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Abstract: Measurements of magnetic fields near seismic sources during solar flares are vital for
understanding the dynamics of solar activity. We used spectropolarimetric observations of the
X17.2/4B solar flare on 28 October 2003, over a wavelength interval of 43 Å, including the D3,
D2, D1, and Ni I 5892.88 Å lines, to analyze the Stokes I ± V profiles. Effective magnetic fields
within 0.5–1.5 kG were measured in the D1, D2, and D3 lines at different flare locations, with the
photospheric Ni I 5892.88 Å line showing a weaker field of below 0.5 kG. The D3 line showed rapid
plasma descents of up to 11 km/s, in contrast to the slower velocities within 2.3 km/s observed in
other lines. The differing amplitudes in the I + V and I − V profiles indicated potential non-Zeeman
polarization effects. Secondary Stokes V peaks were also detected up to 8 Å from the D3 emission
core. Significant altitudinal inhomogeneity in the magnetic field strengths was detected, possibly
indicating the local magnetic collapse, facilitating the Lorentz-force driven mechanism of the seismic
source excitation.

Keywords: solar flare; magnetic field; seismic source; Doppler velocities; Stokes polarimetry

1. Introduction

In this study, we analyze in detail the observational material for the large solar flare of
28 October 2003 at 11:15 UT. In previous research, relatively subtle spectral effects in the
far wings of the D3 spectral line were reported [1], possibly indicative of extremely strong
magnetic fields in the 105 G range. In the present study, we analyze new data for the D3,
D2, D1 and Ni I 5892.88 Å spectral lines, primarily focusing on much stronger and more
pronounced effects manifested in multiple lines.

The solar flare on 28 October 2003 of X17.2/4B class was one of the most powerful in
recent decades—it holds the third position in the list of such flares according to the criterion
of peak X-ray power recorded by the GOES detectors since 1976. This flare occurred in the
active region NOAA 0486, in the same region that produced the strongest flare of X28+
class one week later, on 4 November 2003. Less than a day (approximately 18 h) after the
flare of 28 October, a rank 9 magnetic storm arose on the Earth.

The peak of the Hα flare emission was observed in the time interval of 11:00–11:10 UT [2].
According to GOES detectors, a sharp increase in the flux of high-energy protons took place
during the flare; the next day, the proton flux exceeded the levels of 102, 103, and 104 par-
ticles per cm−2 s−1 sr−1 for the protons with energies of 100 MeV, 50 MeV, and 10 MeV,
respectively. It should be noted that, for a quiet Sun, the typical proton flux is about
10−1 particles, suggesting that the proton flux increased by about 3 to 5 orders of magni-
tude after this flare.

Three seismic sources were detected in this flare according to [3,4]. One of these
sources was close to the projection of the entrance slit of the Echelle spectrograph for our
observations, especially for time 11:15 UT. Subsequently, it turned out that the position of
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the entrance slit of the instrument coincided quite well with the region of the local gamma
source of the flare [5].

It should be noted that seismic sources are among the least studied phenomena accom-
panying the energy release of solar flares [6–9]. They are observed on the dopplerograms
of the Sun’s photosphere as disturbances that spread concentrically from a certain point.
Such waves were observed in ≈50% of solar flares, with some being accompanied by multi-
ple seismic sources. Physically, these are acoustic waves propagating not on the surface
but rather within the sun’s interior (hence the name—seismic). They are reflected due to
the temperature gradient and reach the surface accelerated. A number of different mecha-
nisms have been proposed to explain the driver of the flares’ acoustic emission, including
chromospheric shocks, wave-mechanical transients, and Lorentz force transients [10,11]. In
particular, high-energy beams of protons and electrons that are separated in the non-neutral
reconnecting current sheets [12] can either directly impact the photosphere [4,13], or cause
a chromospheric shock that descends and penetrates into the solar interior [14]. It should
be noted that due to radiative losses, the energy that penetrates through the photosphere
can be insufficient to cause the observed seismic radiation [15].

Another factor that can likely cause the seismic emission is related to the wave-
mechanical transients that are driven by the back-heating of the photosphere. This scenario
was highlighted in [13,16], where the details of the seismic emission of the 28 and 29 October
2003 solar flares were studied. It was concluded that in order for the flare to be acoustically
active, there needs to be a rapid impulsive heating at the flare’s onset as opposed to the
much more powerful but slow energy release during the flare. This explains why the
absolute majority of the flares can be acoustically inactive, despite the fact that the required
acoustic energy is several orders of magnitudes lower than that of the electromagnetic
energy released during the flare. The seismic signatures are strongly associated with a
hard X-ray emission near the footprints of the magnetic loops, as well as with the strong
downward propagating shocks during the flare’s onset. This served as a basis for the
hypothesis that solar interior emission can be a direct continuation of the chromospheric
shocks. While the downward propagation of chromospheric transient does not always lead
to significant seismic emission [17], it can still be an important indicator, especially when
coupled with the presence of a white-light emission.

A different mechanism that couples the energy of the flare with the seismic waves was
proposed in [18]. It highlights that the photospheric magnetic field changes that occur as
the result of a coronal disturbance involve the work performed by Lorentz forces, which can
generate sufficient energy to produce observable flare-driven seismic waves. Within this
framework, sudden changes in the magnetic field configuration, known as the McClymont
magnetic jerk [19], can excite the seismic waves.

The study on the role of the Lorentz force during large, eruptive solar flares and
their effects on the solar atmosphere and interior was further expanded in [20]. It was
shown that the Lorentz force perturbation in the outer solar atmosphere is balanced by an
equal and opposite force perturbation on the solar photosphere and interior. The post-flare
conditions suggest that the photospheric field becomes more horizontal after the magnetic
eruptions, indicating a decrease in coronal magnetic energy and alignment with force-free
assumptions, leading to a downward force change acting on the photosphere and solar
interior. Given these circumstances, it is important to obtain new observational data on
magnetic fields and plasma velocities in the region of seismic sources of flares.

For the mentioned solar flare on 28 October 2003, an analysis of spectra obtained with
the gamma-ray spectrometer SPI onboard INTEGRAL of the GOES was performed in [21].
In the energy range of 0.6–8 MeV, three prominent narrow lines at 2.2, 4.4, and 6.1 MeV were
detected, resulting from nuclear interactions of accelerated ions within the solar atmosphere.
In [22], the analysis was focused on magnetic field data from SOHO/MDI, chromospheric
and coronal observations from the NainiTal observatory and TRACE. By combining the
data analysis with a model of the coronal magnetic field, it was concluded that a large-scale
quadrupolar reconnection process exists in this flare.
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The mentioned flare is reported to have exhibited rapidly moving transient features,
reaching the speeds of 30 to 50 km s−1 during its impulsive phase [23,24]. In two locations
within the flare, magnetic transients were associated with sign reversals in both magnetic
field polarity and Doppler velocity, indicative of the rapid reconnection of successive
magnetic field lines at higher levels of the corona.

Four FeI lines in this flare for the time of 11:13 UT were studied in [25], where spectral
evidence for a three-component magnetic field structure. which included a background
field with the strength of ≈300 G and two strong spatially unresolved components, was
discovered. The existence of the latter two components follows from the unique shape of the
Stokes V profiles of the FeI 5233.0 and FeI 5397.1 lines, with two positive and two negative
peaks. Such peculiarities are possible for magnetic fields in two ranges, 1300–3100 G and
8–10 kG. From comparison of the Stokes I and V profiles, it follows that the mentioned
extremely strong field had the opposite magnetic polarity compared to the other two
magnetic components.

The results of magnetic field measurements and semi-empirical modeling for the time
11:06 which corresponds to a peak phase of this flare were presented in [26]. In order
to study the physical conditions in the flare, twelve spectral lines were used, including
several FeI and FeII lines, as well as Hα, Hβ, Hγ, and Hδ. It was found that the flare had a
unique Balmer decrement, with an outstanding ratio I(Hβ)/I(Hα) = 1.68 between the Hβ
and Hα intensities, which is unprecedented for all flares observed. Outside the sunspots,
the effective magnetic field Be f f , measured by the ‘center of gravity’ (centroid) splitting of
the I ± V profiles, was found to be within the range of 0–200 G in the middle photosphere,
reaching 1200 G in the upper photosphere and the temperature minimum zone, and reduc-
ing back to 500 G in the chromosphere. Additionally, the broadening of the FeI 5250.2 Å line
when compared to the FeI 5247.1 Å line was found, indicating the presence of a strong
(800–1100 G) ‘turbulent’ field Bturb in the middle photosphere. A semi-empirical model
of the flare constructed using the PANDORA code has an interesting peculiarity, namely,
three discrete layers with an increased concentration and/or temperature, including a very
dense and thin layer in the chromosphere with the following parameters: the concentration
of hydrogen nH = 1018 cm3, the thickness ∆h = 3–5 km, and a height of h ≈ 1200 km above
the photosphere. It is interesting to note that three discrete layers in this flare, found in the
indicated paper using lines of the Balmer series, are in good agreement with the data of the
presented study, where this conclusion is made on the basis of data in the D3 line.

The flare on 28 October 2003 is also of interest from the point of view of the possible
existence of particularly strong magnetic fields in it. Currently, there are very different
estimates of local magnetic fields in solar flares, ranging from 102 up to 105 G [27–33]. That
is, in some cases, the measured magnetic field in solar flares can exceed the magnetic field
in sunspots, where it is typically found to be within 2–8 kG [34–38].

It is especially interesting that very strong magnetic fields are recorded in the flares at
the levels of the chromosphere and even the lower corona, where, theoretically, one would
expect magnetic fields of only a few tens of gauss within a model of simple untwisted flux
tubes. However, observations in the microwave spectral region suggest that the coronal
magnetic fields reach magnitudes of several hundred gauss [39–41]. Moreover, the mea-
sured coronal magnetic field could reach 2000–3000 G, assuming the thermal gyroresonance
nature of the observed 17 GHz emission [40]. Apparently, there are specific mechanisms
for maintaining significantly enhanced magnetic fields in a very sparse atmosphere with
low static and dynamic pressures. It is possible that such mechanisms are related to certain
topological features of the corresponding structures, which may be of the force-free type.
This is confirmed by significant increases in the twist of photospheric magnetic fields ob-
served during eruptive events [42]. Additionally, the coronal magnetic fields are transient
in nature, and their decay is believed to drive the particle acceleration and energy release
during flares [43,44], significantly complicating the analysis. Solving this problem requires
not only further theoretical research but also careful examination of new observational data.
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It can be expected that many spatially unresolved components with significantly
different local parameters and filling factors may be present in the solar flare. At the same
time, components with large filling factors should mainly contribute to the intense spectral
manifestations, while other components with a small filling factors result in weaker features.
In the previous paper [1], relatively weak spectral effects were highlighted in the D3 line.
The main goal of the presented study is to compare magnetic fields and velocities in the
strongest component across a wide range of heights, approximately 2 Mm, using data from
the D3, D2, D1, and Ni I 5892.88 Å lines.

2. Observations and Methods

Observations of the flare were carried out with the Echelle spectrograph of the hori-
zontal solar telescope of the Astronomical Observatory of Taras Shevchenko National Uni-
versity of Kyiv (HST AO KNU). Observers were Natalia Lozitska and Vsevolod Lozitsky.

The optical scheme of the telescope and some instrumental details were described
in detail in [36]. The main value of observations with the Echelle spectrograph is that a
wide spectrum interval, from 3800 to 6600 Å, can be recorded simultaneously, where many
thousands of spectral lines can be registered. Another advantage of such observations is
that I + V and I − V spectra are obtained simultaneously, on separate adjacent bands of
the spectrograms. This was achieved with the circular polarization analyzer consisting of
a λ/4 plate in front of the entrance slit of the spectrograph, and a beam-splitting prism
(analogous to the Wollaston prism) behind the entrance slit. Therefore, I + V and I − V
spectra relate to the same moment of time and to the same locations on the sun.

The Echelle spectrograph is a cross-dispersion instrument. Its optical design simulta-
neously employs a diffraction grating with profiled grooves to intensify light concentration
as well as a glass prism for dispersing diffraction orders. Therefore, the overlay of diffrac-
tion orders is entirely prevented, specifically due to the glass prism dispersing these orders
to an appropriate degree. This is especially important for searching for subtle spectral
effects far from the spectral line, in the spectral continuum region.

The D3 line was observed by this instrument in the 35th order of diffraction, and the
total length of the spectrum, which is simultaneously registered near this line, is 160 Å in
the range from −112 Å to +48 Å relative to the center of the D3 line. Dispersion in this
diffraction order is 770 mÅ per mm, and the full width at half maximum (FWHM) of
the instrumental profile is about 50 mÅ. All spectra were photographed on ORWO WP3
photographic plates, which have a signal-to-noise ratio of around 100 when optimally
exposed. The length of the entrance slit of the spectrograph is 2.3 mm, and its width is
0.06 mm, which corresponds to about 37 and 0.9 arcsec, respectively. However, due to
image vibration, the actual spatial resolution of our observations is ≈1.5 Mm.

When photographing the spectra of the flare in orthogonal circular polarizations, its
brightest locations were selected. One of these locations, as a result of a lucky coincidence,
turned out to be tangential to one of the seismic sources [3,4]. This can be seen from Figure 1,
which shows the locations of the hard X-ray and gamma sources [3,5] overlaid on top of
the white-light SOHO image of the NOOA 0486 active region. The position of the entrance
slit of the spectrograph of AO KNU is marked with a red interval, which overlaps the area
of rapid vertical plasma motions and the hard X-ray source of the seismic source #2. The
results of the visual measurements of the magnetic field in spots are also given (in hundreds
of gauss) and their magnetic polarities, measured in the Fe I 5250.2 line. The orientation of
Figure 1 is such that east is on the left, west is on the right, and north is on top.

In this study, we investigate the mentioned flare at moment 11:15 UT, which has
not been studied yet on a base of Zeeman spectrograms obtained with HST AO KNU.
In order to obtain quantitative information on intensity distribution in spectra of the flare,
the spectrogram for 11:15 UT was scanned using the Epson Perfection V 550 scanner.
To transfer blackening into intensity, it is necessary to take into account the characteristic
curve of the photographic material as well as the curve of the scanner itself. Both curves are
non-linear and require preliminary determination by special methods. In order to do this,
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we used a step attenuator, for which transmittances are precisely known. When converting
photometrical densities into intensities, the scattered light in the spectrograph was taken
into account by subtracting the intensities corresponding to the intervals between images
of different diffraction orders of the spectrum of the Echelle spectrograph.

Figure 1. A white-light image of the active region NOAA 0486 in from SOHO data. The locations
of hard X-ray and gamma sources are marked with green and yellow circles, respectively [3,5].
The locations of vertical photospheric motions are outlined with blue ellipses [3]. The seismic sources
are marked with purple numbers [3,4], and the position of the entrance slit of the spectrograph is
shown with a red interval.

During the pre-processing of observational data, spectrum recordings of I + V and
I − V profiles were wavelength aligned using narrow telluric lines; the accuracy of this
alignment is about 1–2 mÅ. The next step of data processing was to find the normalized
intensities, i.e., local intensities, expressed in units of intensity of the local spectral con-
tinuum. After these two steps, I and V profiles were calculated using I + V and I − V
profiles. The mentioned procedures were performed using a custom-made software, which
facilitates the preparation and advanced processing of observational data in large volumes,
while keeping track of the measurement error estimates.

The scanning approach to digitizing the spectrograms made it possible to obtain local
values of intensities with a step of 3.846 mÅ. We used such very fine spectral discretization
in order to reliably eliminate very narrow artifacts associated with small dust particles and
other impurities on the spectrogram. The artifacts are typically much narrower than the
FWHM of the instrumental profile, and can therefore be reliably detected and eliminated at
fine discretization. If we had used spectral sampling with a step of 50 mÅ, some artifacts
could have gone unnoticed, introducing significant distortions to the observational data.

In order to search for subtle effects in the spectrum, we found the averaged smoothed
values of the intensities by averaging the data in 100 steps, i.e., 384.6 mÅ, which is ap-
proximately three times less than the observed emission width of the D3 line. Since the
width of the instrument profile of the spectrograph is around 50 mÅ, corresponding to
approximately 13 points on the registrogram, only those intensity values that are separated
by more than the FWHM of the instrument profile can be considered to be independent
measurements. Therefore, the signal-to-noise ratio of the 100-points-averaged data in-
creases approximately by the square root of 7.7, that is, by a factor of 2.8. In order to reduce
the influence of noise effects, we combined photometric data not only by wavelengths in
the spectrum but also by different locations on the sun as presented below in Section 3.



Universe 2024, 10, 262 6 of 18

3. Results
3.1. Selected Spectral Lines and Their I ± V Profiles

Table 1 lists the details of the selected spectral lines. In this table, λ is the line wave-
length, EP is the excitation potential of the lower term according to [45], Weq is the equiv-
alent line width in the spectrum of the quiet sun [45], ge f f ,LS is the effective Lande factor
calculated within the LS coupling scheme, and ge f f ,PB is the effective Lande factor corrected
for the Paschen–Back effect.

Table 1. Details of the selected spectral lines.

No. Element,
Multiplet λ (Å) EP (eV) Weq (mÅ) ge f f ,LS ge f f ,PB

1 NaI—1 (D1) 5895.924 0.00 564 4/3 1.36
2 NaI—1 (D2) 5889.952 0.00 752 3/4 1.22
3 HeI—1 (D3) 5875.6 20.87 1 . . . . . . 0.94
4 NiI—68 2 5892.883 1.99 66 1.00 . . .

1 According to [46,47], the excitation potential is 20.96 eV. 2 According to [47], the multiplet number is 58.

From the experimental [48,49] and theoretical [50] works, it follows that in lines D1 and
D2, the Paschen–Back effect occurs at sub-kilogauss magnetic fields, which we confirmed
by comparing the magnetic field strengths measured in lines No. 1, 2, and 4 in the sunspot
on 24 July 2023. If we use the theoretical Lande factors for the LS coupling scheme to
calibrate the splitting of the indicated lines, then an unrealistic picture occurs: the strongest
magnetic field is indicated by the chromospheric D2 line (No. 2), the intermediate magnetic
field is shown by the photospheric Ni I line (No. 4), and the weakest magnetic field is
measured in the D1 line (No. 1). However, if we use the Lande factors corrected for the
Paschen–Back, ge f f ,PB, for lines No. 1 and 2, then the situation becomes quite realistic:
photospheric line No. 4 everywhere shows a stronger magnetic field in the sunspot than
chromospheric lines No. 1 and 2. That is why the results presented below for lines D1
and D2 correspond to the Lande factors ge f f ,PB. The validity of using the Lande factors
corrected for the Paschen–Back effect in the D3 line follows from the calculations by [33],
performed using the HAZEL code [51]. It was found that for magnetic fields with a strength
of 500–2000 G, the Paschen–Back effect cannot be neglected in the D3 HeI line.

In the studied flare, the D3, D1, and D2 lines had intense emission in their cores, which
can be seen in Figure 2. Here, I ± V profiles are presented in the wavelength range from
−14 to +29 Å relative to the D3 line, and to better identify the main effects, these profiles
represent observed data averaged over intervals of approximately 300 mÅ. These data refer
to the region of the seismic source of the flare, and more precisely, to a distance L = 18 Mm
from the position on the sun that corresponds to the extreme left border of the entrance
slit of the spectrograph in Figure 1. According to such spatial binding, the region of the
seismic source corresponds to the space interval L ≈ 14–24 Mm. At the specified location,
the emission intensity in the D3 line reaches a level of approximately 4.5 in the units of the
local spectral continuum intensity, while the emission in the D1 and D2 lines reaches a level
of about 1.45 units. This figure shows some displacement of the I − V profiles, shown by
dashed lines, relative to the I + V profiles. This indicates the presence of magnetic fields in
the region of formation of these emission peaks.

The emission profiles can be seen in more detail in Figure 3. Here, we present observa-
tional data averaged over an interval of 100 mÅ to reduce noise effects due to the graininess
of the photo-emulsion in the spectrogram. It can be seen that the I ± V profiles of the D3
line are asymmetric and, in general, shifted to the red region of the spectrum relative to the
zero point determined by the telluric lines. In addition, there is a relative displacement of
I + V profiles relative to I − V, which indicates their Zeeman splitting by a magnetic field.
It should also be noted that the I + V and I − V profiles for L = 15 Mm have different
central intensities, as well as a flat saturated top. These features will be discussed below.
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Figure 2. Significantly smoothed I ± V profiles of the D3 line and its vicinity, which also includes D1
and D2 lines. These data correspond to position L = 18 Mm along the entrance slit.

Figure 3. I ± V profiles of D3 (a), D2 (b), D1 (c), and Ni I 5892.88 Å (d) lines at a location within
(L = 15 Mm) and outside (L = 7 Mm) the seismic source.

Regarding the profiles of the chromospheric lines D2 and D1, they are more symmet-
rical and devoid of the mentioned saturation (Figure 3b,c). This was further confirmed
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with smaller data averaging intervals of 20–50 mÅ. The photospheric Ni I 5892.88 Å line
(Figure 3d) had typical Fraunhofer absorption profiles along the entire entrance slit, with
weak residual emission peaks at the locations where the strong emission peaks in the D3
line were observed.

3.2. Effective Magnetic Field Be f f

Since the observed splitting of the intense peaks in I ± V profiles was much smaller
than their half-width (HWFM), only some effective magnetic field Be f f can be determined
from the magnitude of such splitting. In the case of a uniform magnetic field, the value
of Be f f should be close to the longitudinal component BLOS. If the magnetic field is
heterogeneous and has, for example, two components—background and small-scale—the
value of Be f f starts to depend on multiple parameters, such as local and background
field intensities, angles of inclination of the field lines to the line of sight, as well as the
corresponding magnetic polarities, the filling factor of the small-scale (spatially unresolved)
component, etc. In this case, local values of magnetic fields can be obtained only as very
rough estimates [52]. In the presence of unresolved magnetic structures, the local magnetic
fields can be reliably measured only in the strong magnetic field regime, where the Zeeman
splitting is larger than the HWFM of the spectral lines. Nevertheless, estimates of the value
of Be f f can be useful in the case when it is not possible to determine the value of the field
modulus in a more direct way because the value of Be f f can be treated as a lower estimate
for local unresolved magnetic fields.

For a more reliable measurement of magnetic field in the flare, only the steepest
sections of the profiles of these lines, outside the intense blend lines, were taken into
account. Figure 4a illustrates the procedure used for measuring the magnetic splitting.
For each wing of the emission (for the D1, D2, and D3 lines) or absorption (for the Ni I
5892.88 Å line) peaks, the displacement between the I +V and I −V profiles was measured
at a half of the peak’s height. The Zeeman splittings (∆λH)r and (∆λH)b of the red
and blue wings of the emission peaks were estimated in the approximation of a purely
longitudinal magnetic field, i.e., assuming that the displacement between the I + V and
I − V profiles is equal to the doubled Zeeman splitting. Finally, the splittings of the two
wings of the emission peaks were averaged to calculate the resulting magnetic splitting
∆λH = 0.5(∆λH)b + 0.5(∆λH)r. It should be noted that this method of measuring Zeeman
splittings is similar in nature to classical magnetographic measurements [53], in which the
polarization signal is recorded on the steepest sections of the profiles, where dI/dλ is the
largest, which ensures the maximum sensitivity of the measurements.

Figure 4. (a) Stokes I ± V profiles of the D1 line, showing the details of how the magnetic splitting
∆λH is measured. (b) Comparison of the effective (averaged) magnetic field Be f f along the entrance
slit (see Figure 1), measured by different spectral lines. The measurements errors are approximately
±0.1 kG for all lines.
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A simple calibration formula was used to relate the Zeeman splitting to the magnetic
strength:

∆λH = C × 10−5B , (1)

where the magnetic splitting ∆λH is expressed in angstroms (Å), and the magnetic field
strength B—in gauss (G). Constant C, taking into account the Lande factors in Table 1, has
the values 2.20, 1.97, 1.51, and 1.62 for the D1, D2, D3, and Ni I 5892.88 Å lines, respectively.

The obtained measurements of Be f f are presented in Figure 4b, from which the follow-
ing interesting features become apparent. The magnetic fields measured by D1, D2 and D3
agree well, despite the fact that the first two lines are formed in the chromosphere, while
the third line forms significantly higher, in the transition zone between the chromosphere
and the solar corona. As can be seen from Figure 4b, the value of Be f f , measured using
the D3 line, varied quite significantly along the direction of the spectrograph entrance slit,
reaching a maximum of 1.6 kG at L = 5 Mm. This place was outside the seismic source,
which, as mentioned, corresponds to L ≈ 14–24 Mm in this figure.

Another interesting effect is that the value of Be f f , measured using the photospheric
line Ni I 5892.883 Å, is almost in all locations smaller than the one indicate by the D3 line.
Previously, a similar result was obtained in [54], comparing measurements of magnetic
fields in five solar flares in the Fe I, Fe II, Hα, Hγ, D1, and D3 lines. However, in the
mentioned paper, the magnetic fields were measured only at specific coordinates of flares,
without investigating the distribution of the magnetic field along a certain direction on the
sun. In addition, the mentioned work studied less powerful solar flares, which, however,
had emission peaks in some metal lines as well as in the D3 line.

Figure 4b shows that magnetic polarity by the D3 and Ni I lines mostly matches, but in
range L = 19–25, it is the opposite. This indicates a complex structure of the magnetic field
in the flare, which includes the altitude change not only in the magnitude of the magnetic
field but also in its polarity.

3.3. Doppler Velocities vD

The distribution of Doppler (longitudinal) velocities vD was determined by the dis-
placement of lines under study relative to the H2O telluric lines. Figure 5a shows the Stokes
I profiles of the D3, D2, D1 and Ni I 5892.88 Å lines, where the wavelength is measured as
a deviation from the expected wavelength (Table 1) of each line. The figure also shows one
of the H2O telluric lines used as the wavelength reference points. The displacements of
the Stokes I emission (for D1, D2, and D3 lines) and absorption (for the Ni I 5892.88 Åline)
peaks were calculated at the half-height of the peaks. It should be noted that while the line
wavelengths have a slight variation across different sources [45,47,55,56], this variation is
typically within 1 mÅ and therefore has a negligible impact on the velocity measurements.

In general, the distribution of Doppler velocities is simpler than the magnetic field
distribution, and has a maximum of +11 km s−1 at L = 3–4 Mm, that is, outside the seismic
source (Figure 5b). In the region of the seismic source (L ≈ 14–24 Mm), the velocities were
within 5–7 km s−1. In both cases, it was a descent of the plasma with the indicated speeds.
As will be shown below, significantly higher rates follow from consideration of the weak
spectral peculiarities—secondary peaks of the Stokes V profiles.

The most unexpected effect in Figure 5b is that the D2 line shows significantly slower
velocities along the entire length of the entrance slit when compared to the D1 line. This
is an unusual result, as these two sodium doublet lines relate to one multiplet (No. 1),
have the same excitation potential of the lower term (0.00 eV), and fairly close equivalent
widths (754 mÅ and 564 mÅ, respectively). Therefore, one would expect that since these
two lines have virtually the same formation altitudes in the solar atmosphere, they should
show similar observed velocities. Since this clearly is not the case, we make the conclusion
that in the studied flare, there was a very fine height stratification of physical conditions,
with closely located plasma volumes having significantly different velocities, possibly
indicating the local magnetic collapse.
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Figure 5. (a) Stokes I profiles of the D3, D2, D1, Ni I 5892.88 Å, and one of the telluric lines used as a
wavelength reference when measuring the Doppler (longitudinal) velocities vD. (b) Distributions of
the Doppler velocities vD along the direction of the entrance slit, measured in different spectral lines.
The measurement errors, estimated by the discrepancy between the positions of different telluric
lines in the I + V and I − V spectra, are around 0.3 km s−1.

3.4. Possible Non-Zeeman Polarization

As it was noted above (Figure 3a), in some places of the flare, the I + V and I − V
profiles of the D3 line have a significantly different amplitude of emission peaks. A similar
effect was found in lines D1 and D2 too, but in the latter two lines, it is smaller in amplitude
(Figure 3b,c). It is interesting to note that in the D3 line, this effect has a maximum at the
location that roughly corresponds to the seismic source solar flare, while in lines D1 and
D2, the location where this effect is present is narrower and corresponds to L ≈ 18–22 Mm.
At the same time, in the latter two lines, a fine detail at L ≈ 23 Mm is also repeated, namely,
the change in the sign of this effect, if we bear in mind the difference in the Im/Ic parameters
for the I + V and I − V profiles (Figure 6). Here, Im denotes the maximum peak intensity,
and Ic is the intensity of the local spectral continuum.

Theoretically, such an effect should not occur with a uniform magnetic field of arbitrary
orientation [57]. A similar effect can occur with a large inclination of the lines of force to
the line of sight, accompanied by the effect of instrumental polarization [58–60]. In such a
case, some portion of the linear polarization is transformed into circular polarization and
creates a non-zero signal of circular polarization in the center of the line. In principle, this
can cause a similar difference in the amplitudes of the emission peaks in the I + V and
I − V spectra.

However, a similar appearance of circular polarization can also occur in the case of
a transverse electric field. Such a field results in a linear polarization due to the Stark
effect [61], which, being transformed partially into circular polarization by instrumental
polarization, can also give, in principle, a similar picture in line profiles. If this is indeed
the case, then the detected effects indicate strong electric fields in the flare.

An indirect argument in favor of such an interpretation is that similar effects of the
predominance of polarization of one sign were also observed outside the intense emission
peaks in this flare, which will be discussed further below. Since such unipolar peaks are
observed far from the studied lines, then they could also manifest near the centers of the
emission peaks.

In connection with the problem of the possible existence of extremely strong magnetic
fields of the 104–105 G range [1,32,33], it is of particular interest to study the Stokes V
profiles in a wide range of wavelengths around the D3 line (Figure 7). At the locations
near the seismic source (Figure 7a), the largest amplitude changes in both Stokes V and
dI/dλ profiles take place within approximately ±1 Å around the D3 line. A similar picture
occurs at +14.37 Å and +20.33 Å, associated with the splitting of emission profiles of the
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D2 and D1 lines, respectively. However, at a wavelength of about +7.8 Å, a rather strong
peak of one sign in the Stokes V profile is observed, not accompanied by the changes in the
dI/dλ profile.

Figure 6. Distribution of the relative peak amplitudes Im/Ic of the I + V and I − V profiles along the
entrance slit for D2 and D3 lines (a), and D1 and Ni I 5892.883 Å lines (b). For the D1, D2, and D3
lines, Im denotes the amplitude of emission peaks in line profiles, and Ic is the intensity of the nearest
spectral continuum. For the Ni I line, the Im parameter is defined as the minimum intensity within
the core of the Fraunhofer absorption profile.

Figure 7. Stokes V and dI/dλ profiles of the flare under study, within the seismic source at
L = 18 Mm (a), and outside it at L = 3–4 Mm (b). The spatial data averaging interval at L = 3–4 Mm
is 2 Mm.

A much more complex picture is observed outside the seismic source, at L = 3–4 Mm
(Figure 7b), where a rather complex pattern of secondary peaks is observed. The Stokes
V profile has a sign-changing feature centered at the D3 line, similar to the one reported
in [33] for a weaker solar flare. The amplitude of this feature reaches an outstanding 4% of
the continuum intensity, with a width of 4–8 Å. Additionally, several narrow (≈0.6 Å) peaks
are present at ∆λ = +2 to +10 Å, with the most prominent ones at +4.1 and +6.3 Å. If we
consider that this peak is superimposed on a larger-scale and sign-changing distribution
of the Stokes V profile, spanning approximately from −5 to +10 Å, then the amplitude
of this narrow peak should be considered equal to ≈8%. This feature may suggest some
non-magnetic polarization of one sign with the Doppler velocity of about +320 km s−1.
Moreover, the negative peak at +23.5 Å, if attributed to the D3 line, corresponds to even
higher velocities of plasma descent, about +1200 km s−1. It seems most likely that all the
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specified features are related to the D3 line, as we could not reliably detect similar effects in
the D1 and D2 lines.

3.5. Modeling Atmospheric Parameters

The broad peaks in the Stokes V profiles far from the D3 line core with the widths of
5–10 Å (Figure 7b) likely indicate some extreme conditions in the flare, such as a complex
spatial structure or high-magnitude fields. In order to investigate the physical conditions
that can lead to such polarization features, the performance of various atmospheric models
was assessed, two of which we describe below. The first model—Model A—assumes a
complex structure of the flare, while restricting the magnetic field intensities to several
kG. The second model—Model B—lifts the restrictions on the magnetic field but in turn
assumes a simpler atmosphere topology.

The calculations were performed using the HAZEL code [51], which solves the non-
LTE radiative transfer problem for one or multiple constant-property slabs within the
multi-term atom model [62]. The constant-property slabs can be arranged in series, or be
merged by introducing a filling factor. Each slab is defined by the magnetic field vector,
optical thickness τ, macroscopic vmac and microscopic vmic velocities, enhancement factor
β, and the Voigt profile damping a. The values of these parameters for Models A and B are
summarized in Table 2. The parameters not mentioned in the table are set to zero.

Table 2. Parameters of models A and B.

Model Component Bz
(kG) τ vmac (km s−1) vmic (km s−1) β

Filling
Factor

A A1 0 4 10 8 11 1
A A2 −3.9 0.35 45 125 29 1
A A3 −4.9 0.45 39 235 19 1
A A4 +5.0 1.9 40 275 1 1

B B1 0 1.3 10 8 4 0.8
B B2 −100 0.5 10 300 7 0.2
B B3 0 0.1 10 400 1 1

It was established that at least four components (slabs) are needed to produce the
main peak and the broad polarization without the magnetic field growing beyond a few kG
(Model A) (Figure 8). The optimal topology for Model A is A1→A2→A3→A4, meaning
that the light travels consequently through each slab. The first component (A1) describes
the intense emission in the core of the D3 line. The emissive components A2 and A3 form
the broad polarization of the Stokes V profile. The last component A4 with a low emission
enhancement factor β serves as an absorbing layer which compensates for the contribution
of A2 and A3 to the Stokes I profile, while the change in the sign of the magnetic field
allows it to preserve the Stokes V polarization. Model A therefore captures a delicate
balance between the emission and absorption of different components.

If the restriction on the values of the magnetic field strength is lifted, the required com-
plexity of the model significantly reduces. Model B is therefore much more straightforward,
consisting of three components with an optimal (B1 + B2)→B3 topology. Here, the light
passes through the components B1 and B2 that are merged with the filling factors of 0.8
and 0.2, respectively, before passing through B3. The component B1 produces the intense
core of the D3 line, the component B2 forms the broad polarization, and the component B3
slightly reduces the contribution of B2 to the Stokes I profile. This model produces similar
profiles (Figure 8) and is less sensitive to the exact parameter values compared to Model A.
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Figure 8. Comparison between the obtained within models A and B Stokes I (a) and V (b) profiles
and the corresponding observed profiles at L = 3–4 Mm.

The two models show how very different physical assumptions can be incorporated
to explain the observed profiles. It should be noted that while increasing the number of
components quickly leads to a much better model fit, this increase does not necessarily
help in determining which model or combination of models should be preferred.

4. Discussion

The obtained data indicate a very complex altitudinal and lateral inhomogeneity of
the magnetic field and radial velocities not only in the region of the seismic source of the
flare but also beyond it. The altitudinal inhomogeneity of the magnetic field and velocities
is well traced by the component with a large filling factor, which corresponds to the intense
emission peaks in the D3, D1, and D2 lines, as well as the Fraunhofer absorption profiles of
the Ni I 5892.88 Å line (Figures 2 and 3). From these data, a non-trivial situation emerges—a
positive height gradient of the magnetic field in the flare, given that the photospheric line
Ni I 5892.88 Å shows a smaller measured field than the chromosphere lines D1 and D2,
as well as D3 (Figure 4b). It is well known that in sunspots without flares, the altitudinal
gradient of the magnetic field is negative [63]. The photospheric magnetic field plays a
defining role in the formation and evolution of solar flares. Measurements of the field’s
flux within the areas of high photospheric magnetic free energy density can be used as
a reliable predictor for the intensity and overall nature of the flare [64]. Nevertheless,
several studies have reported that the magnetic field at the upper levels of the atmosphere
can be stronger than at the lower level during the solar flares [27,54]. Indeed, in these
studies, the question remained open as to whether this is really an increase in the magnetic
field intensity module with height, or a result of some complex interplay of multiple
parameters. It should be emphasized that the corresponding measurements correspond
to the weak-field regime, where the measured Zeeman splitting is much smaller than the
spectral half-width (FWHM) of the line. In this case, the results of the measurements
probably reflect not only the local and background magnetic field strengths, but also the
corresponding filling factors, magnetic polarities, angles of inclination of field lines, etc.
Reliable data on the absolute value of the magnetic field strength in the region of solar
flares can be obtained only in the strong field regime, when the Zeeman splitting is larger
than the half-width of the spectral line. This requires data on spectrally narrow lines that
have large Lande factors.

To the best of our knowledge, the first results on this problem were obtained by [65],
who used direct spectral-polarization measurements in the Ca I 6102.7 and Fe I 6302.5 lines
with Lande factors of 2.0 and 2.5, respectively. While observing the complete Zeeman
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splitting of these lines in sunspots that were closest to solar flares, these authors found
that before the flare emerges, the magnetic field strength at the upper level (indicated by
the Ca I 6102.7 Åline) is 100–600 G higher than at the lower level (corresponding to the
Fe I 6302.5 Åline). This difference persisted during the flare evolution, and underwent
sign reversion in the post-flare phase so that the magnetic field at the upper level became
weaker than at the lower one.

It is possible that solar flares are accompanied not only by strong magnetic fields
but also by amplified electric fields. The spectral effects of electric fields in a flaring region
were evaluated in [66] for the Hα line. As for the investigated flare of 28 October 2003,
the electric fields in it can be indicated by the excess polarization at the tops of the emission
peaks of the D3 line, and to a lesser extent, the D1 and D2 lines, which is not typical for
the Zeeman and Paschen–Back effects (Figures 3 and 6). A similar polarization of one
sign was also found far from the intense emission in the D3 line, seemingly within the
spectral continuum (Figure 7). This phenomenon likely indicates the Doppler effect with
significant velocities along the line of sight, at least +320 km s−1, in the components with
small filling factors.

Such high speeds clearly indicate some sort of the rapidly descending transients,
which are expected in order for the energy transfer from the reconnection region into the
solar interior [13,24]. The rapidly descending features are identified both within (Figure 7a,
∆λ ≈ +7.8Å) and outside (Figure 7b, ∆λ ≈ 6.3Å) the seismic source. While the speed and
amplitude of the transients are marginally higher at the location within the seismic source,
the question of whether they are directly associated with the seismic sources remains open.
Nevertheless, the polarization imbalance in the spectra of these transients may indicate the
manifestation of the Stark effect, which is consistent with the strong electric fields expected
when the electron beams precipitate downward towards the photosphere [67].

Additionally, our study revealed a significant detail, namely, that in the background
component with a large filling factor, the plasma movement from the level of the transition
zone to the photosphere is significantly inhomogeneous. This is indicated by the fact that
significantly different Doppler velocities were found using the chromospheric lines D1
and D2 (Figure 5b). It is interesting that this effect is observed with practically identical
magnetic fields at the formation levels of not only the indicated lines but also the D3
line (Figure 4b). The detected difference in the Doppler velocities by D1 and D2 lines
is also important from a methodological point of view, namely, for testing the possible
use of these lines in the “line ratio” method [68] for diagnosing the spatially unresolved
structure of the magnetic field in the chromosphere. For the photospheric level, the “line
ratio” method was successfully applied by comparing the measurements in 2–3 specially
selected Fe I photospheric lines—belonging to the same multiplet with almost identical
excitation potentials of the lower term and oscillator strengths but significantly different
Lande factors [52,68–70]. It was by this method that it was established for the first time
that magnetic fields in quiet regions on the sun reach kilogauss values (1–2 kG), being
localized within very thin spatially unresolvable magnetic tubes called fluxtubes. This
conclusion is obtained on the basis of modeling in the framework of two-component
models, assuming that the heights of the formations of the corresponding 2–3 suitable lines
are the same. Another obstacle to the very attractive task of using these lines to diagnose
the sub-telescopic structure of the magnetic field in the chromosphere is that their Lande
factors actually differ little due to the Paschen–Back effect—only by ≈12% (see Table 1).
If their Lande factors corresponded to the ones obtained within the LS coupling scheme,
then they would differ by a factor of 1.78, which would be quite valuable in the “line
ratio” method.

For the D1 and D2 lines, the assumption of matching formation heights, as indicated
above, cannot be applied. In fact, the heights of the formation of these lines are so different
in the investigated flare that the corresponding Doppler velocities differ by up to 2.5 km s−1

(Figure 5b). This difference in the plasma velocities inevitably leads to significant distur-
bances in the local plasma density. The latter, considered together with the increased values
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of the magnetic field (Figure 4b) and the saturated shape of the D3 line, characteristic of
high optical density (Figure 3a), possibly indicates the collapse of the magnetic field and
matter. The magnetic collapse, along with the increased magnitude of ≈1 kG in magnitude
near the seismic source (Figure 4a), inevitably impacts various phenomena that are sensitive
to the magnetic configuration of the solar atmosphere. Due to the proximity of the seismic
source (Figure 1), the energy transfer and acoustic source excitation mechanism relying on
the Lorentz forces [18,20] is likely to be amplified. Indeed, the increased chromospheric
magnetic fields directly increase the Lorentz forces in the chromosphere, and, consequently,
facilitate the transport of the magnetic energy toward the photosphere and the solar interior.
Moreover, the magnetic collapse can serve as a perturbation that under certain conditions
can contribute to triggering the rapid magnetic reconfiguration—the McClymont jerk [19].

Since the Doppler velocities of the component with a large filling factor (which gives
strong emission manifestations) and of the components with small filling factors (which
give weak secondary peaks far outside the main emission) differ by 1–2 orders of magnitude
(2–11 km s−1 versus 320 km s−1), then it is a natural to assume that the local magnetic
fields in these components can also differ significantly. Indeed, from a comparison of the
distribution of magnetic fields and velocities in line D3 in Figures 4b and 5b, the following
general trend can be seen: the higher the speeds, the stronger the magnetic fields.

This assumption is confirmed by the highly averaged profile of the V parameter in
the wavelength range of −5 Å to +10 Å (Figure 7b). The main effect is quite clearly visible:
the change in the sign of the parameter V when passing through the center of the D3 line,
which is characteristic of Zeeman and Paschen–Back effects. A similar effect was previously
detected by [32,33] in the Hα and D3 lines in limb solar flares. Based on the significant
splitting of the secondary peaks of the V parameter found in these works, corresponding
to the Zeeman splitting of 2 to 3.6 Å, a conclusion was made about the possible existence of
ultra-strong magnetic fields in the 105 G range.

Regarding the studied flare on 28 October 2003, the high splitting of almost 10 Å ob-
served in the Stokes V profiles can potentially correspond to magnetic fields of similar
magnitude (see Section 3.5, Model B). It should be noted that the complexity of the observed
spectra necessitates the introduction of multi-component atmospheric models to reproduce
only the most general trends. The increased number of fitted parameters significantly
complicates the inversion problem, leading to substantial ambiguity (Figure 8). As a result,
this complexity makes it impossible to definitively choose the preferred model without
relying on some additional criteria in the future.

5. Conclusions

In the investigated solar flare on 28 October 2003, a significant height inhomogene-
ity of the magnetic field and Doppler velocities was found by the D3, D1, D2 and Ni I
5892.88 Å lines, which are formed in the height range of about 2 Mm—from the photosphere
to the transition zone between the chromosphere and the corona. Over an interval of almost
27 Mm along the entrance slit of the spectrograph, the magnetic field in the photosphere (Ni
I 5892.88 Å line) was weaker than in the chromosphere and the transition zone, which may
indicate a local strengthening of the magnetic field in the flare region. This strengthening
of the magnetic field (up to 1.6 kG) was possibly accompanied by a significant increase in
the plasma concentration (its ‘collapse’) as can be seen by the characteristic signatures of a
large optical depth in the D3 line (very intense emission with a flat saturated peak) and the
significant difference in the Doppler velocities in the D1 and D2 lines. Such strengthening
of the magnetic field likely amplifies the Lorentz force-based mechanism of the seismic
source excitation. The Doppler shift of the emission in the D3 line indicates the descent
of the plasma in the flare region with velocities in the range of 5–11 km s−1, which are
significantly larger in absolute value than the ones in the chromosphere and photosphere.
The specified features relate to the spatial component with a large filling factor; however,
in the same flare, there was another component with a small filling factor as evidenced
by the presence of weaker (up to 4%) emission peaks in the distance range from −5 to
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+10 Å relative to D3. The specific features of these peaks may indicate (a) significantly
higher plasma descent velocities in the component with a small filling factor, at least up to
+320 km s−1, (b) significantly stronger magnetic fields, and (c) non-Zeeman polarization,
possibly due to strong electric fields. The latter feature is most significant in the area of the
seismic source of the solar flare.
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