radial velocities due to
the Evershed e�ect is such in the penumbra of the spot
that these velocities are mainly horizontal relative to
the surface of the Sun and, therefore, transverse, if we
observe the sunspot near the center of the solar disk [1].
Such velocities should not signi�cantly expand the pro�-
le of the spectral line. In any case, a similar e�ect is not
observed in line No. 1 (Fig. 10).

Table 2 compares the maximum change in the li-
ne widths during the transition from the photosphere
to the sunspot umbra. The maximum change at the
shallow level of the pro�les is indicated by [FW025], and
the maximum change at the deep level is indicated by
[FW075]. It can be seen that both parameters change
very signi�cantly, by tens of percents, and sometimes
even more than 100%. There are interesting results of
comparing the ratio [FW075] / [FW025] for the lines wi-
th very di�erent Land�e factors. It is seen that this ratio is
less than one for lines with geff = −0.014 and 2.143, but
more than unity for a line with intermediate geff = 0.500.
In addition, this ratio for lines Ni I 5435.871�A and Mn I
5432.548�A di�ers from unity by 7�19%, while for line
FeI 5434. 527�A is much higher � by 35%. What can this
mean?

It is important to note that according to the criteri-
on of the ratio [FW075] / [FW025], line Fe I 5434.527�A
behaves similarly to line Mn I 5432.548�A � in both li-
nes this ratio is less than one. However, in the Mn I
5432.548�A line, this value is due to its large Zeeman spli-
tting caused by magnetic �elds of the �kilogauss� range.
In this case, the Zeeman σ components fall into the far
wings of the line in the Stokes I pro�le, expanding this
pro�le there. We can assume that the situation is similar
with the Fe I 5434.527�A line. In this case, the magnetic
�eld must be of such a strength that the corresponding
σ components of the Zeeman splitting fall into the wings
of the line and there expand its pro�le.

Thus, it seems possible to explain our results by
the assumption that the sunspot has a two-component
magnetic �eld: (a) a background �kilogauss� �eld with a
large �lling factor which gives a well visible Zeeman spli-
tting in a spectral line with large Land�e factor (2.143),
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but a very small (unregistered) splitting in the line wi-
th Land�e factor −0.014, and (b) a very strong magnetic
�eld with a small �lling factor, which does not make vi-
sible e�ects of splitting in the line pro�le with the Land�e
factor 2.143 (due to the too large Zeeman splitting in this
line), however, it gives such a splitting of the Zeeman σ
components in the line with the Land�e factor−0.014 that
they amplify the wings of the Fe I 5434.527�A .
An indirect sign of the Zeeman nature of the di�erence

between the pro�les of line No. 3 in the spot and the
photosphere is that this di�erence is symmetrical relati-
ve to the center of the line (Fig. 5). This should be
the case when another splitting pattern corresponding to
extremely strong �elds is superimposed on the main spli-
tting pattern corresponding to kG �elds. Since both si-
gma components of the Zeeman splitting should have the
same intensity in the Stokes I pro�le, we should observe
the same intensity of the �violet� and �red� wings of the
line. This is exactly what is observed both for line No. 1
and for line No. 3 (Figs. 3 and 5).
Another conclusion follows itself from the examinati-

on of Fig. 9. We can see that deep parts of the pro�-
le (i. e. those which are closer to the center of line No.
3, see parameter FW075) expand more in the sunspot
penumbra, whereas the shallow part of the pro�le (i. e.
more distant from the center of line No. 3, see parameter
FW025) expands more in the sunspot umbra. Taking
into account this circumstace, we can expect that the
superstrong magnetic �eld (perhaps, of ∼ 105 G level) is
stronger in the sunspot umbra and weaker in the sunspot
penumbra. Thus, it seems likely that both the �kilogauss�
and the superstrong magnetic �elds can have the followi-
ng common feature: they are the strongest in the sunspot
umbra and somewhat weaker in sunspot penumbra. Of
course, for more rigorous conclusions on this issue, model
calculations of line pro�les for realistic sunspot models
are required; we plan to do such calculations in the future
as an additional study.
Since lines Nos. 1�6 of Table 1 have very di�erent

depths and temperature sensitivities, the most convinci-
ng test (a kind of �experimentum crucis�) should be using
a spectral line that is as similar as possible to line Fe I
5434.5. Such a line is line Fe I 5397.1.

VI. COMPARISON OF Fe I 5434.5 AND
Fe I 5397.1 LINES

Comparative characteristics of lines Fe I 5434.5 and
Fe I 5397.1 are shown above in Table 1. One can see that
these lines belong to one multiplet No. 15, have similar
excitation potentials (1.01 and 0.91 eV, respectively), but
very di�erent Land�e factors (−0.014 and 1.426, respecti-
vely). In addition to this Table, it should also be noted
that the equivalent widths of these lines in the spectrum
of the photosphere are close, 184 and 239 m�A, respecti-
vely [30].
Comparison of the observed Stokes I pro�les for both

lines for the sunspot on September 5, 2021 (NOAA
2863) is presented in Fig. 12. The Figure shows that

(a) the pro�les of these lines are very similar in the
photosphere and in the sunspot umbra, and (b) the
changes in the pro�les of both lines upon transition from
the photosphere to the sunspot umra are very signi�cant
and have approximately the same value.

Fig. 12. Comparison for the sunspot on September 5, 2021 of
the observed Stokes I pro�les for lines Fe I 5397.1 (above) and
Fe I 5434.5 (below) in the nearest photosphere (narrow pro�-
les), the sunspot penumbra (pro�les with moderate extensi-

on) and umbra (the most extended pro�les)

Thus, we have a signi�cant di�erence from the line FeI
5432.950 (geff = 0.666), which upon transition from the
photosphere to the sunspot rarely changes in depth and
half-width (see Fig. 4 above). One can also see that the
pro�les of both lines in the sunspot are quite symmetri-
cal, which can equally indicate both the Zeeman e�ect
and the expansion by pressure. Therefore, new additional
data are needed to di�erentiate these e�ects. For this
purpose, let us compare parameters FW025 and FW075
in di�erent parts of the sunspot and its environment (Fi-
gs. 13 and 14).
From these Figures one can see that the maximum

of widening of the FeI 5397.1 line corresponds to the
abscissa Smax(1) = 72 − 73 for all three parameters,
FWHM, FW025, and FW075. In addition to the speci-
�ed strongest maximum, there is an even more or less
obvious presence of another weaker maximum, which is
localized at Smax(2) ≈ 61.
As for the FeI 5434.5 line, in the parameters FWHM

and FW025 the strongest maximum corresponds to
Smax(1) ≈ 66, while for FW075 the strongest maxi-
mum corresponds to the abscissa ≈ 53. In addition,
for FW075 there are two more clear (but lower) maxi-
ma on Smax(2) ≈ 80 and Smax(3) ≈ 109. Notice, the
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diameter of the investigated sunspot was 19.5 Mm or
27 arcsec including the penumbra. Thus, the peak at

Smax(3) ≈ 109 was out of the sunspot and, therefore,

its occurrence cannot be explained by an increase in the

pressure in the sunspot. Since, as noted above, both lines
form almost at the same height in the solar atmosphere
and have the same sensitivity to temperature, one would
expect similar FW075 distributions for both lines.

Fig. 13. Changes in FWHM, FW025, and FW075 parameters
of the Fe I 5397.1 line in the area of the sunspot on September

5, 2021

More precisely, another e�ect is possible here, gi-
ven that the parameters FWHM, FW025, and FW075
correspond to di�erent heights in the solar atmosphere.
Namely, information about the highest layers is re�ected
to the greatest extent by the FW075 parameter (i. e.,
the core of the line); about the slightly lower ones �
by the FWHM parameter (middle wings), and about the
deepest ones � by the FW025 parameter (far wings). Let
us also take into account that the Fe I 5397.1 line has
a larger equivalent width and a lower lower-term exci-
tation potential than the Fe I 5434.5 line. This means
that its core is generally formed in the solar atmosphere
higher than that of the Fe I 5434.5 line. But then, taking

into account the strati�cation of the solar atmosphere
and the di�erence in physical conditions at its di�erent
levels, we can expect the strongest e�ects from the Fe I
5397.1 line, and not Fe I 5434.5.

Fig. 14. The same as in Fig. 13, but for the FeI 5434.5 line

Since we have an opposite picture, it is permissible to
assume that it is the magnetic �eld that plays a role
here, since these lines have a signi�cant di�erence in
the Land�e factor (about 100 times). However, as shown
above, magnetic �elds in the �kilogaussian� range expand
the Fe I 5434.5 line by only 0.1%. Meanwhile, from Fig.
14 it follows that the incomprehensible widening of this
line, according to the data on FW075, reaches about
10%. If this expansion is really due to a magnetic �-
eld, the value of this �eld should be about 2 orders of
magnitude larger, i. e. about 105 G.

Interestingly, another test based on the value of the
[FW075]/[FW025] ratio (see above) for these two li-
nes does not reveal anything suspicious in this respect.
Namely, the value of the [FW075]/[FW025] parameter is
equal to 0.64 for the FeI 5397.141 line and 0.63 for the
FeI 5434.5. This small di�erence can be explained by the
higher magnetic sensitivity of line FeI 5397.141.
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On the whole, obviously, a search for the hidden
presence of superstrong magnetic �elds should be based
on a thorough analysis of precisely those observational
features that contain incomprehensible moments, and
not those where there are no unexpected e�ects. It is
these unexpected e�ects that should be attempted to
be modeled in future studies. From this point of view,
perhaps, the [FW075]/[FW025] ratio is not as informati-
ve and interesting as the dependences shown in Figs. 13
and 14. The reason for this is that the [FW075]/[FW025]
ratio contains information only about two points on
graphs like Fig. 13 and 14. On the contrary, these graphs
themselves, containing many points (i. e., a lot of data)
are more informative for our purpose. But modeling such
a complex picture is obviously much more di�cult than
the [FW075]/[FW025] ratio itself. This may be the task
of a separate study.

VII. SPECTRAL BLENDS

Obviously, another non-magnetic factor, the possible
e�ect of blends on the pro�les of the studied lines, can
play a certain role. Here, not only the intensity of the
blends is important, but also their distance from the
centers of the studied lines. Apparently, we can assume
that if this distance exceeds 1000 m�A, then such blends

can be ignored.
With this in mind, Table 3 compares data on blends

according to Ch. Moore et al. [30], and Wiese and Martin
[31]. This comparison reveals a signi�cant di�erence not
only in some wavelengths of the spectral lines, but also
in their intensities. For example, the studied lines 5397.1
and 5434.5 according to the �rst source have equivalent
widths of 239 and 184 m�A, respectively, while according
to the second source they have intensities of 300 and
100, respectively. This striking contradiction obviously
indicates signi�cant errors in the second source. As for
our observations, they con�rm exactly the �rst source,
and not the second (see Fig. 12 above). Also from the
Internet atlas of the solar spectrum (http://bass2000
.obspm.fr/solar_spect.php) it follows that the data
of Ch. Moore et al. [30] are more reliable.
If we rely on this source, as well as on the general

form of the spectrum according to the above Internet
atlas, then it is obvious that the Fe I 5434.5 line is much
�cleaner� (i. e., less blended) than the 5397.1 line. As
can be seen from the atlas of the solar spectrum, line
Fe I 5397.1 has pronounced blends Nos. 1,2,3,4, and 6
from the list in Table 3, while line Fe I 5434.5 has only
blends Nos. 11, 14 and 15. Although the most intense
blends were �cut o�� during the initial processing of the
observational material, it cannot be guaranteed that this
correction did not introduce some errors into the �nal
results.

Conditional Wavelength,�A Equivalent width, �A Wavelength,�A Intensity

number from [30] from [30] from [31] from [31]

1 5396.247 12 5396.33 29

2 5396.578 7.5 5396.60 17

3 5396.734 3 � �-

4 5396.904 2.5 5397.09 85

5 5397.141 239 5397.127 300

6 5397.623 24 5397.64 150

7 5397.930 4 5397.87 11

8 5433.644 6.5 � �

9 5433.938 1.5 � �

10 5434.045 1 �- �

11 5434.179 4 5434.18 40

12 5434.527 184 5434.523 100

13 5434.861 3 � �

14 5435.039 3.5 5435.07 300

15 5435.183 8.5 5435.18 90

16 5435.587 4 5435.68 55

Table 3. Spectral blends near the studied lines

With regard to the reliability of the �nal results, the
case of the absence of intense blends, apparently, is still
better than the case of correcting the in�uence of such
blends. In this regard, it is very indicative that it is

the line Fe I 5397.1 (more blended) that has a better
agreement between the distributions of the parameters
FWHM, FW025, and FW075 (Fig. 13) than the more
�clean� line Fe I 5434.5 (Fig. 14).
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That is, it seems that the e�ects observed in Fig. 14
are di�cult to explain not only by thermodynamic e�ects
and e�ects in the velocity �eld, but also by spectral
blends. This is what makes us suspect that the observed
manifestations are, after all, of a magnetic nature. But
then, as indicated above, the corresponding magnetic �-
eld (taking into account the negligibly small Land�e factor
of the Fe I 5434.5 line) should be about 105 G.

VIII. SEMI-EMPIRICAL MODEL OF SUNSPOT
ON JULY 8, 2015

The semi-empirical model of the sunspot on July 8,
2015 was constructed by Prof. Myroslav Stodilka, our
unforgettable colleague and friend, by solving the inverse
problem of the non-equilibrium radiation transfer usi-
ng the observational data of the FeI 5434.5 line. The
inverse problem is one of the incorrect problems, because
there are many solutions that satisfy the chosen criteri-
on for �nding solutions. The so-called Tikhonov stabi-
lizers were used, which modify the objective function,
to ensure the smoothness and stability of the solutions
of the inverse problem [32, 33]. The constructed semi-
empirical models of altitude strati�cation of temperature
and microturbulent velocity are shown in Figs. 15 and 16.
It can be seen that the temperature distribution with the
height outside the spot is generally in good agreement
with the MACKKL model [27]. In the penumbra of
the sunspot and especially in the sunspot umbra, the
temperature distribution also qualitatively resembles the
model, but has a total downward shift to the region of
lower temperatures.

Fig. 15. Comparison of reproduced altitude dependences of
temperature for di�erent objects: 1 � quiet photosphere
according to MACKKL model [27], 2 � photosphere outside
the sunspot under study (S = 350), 3 � sunspot penumbra

(S = 1330), 4 � sunspot umbra (S = 1050

The picture is completely di�erent for micro-turbulent
velocities (Fig. 16). Outside the sunspot, there is also a
satisfactory agreement with the MACKKL model, but
in the sunspot itself there are sharp di�erences from
this model. In particular, in the sunspot penumbra the

turbulent velocities have a wide maximum in the altitude
range of h = 300 − 500 km, i. e. exactly in that range
where there is a distinct minimum in the MACKKL
model. Also, in the umbra of the sunspot, there is a si-
gni�cant di�erence from the quiet atmosphere, namely, a
signi�cantly large amplitude of changes in this parameter
(from 0.1 to 1.5 km s−1) in comparison with quiet
photosphere. Moreover, in the models of sunspots E, M,
and L, according to Maltby et al. [27], micro-turbulent
velocities in the altitude range of 0�130 km are equal to
zero and do not exceed 0.4 km s−1 at the altitude of h =
500 km. That is, according to the named sunspot models,
the turbulent velocity should be very low throughout
the entire thickness of the photosphere and grow very
slowly, not exceeding 0.4 km s−1. In contrast to this, in
the investigated spot there are complex non-monotonic
changes in this velocity, which exceed the indicated value
by a factor of 2�3.

Fig. 16. Comparison of reproduced altitude dependences
of micro-turbulent velocity for di�erent objects: 1 � qui-
et photosphere according to MACKKL model [27], 2 �
photosphere outside the sunspot under study (S = 350),
3 � sunspot penumbra (S = 1330), 4 � sunspot umbra

(S = 1050)

Obviously, these atypical features of turbulent veloci-
ties could hardly have arisen without the in�uence of the
magnetic �eld. If so, then the magnetic �eld itself, as can
be seen from Fig. 14, should be local in height and extend
to an altitude of the order of the thickness of the solar
photosphere (∼ 500 km).

IX. DISCUSSION

The Fe I 5434.5�A line as a tool for studying super-
strong magnetic �elds is a poorly studied line in the solar
spectrum. Let us recall some studies in this area.
Sten�o et al. [34] found that in non-sunspot regions

near the solar disk center this line gives a zero polarizati-
on signal in the Stokes V , which corresponds to geff = 0.
However, later, a weak polarization was observed in this
line studying the spectrum of a bright solar �ares [35, 36].
It was found that I ± V pro�les of this line had narrow
splitted emission peaks in the line core. If we interpret as
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this splitting the Zeeman e�ect, then the corresponding
magnetic �eld is about 50 kG. A similar e�ect was found
in another line, Fe I 5123.7�A. It is important to note that
both lines have empirically determined Land�e factors,
−0.014 and −0.013, respectively. It is notable that the
cases of maximum splitting of the emission peaks in these
lines had a polarization sign (i. e., the sign of the Stokes
V ), which corresponded precisely to the negative Land�e
factor. Obviously, this is a strong argument in favor of the
Zeeman e�ect and the reality of super-strong magnetic
�elds in the �are. At the moment, similar e�ects have
already been found in �ve solar �ares [35�38].

Further study of the FeI 5434.5�A line in a �are showed
that the bisectors of the I ± V pro�les have characteri-
stic features (local extrema of splitting) not only in the
core of the line, but also in its wings, at a distance of
130�180 �A from the line center [38]. Because the value of
the probable instrumental e�ects was found to be about
3�5 times lower than the named one, it was concluded
that this is some solar e�ect, not instrumental in nature.
In the case of the Zeeman e�ect, the corresponding
magnetic �eld strength should be 0.7�0.9 MG. In addi-
tion, as it was mentioned above, signatures of magnetic
�elds with a strength of about 90 kG were also found
recently in a limb solar �are [18].

As to the possible in�uence of the Paschen�Back e�ect,
it is important to note that empirical determinations of
the Land�e factors were made under laboratory conditions
precisely at �elds in this range of 104−105 G. Obviously,
this automatically excludes any in�uence of the Pashen�
Back e�ect. In addition, theoretical estimates show that
this e�ect occurs in the Fe I 5434.5 line in magnetic �elds
above 3 MG [36].

A new point in our study of sunspots was that we tried
to �nd indications of superstrong �elds in the Stokes I
pro�les, i. e. in unpolarized light. This is a very di�cult
task, as it requires careful consideration and di�erenti-
ation between magnetic and non-magnetic factors. The
prospect of such an approach is that the successful soluti-
on of this problem opens up the possibility to diagnose
even magnetic �elds of mixed polarity, which do not have
characteristic manifestations in the polarization pro�les
{Q, U , V }. However, this task rests on a rigid selection of
spectral lines according to the criterion �rst formulated
by Sten�o [39]: the lines must belong to one multiplet,
have the same oscillator power and temperature sensiti-
vity, and the height of formation in the solar atmosphere.
In the presented study, line Fe I 5397.1�A was proposed
for the Fe I 5434.5 line as the closest to that speci�ed for
these parameters. Nevertheless, the obtained observati-
onal data show that these two lines, so close in their
pro�les and their visible changes upon transition from
the photosphere to the spot (Fig. 12), however, behave
di�erently in terms of diagnostic parameters FWHM,
FW025 and FW075 (Fig. 13�14). In particular, for li-
ne Fe I 5397.1�A , the strongest maxima of the all three
above parameters are observed in the same place, whi-
ch corresponds to the abscissa 72�73. At the same ti-
me, for line Fe I 5434.5�A the �rst two parameters have
the strongest maxima at abscissa ≈ 66, and parameter

FW075 � at abscissa ≈ 53. There are also other strong
maxima in the FeI 5434.5 line on Smax ≈ 80 and ≈ 109
(Fig. 14). As noted above, this discrepancy can hardly
be explained by purely nonmagnetic changes in the line
pro�les.
It can be expected that the main factors in�uencing

the pro�les of the studied lines in spots are such physical
conditions as pressure, temperature, turbulent velocities,
and magnetic �elds, with magnetic �elds most strongly
a�ecting the line pro�les with large Land�e factors. If the
magnetic �elds have a strength on the level of several
kilogauss, they should not signi�cantly a�ect lines of
the 5434.5 type with a Land�e factor of about 0.01 in
absolute value. A distorting e�ect of low spatial resoluti-
on is also possible, but it is highly doubtful that averagi-
ng of observational data on such a scale could cause the
above additional peaks at Smax ≈ 80 and ≈ 109.
That is why we are inclined to tentatively conclude

that the revealed di�erence (Fig. 14) may indirectly
re�ect the existence of the above especially strong
magnetic �elds. This assumption should be tested in the
future based on new observations and simulation data
for realistic atmospheric models.

X. CONCLUSION

For two sunspots, we presented observed changes in
their pro�les during the transition from the photosphere
to the sunspot umbra in order to �nd characteristic si-
gns of the existence of particularly strong magnetic �-
elds. For one of the sunspots, namely July 8, 2015, a
splitting of the I ± V pro�les of the Fe I 5434.5 line
was found in one of the spots of the sunspot shadow,
corresponding to a magnetic �eld of ≈ 25 kG. The polari-
ty of this superstrong magnetic �eld is opposite to that
of the background �kilogaussian� �eld. A similar case of
opposite polarity was found earlier in another sunspot
[12]. Perhaps these observations con�rm the theoretical
model by Soloviev and Lozitsky [26], in which very strong
magnetic �elds up to ∼ 104 G are surrounded by areas of
a magnetic �eld of opposite polarity. In order to expand
the search to the case of magnetic �elds of mixed polari-
ty, which do not give polarization in the line pro�les,
we analyzed the Stokes I pro�les for lines with di�erent
Land�e factors. In this regard, of particular interest are
the data on the two lines of the 15th multiplet of iron wi-
th wavelengths 5397.1 and 5434.5�A , which have almost
the same depths of formation and temperature sensiti-
vity, but very di�erent Land�e factors. For the sunspot
on September 5, 2021, when comparing the observed wi-
dths of these lines at di�erent places on the Sun along
the direction of the entrance slit, we unexpectedly found
discrepancies in the localization of the expansion maxi-
ma along these lines, especially in the FW075 parameter,
i. e. the line width at a depth of 75% of the maximum.
It is unlikely that this was a purely non-magnetic e�ect,
given the almost identical depth of formation of these li-
nes and their temperature sensitivity. Also, the in�uence
of spectral blends is expected to be less signi�cant in the
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Fe I 5434.5 line, which has an anomalous behavior. If
we assume that the noted e�ect is magnetic, then the
corresponding magnetic �eld strength is ∼ 105 G. This
estimate is not a result of direct measurements, but only
the probable value of the magnetic �eld in the case of the
magnetic nature of the indicated e�ect, which still needs
to be carefully veri�ed on the basis of additional studies
in the future.
A semi-empirical model of the sunspots of July 8, 2015

was constructed by the FeI 5434.5 line using the so-called
Tikhonov stabilizers, which modify the objective functi-
on, to ensure the smoothness and stability of the soluti-
ons of the inverse problem. This model has an anomalous
feature: an atypical altitude pro�le of turbulent velociti-
es, with high velocities (up to 2.4 km/sec) in the upper
photosphere. We can not exclude that this �turbulent�
expansion is actually an expansion by the very strong
mixed-polarity magnetic �eld. If so, the corresponding
magnetic �elds should be also superstrong, su�cient to
expand the pro�le of the spectral line with a very small
Land�e factor, about 0.01.
In this work, we used spatially averaged pro�les to

study a sunspot's magnetic �eld. Such observations hide
the extremely complex �ne thermodynamic structure of
a sunspot. Obviously, to obtain a more realistic empiri-
cal model of a sunspot and its subsequent use to obtain
data on the magnetic �elds in the sunspot core and its
penumbra, observations with a high spatial resolution are

necessary. Along with this, it is necessary to carry out
three-dimensional modeling of the spectral line pro�les
considered in this article, using multidimensional models
of spots obtained as a result of numerical MHD simulati-
on.

On the whole, therefore, we cannot make an
unambiguous conclusion about the existence of these
superstrong magnetic �elds in sunspots, but we draw
attention to interesting and mysterious e�ects in the line
pro�les, which may indicate these superstrong �elds and
require additional veri�cation.
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ÏÎÐIÂÍßËÜÍÅ ÄÎÑËIÄÆÅÍÍß ÑÏÅÊÒÐÀËÜÍÈÕ ËIÍIÉ Ç ÐIÇÍÈÌÈ ÔÀÊÒÎÐÀÌÈ
ËÀÍÄÅ, ÑÏÎÑÒÅÐÅÆÅÍÈÕ Ó ÑÎÍß×ÍÈÕ ÏËßÌÀÕ

Â. Ã. Ëîçèöüêèé1, Ñ. Ì. Îñiïîâ2, Ì. I. Ñòîäiëêà3

1Àñòðîíîìi÷íà îáñåðâàòîðiÿ Êè¨âñüêîãî íàöiîíàëüíîãî óíiâåðñèòåòó iìåíi Òàðàñà Øåâ÷åíêà, Óêðà¨íà,
2Ãîëîâíà àñòðîíîìi÷íà îáñåðâàòîðiÿ ÍÀÍ Óêðà¨íè, Êè¨â, Óêðà¨íà,

3Àñòðîíîìi÷íà îáñåðâàòîðiÿ Ëüâiâñüêîãî íàöiîíàëüíîãî óíiâåðñèòåòi iìåíi Iâàíà Ôðàíêà, Óêðà¨íà

Ïðîàíàëiçîâàíî ñïåêòðè äâîõ ñîíÿ÷íèõ ïëÿì 8 ëèïíÿ 2015 ðîêó òà 5 âåðåñíÿ 2021 ðîêó, ÿêi
ñïîñòåðiãàëè íà ñîíÿ÷íîìó òåëåñêîïi ÀÖÓ-5 Ãîëîâíî¨ àñòðîíîìi÷íî¨ îáñåðâàòîði¨ ÍÀÍ Óêðà¨íè.
Îñíîâíîþ ìåòîþ äîñëiäæåííÿ áóâ ïîøóê îçíàê íàäñèëüíèõ ìàãíiòíèõ ïîëiâ (> 103 Ãñ) ó ñîíÿ÷íèõ
ïëÿìàõ ç îãëÿäó íà òå, ùî òàêi ìàãíiòíi ïîëÿ ìîæóòü ìàòè çìiøàíó ìàãíiòíó ïîëÿðíiñòü. ÏÇÇ-
êàìåðà SBIG ST-8300 áóëà âèêîðèñòàíà äëÿ çàïèñó ñïåêòðàëüíîãî iíòåðâàëó áëèçüêî 8�Aïîáëèçó
ëiíi¨ Fe I 5434.5�A, äå ¹ øiñòü ëiíié ìåòàëiâ ç åôåêòèâíèìè ôàêòîðàìè Ëàíäå geff âiä −0.014 äî 2.14.
Òàêîæ áóëà âèâ÷åíà ëiíiÿ FeI 5397.1 ç geff = 1.426 ó ñïåêòði äðóãî¨ ñîíÿ÷íî¨ ïëÿìè. Ó ïåðøié ïëÿìi
âèÿâëåíî ðîçùåïëåííÿ ïðîôiëiâ I ± V ëiíi¨ Fe I 5434.5, ÿêå âiäïîâiäà¹ ìàãíiòíîìó ïîëþ íàïðóæåíi-
ñòþ ≈ 25 êÃñ, ùî ìà¹ ïðîòèëåæíó ìàãíiòíó ïîëÿðíiñòü âiäíîñíî �êiëî àóññîâîãî� ìàãíiòíîãî ïîëÿ
(≈ 2 êÃ), âèçíà÷åíîãî çà ëiíiÿìè ç âåëèêèìè ôàêòîðàìè Ëàíäå. Äåòàëüíå ïîðiâíÿííÿ ñïåêòðàëüíèõ
øèðèí ïðîôiëiâ Ñòîêñà I äâîõ ëiíié 15-ãî ìóëüòèïëåòó çàëiçà, FeI 5434.5 i 5397.1�A, ïîêàçàëî, ùî ¨õ
äîäàòêîâå ðîçøèðåííÿ (ëîêàëüíi ìàêñèìóìè ðîçùåïëåííÿ) iíîäi ñïîñòåðiãàþòü ó ðiçíèõ ìiñöÿõ íà
Ñîíöi. Óðàõîâóþ÷è, ùî öi ëiíi¨ ìàþòü ìàéæå îäíàêîâó òåìïåðàòóðíó ÷óòëèâiñòü i âèñîòó óòâîðåííÿ
â àòìîñôåði, ìàëîéìîâiðíî, ùî öå íåìàãíiòíèé åôåêò ÷åðåç çìiíè òåðìîäèíàìi÷íèõ óìîâ i ïîëÿ
øâèäêîñòåé. Ùî ñòîñó¹òüñÿ ìîæëèâîãî âïëèâó ñïåêòðàëüíèõ áëåíä, òî ïàðàäîêñ ïîëÿãà¹ â òîìó, ùî
ñàìå �÷èñòiøà� ëiíiÿ Fe I 5434.5 äåìîíñòðó¹ íàéáiëüø íåçðîçóìiëi ïiêè ðîçùåïëåííÿ. Öå ïîñèëþ¹
ïðèïóùåííÿ, ùî ñïîñòåðåæóâàíi ïiêè ðîçùåïëåííÿ ìàþòü ìàãíiòíó ïðèðîäó. Àëå òîäi, ÿêùî ïðèïó-
ñòèòè, ùî äîäàòêîâå ðîçøèðåííÿ ëiíi¨ Fe I 5434.5 ïîâ'ÿçàíå ç ìàãíiòíèì ïîëåì, éîãî çíà÷åííÿ ìà¹
áóòè íà ðiâíi ∼ 105 Ãñ. Íàïiâåìïiðè÷íà ìîäåëü äëÿ ïåðøî¨ ñîíÿ÷íî¨ ïëÿìè áóëà ïîáóäîâàíà ç âèêî-
ðèñòàííÿì òàê çâàíèõ ñòàáiëiçàòîðiâ Òèõîíîâà, ÿêi ìîäèôiêóþòü öiëüîâó ôóíêöiþ, ùîá çàáåçïå÷èòè
ïëàâíiñòü i ñòiéêiñòü ðîçâ'ÿçêiâ îáåðíåíî¨ çàäà÷i. Öÿ ìîäåëü ìà¹ àíîìàëüíó îñîáëèâiñòü, à ñàìå: ìà-
êñèìóì ìiêðîòóðáóëåíòíèõ øâèäêîñòåé ó äiëÿíöi òåìïåðàòóðíîãî ìiíiìóìó, òîáòî òàì, äå â ìîäåëi
ñïîêiéíî¨ ôîòîñôåðè íàÿâíèé ìiíiìóì öèõ øâèäêîñòåé. Ìîæëèâî, öÿ îñîáëèâiñòü òàêîæ óêàçó¹ íà
äóæå ñèëüíi ìàãíiòíi ïîëÿ â öié ñîíÿ÷íié ïëÿìi. Ó ïiäñóìêó ìè íå ìîæåìî çðîáèòè îñòàòî÷íèé âè-
ñíîâîê ïðî íàÿâíiñòü óêàçàíèõ âèùå íàäñèëüíèõ ìàãíiòíèõ ïîëiâ ó ñîíÿ÷íèõ ïëÿìàõ, àëå çâåðòà¹ìî
óâàãó íà öiêàâi òà çàãàäêîâi åôåêòè â ïðîôiëÿõ ëiíié, ÿêi ïîòðåáóþòü äîäàòêîâèõ äîñëiäæåíü.

Êëþ÷îâi ñëîâà: Ñîíöå, ñîíÿ÷íà àêòèâíiñòü, ñîíÿ÷íi ïëÿìè, ìàãíiòíi ïîëÿ, åôåêò Çå¹ìàíà, íàä-
ñèëüíi ìàãíiòíi ïîëÿ.
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