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Abstract

The main goal of our research is to estimate the upper magnetic field limit in a flare using direct
observations in spectral lines formed in a wide range of heights — from the photosphere to the
transition region between the chromosphere and corona. Our method is based on the Stokes V
spectro-polarimetry of D1, D2, D3, Ha, and Nil 5892.9 lines and the nearest spectral continuum,
with a total spectral range of approximately 50 A. The object of the study is the solar flare on 17
July 2004 (X1.1/2N class), which is associated with the active region NOAA 10649. The main
results of our study are the following: (a) the maximum magnetic field strengths in the flare,
measured directly from the splitting of the line profiles, reached 4.7-6.0 kG in the D1 and D2
lines, 1.9 kG in the D3 line, and only 0.6 kG in the H-alpha and Ni |l lines; (b) Doppler
(longitudinal) velocities changed sign with height in the atmosphere, ranging from —4.5 to 7.7
km/s; (c) observational indications of stronger magnetic fields (> 6 kG) were not found when
studying wide spectral intervals (up to 15 A) around the Ho and D3 lines. On the basis of these
results, it can be concluded that the studied solar flare had a significant altitudinal heterogeneity
of the magnetic field and Doppler velocities, and the peak values of the magnetic field in the
chromosphere (6 kG) surpassed those in the nearest sunspots at the photospheric level (2.8 kG).
This likely indicates a local strengthening (“collapse™) of the magnetic field in the region of the
solar flare. The latter is confirmed by the fact that the Doppler velocities in the chromosphere
had the opposite signs, facilitating increased local concentration of matter and magnetic field.

Keywords: Sun, solar flares, magnetic fields, spectro-polarimetry in D1, D2, D3, and Ha. lines,
super-strong fields.

1. Introduction

The upper magnetic field strength limit in the solar atmosphere currently remains undetermined.
Until recently, it was believed that the strongest magnetic fields originate in sunspots, where,
according to direct observations, the field strength is generally 2100-2900 G, occasionally
reaching 3500-4000 G (Solanki, 2003; Pevtsov et al., 2014; Lozitska et al., 2015). Rare cases
were recorded when the magnetic field reached 5.5-8.2 kG in sunspots (see, e.g., Livingston et
al., 2006; Duran et al., 2020; Lozitsky et al., 2022).
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Solar flares are very interesting and volatile processes in solar active regions, and could also
contain the strongest fields. Each flare is a grandiose explosion in a wide range of heights in the
solar atmosphere, with sharp increase in temperature, gas pressure and ionization of plasma. Hot
flare plasma outside the magnetic flux tubes provides increased pressure on walls of these tubes,
and may therefore increase the magnetic strength inside tubes. Additionally, an increase in
plasma ionization leads to amplification of electric currents and magnetic fields, provided that
the structure of magnetic field is force-free (Parker, 2001; Priest, 2014).

Unfortunately, magnetic field measurements in flares are more complex compared to
sunspots. First, solar flares occur suddenly and develop rapidly. The most interesting phases of a
flare can be missed if observations are carried out in a non-continuous regime. Such non-
continuous regime is typical for spectro-polarimetric observations and is most suitable for
magnetic field measurements in flares. Regarding the instruments working in the automatic
regime such as SOHO/MDI filter magnetograph (Scherrer et al., 1995), these give mainly the
longitudinal magnetic field component — not the magnetic field magnitude. In addition, in the
case of the most powerful flares, practically all spectral lines have a relatively strong flare
emission. In some cases, such an emission can distort the magnetographic signal, leading to
incorrect measured field values and even polarities (Lozitskaya and Lozitskii, 1982).

Currently, there are very different estimates of local magnetic fields in solar flares — from 102
to 10° G (see, e.g., Harvey, 2012; Kleint, 2017; Libbrecht et al., 2019; Yakovkin and Lozitsky,
2022; 2023). As for the stronger magnetic fields in the specified range, due to methodological
reasons the latter cannot be detected from spectropolarimetric measurements in a narrow spectral
range, such as + 1A. After all, magnetic fields of B ~ 10> G can result in a Zeeman splitting of
several angstroms. Lozitska et al. (2024) observed possible spectral manifestations of such fields
at up to 10 A from the primary emission in the line. For some instruments based on Fabry-Perot
filters, such a wide spectral interval can be unachievable. It is well known that the dispersion
region of the Fabry-Perot filter is narrower, the higher the spectral resolution of the instrument.
For example, the 4.2-meter European telescope (Quintero Noda et al., 2022) has the dispersion
area of the integral field spectropolarimeters spanning the range of at least 1 nm = 10 A, i.e. it
should be sufficient for such studies. However, it should be taken into account that near the
boundary of the dispersion region, the quality of the spectrum image deteriorates quickly and the
observation errors increase accordingly.

The best-suited tool for detecting and studying such extremely strong magnetic fields is
likely a classical Echelle spectrograph. In the latter, the region of undistorted dispersion reaches
thousands of angstroms. In addition, different diffraction orders are spatially separated, that is,
they do not overlap in the focal plane of the spectrograph, where the focused spectrum is formed.
In this respect, an Echelle spectrograph is superior to a conventional non-Echelle spectrograph,
in which different diffraction orders are isolated by the application of appropriate spectral filters,
rather than being spatially separated by a prism or other diffraction grating with a perpendicular
dispersion direction. The mentioned spectral filters do not always guarantee a complete
extinction of light from close orders, and therefore can produce weak artifacts due to
contamination from different diffraction orders. It is worth mentioning that the largest solar
telescope of its time LEST — a Large International Solar Telescope for the 1990's — was planned
with a powerful Echelle spectrograph (Stenflo, 1985).
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Taking into account the results of previous studies on extremely strong magnetic fields,
published in Yakovkin and Lozitsky (2023), Lozitska et al. (2024), in the presented paper we try
to find analogies to the corresponding spectral effects in the new observational material, which
corresponds to the X-class solar flare. Since we cannot know in advance at which heights in the
atmosphere and in which spectral regions these diagnostic effects may appear, we
simultaneously analyze multiple spectral lines in a wide spectral interval of up to 50 A, with line
formation heights spanning approximately 2 Mm (Vernazza et al, 1981).

2. Observations and data processing

In the present study, we investigate the solar flare on 17 July 2004 of the X1.1/2N class, which
occured in the active region NOAA 10649. This relatively small active region has been very
flare-active, notably producing six X-class flares from July 15 to July 17, 2004, including X2
and X3 flares that occurred on July 15 and 16, respectively (https://spaceweather.com/). The
magnetic type of this region was Byd. The flare occurred in the tail part of the specified active
region, close to the sunspot of negative, N, magnetic polarity with the magnetic strength of 2800
G and the heliocentric distance p = 0.88.

Observations of the flare were carried out by Vsevolod Lozitsky with the Echelle
spectrograph of the Kyiv University Astronomical Observatory. From 8:01 to 8:16 UT, six
Echelle Zeeman spectrograms of the flare were obtained with a circular polarization analyzer
using ORWO WP3 photoemulsion. In this study, only the second spectrogram is analyzed. It was
made with an exposure of 20s starting at 08:02 UT, about 6 minutes after of the X ray peak (7:56
UT) according to GOES data. At the moments 8:01 and 08:02 UT, the spectrum of the flare had
bright emissions in Ha and D3, as well as less pronounced emissions in the D1 and D2 lines
(Fig. 1). In order to explicitly refer to different locations in the investigated flare, below we
introduce the lateral coordinate L, which in Fig. 1 increases from top to bottom.

The optical scheme of the telescope and some instrumental details were described by Lozitsky
(2016). The Echelle spectrograph is a cross-dispersion instrument. Its optical design
simultaneously 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
diffraction 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. In addition, the value of observations
with the Echelle spectrograph is that a wide spectrum interval, from 3800 to 6600 A, can be
recorded simultaneously where many thousands of spectral lines can be observed.

Another advantage of such observations is that I +V and | — V spectra were obtained
simultaneously, on separate adjacent bands of the spectrograms. This was achieved by using the
circular polarization analyzer which consisted of a A/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 | — V spectra relate to the same moment of time and to the same
locations on the Sun.
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Figure 1. Fragments of the spectrum of the solar flare of 17 July 2004 at 08:01 and 08:02 UT,
which contain the investigated spectral lines.

The Ha line was observed in the 31st order of diffraction, and D3 line — in in the 35th order.
For the D3 line, the total length of the spectrum, which is simultaneously registered near this
line, is 160 A in the range from —112 A to +48 A relative to the center of the D3 line. Dispersion
in this order is 770 mA per mm, and the FWHM of the instrumental profile is about 50 mA. For
ORWO WHP3 photographic plates, signal-to-noise ratio is about 100 when optimally exposed.
The length of the entrance slit of the spectrograph was 2.2 mm, and its width was 0.06 mm,
which corresponds to about 33 and 0.9 arc sec, respectively. However, due to image vibration,
the actual spatial resolution of our observations is ~ 1.5 Mm.

In order to obtain quantitative information on intensity distribution in spectra of the flare, the
08:02 UT spectrogram was scanned using the Epson Perfection V 550 scanner. To convert the
scanned image intensity, it is necessary take into account the characteristic curve of the
photographic material as well as the curve of the scanner itself. Both curves are nonlinear and
require preliminary determination by special methods. In order to do this, 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. Additional details on data processing of the
Echelle Zeeman spectrograms were discussed in Yakovkin and Lozitsky (2022).



3. Results
3.1. Selected spectral lines and their I £ V profiles

Table 1 lists the selected spectral lines. In this Table, A is the wavelength in angstroms (A), EP is
the excitation potential of the lower term in electron-volts (eV), Wev is the equivalent line width
in milliangstroms (mA) in the spectrum of the quiet Sun (Moore et al., 1966), Qerris is the
effective Lande factor for the case of spin-orbital (LS) interaction in an atom, Qefrps iS the
effective Lande factor with corrections for the Paschen — Back effect.

From experimental works by Banasek et al. (2003) and Hori et al. (1982) it follows that the
Paschen-Back effect in the D1 and D2 lines occurs even at sub-kilogauss magnetic fields. This
was verified by us on the basis of a comparison of the magnetic field strengths measured by the
lines No. 1, 2 and 4 in the sunspot on July 24, 2023. If we use the theoretical Lande factors for
the LS coupling to calibrate the splitting of the indicated lines, then an unrealistic picture occurs:
the strongest magnetic field is measured in the chromospheric D2 line (No. 2), the intermediate
magnetic field is indicated by the photospheric Ni I line (No. 4), and the weakest magnetic field
— by the D1 line (No. 1). However, if we use the Lande factors gesrpg corrected for the Paschen-
Back effect for the lines No. 1 and 2, then the situation becomes quite realistic: photospheric line
No. 4 shows a stronger magnetic field in the sunspot than chromospheric lines No. 1 and 2 in all
locations. That is why the results presented below for the D1 and D2 lines (Fig. 8) correspond to
the Lande factors gefr, s .

Table 1 — Some characteristics of selected spectral lines

No. | Element, multiplet A A EP, eV Wekv, mA Oeff, LS | Ueff, PB
1 Nal-1(D1) 5895.923 0.00 564 1.33 1.36
2 Nal—1(D2) 5889.953 0.00 752 0.75 1.22
3 He | -1 (D3) 5875.6 20.87 - - 0.94
4 Ni | - 68 5892.883 1.99 66 1.00 -

5 HI-1(Ha) 6562.817 10.20 4020 1.05 1.00

The validity of using such factors for the D3 line follows from the calculations by Yakovkin
and Lozitsky (2023), performed using the HAZEL code (Asensio Ramos et al., 2008). It was
found that for magnetic fields with a strength of 500-2000 G, the Paschen-Back effect is already
taking place in the D3 Hel line. As for the Ha line, the partial Paschen-Back effect occurs in it at
the field strengths of ~10 kG, and the complete Paschen-Back regime is reached when the
magnetic fields approach 100 kG (Yakovkin and Lozitsky, 2022).

To reduce the noise effects in the line profiles, which are caused by the graininess of the
photoemulsion in the spectrogram, the data were averaged twice: over spatial intervals
equivalent to 1 Mm on the Sun, and over wavelength intervals of 50 mA, which corresponds to
the width (namely, FWHM) of the instrumental profile of the Echelle spectrograph in of the
diffraction order containing the D3 line.

The strongest emissions, which reached approximately 2-3 units of the nearest spectral
continuum intensity level, were observed in the Ho and D3 lines, see Figs. 2 and 3. In these
Figures, as well as Figs. 4-6, photometric profiles | + V and | — V are presented; the red curve
represents the | + V profiles, the blue I — V. The wavelengths were determined using telluric H.O
lines; the accuracy of such determination is approximately 2 mA.
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As for the Ha line, its profiles in the flare are somewhat asymmetric, with a relatively weak
“red” shift, and the central intensities in the | + V and | — V profiles almost matching. In contrast,
such profiles for the D3 line are very different in intensity and have a noticeable relative shift in
wavelengths, indicating a certain magnitude of the magnetic field. Both lines have a similar
detail: a slight difference in the | + V profiles in the far “blue” wings of the lines, at distances AL
~ -3 10 —6 A from the centers of the emission peaks, which indicates the presence of a weak
circular polarization of one sign. No counterpart of the opposite polarity in the other wing of the
emission (AA > 0) was found, contrary to the cases reported when analyzing other flares in
Yakovkin and Lozitsky (2022, 2023).

3.0

2.5+

2.0+

=V

1.5

1.0

Figure 2. Observed I+V profiles of the Ho line at the brightest point of the flare,
corresponding to the distance along the slit L = 12 Mm. The inset shows the upper part of the
profiles in an enlarged view, highlighting a weak relative displacement of the profiles which
corresponds to a magnetic field of approximately 600 G.

The 1 £V profiles in the spectral region containing the D2, Ni | 5892.883, and D1 lines are
presented in Fig. 4. In this figure, in addition to the indicated solar lines, narrow telluric lines of
molecular water are also visible, in particular, at A-Aps equal to 10.38, 11.62, and 12.06 A. The
D1 and D2 lines correspond to the A—Aps values of 20.32 A and 14.32 A, respectively, and the
nickel line is located at A-Aps=~17.28 A. It can be seen that the emission in the chromospheric
lines is relatively weak: it reaches a level of only ~ 0.5 in the units of the adjacent spectral
continuum intensity. In the same active region outside the flare, the central intensities of these
lines were in the range of 0.06-0.009.

From Fig. 4, it can be seen that the nickel line shows no signs of significant splitting, which
indicates a weak magnetic field at the level of its formation in the Sun's atmosphere if this
magnetic field is considered to be purely longitudinal. Similarly, we see no noticeable splitting
of the Fraunhofer absorption wings of D1 and D2 lines. However, an interesting situation is
visible in the cores of these lines, where signs of a strong splitting of the emission peaks are
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clearly visible, especially in the D1 line. The details of this splitting are presented in Figs. 5 and
6, where the thickness of the lines represents the 67% confidence interval.

20

1.8 1

-10 8 6 4 -2 O 2 4 6 8 10
A=, (A

Figure 3. Observed | + V profiles of the D3 line at L = 12 Mm. A significant difference in the

amplitudes of the emission peaks in opposite circular polarizations is apparent, as well as a more

noticeable compared to the case of Ha relative wavelength shift of the emission peaks. Such a
shift corresponds to the magnetic field strength of 1.9 kG.
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Figure 4. Observed | =V profiles at L = 12 Mm within the spectral interval containing the D2, Ni
I 5892.883 and D1 lines. The abscissa shows the wavelengths relative to the wavelength Aps of
the D3 line.




The likely reason that the D1 line shows a sharper splitting of the emission peaks than the D2
line is the difference in the structure of their Zeeman sigma components. In the D1 line, the
sigma components are singlet, with a 4/3 splitting factor when compared to the normal
Lorentzian splitting, while in D2 these components are doublets — they consist of two
subcomponents, with 3/3 and 5/3 splitting factors (Frisch, 2010). This results not only in
different effective Lande factors, but also in a spectral broadening of the observed sigma
components if the magnetic field is insufficient to completely separate these components.

3.2. 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. In these areas,
the bisectors of the I +V and | -V profiles were calculated, and from their splitting A\, the
Zeeman splitting AAn was estimated in the approximation of a purely longitudinal magnetic
field, i.e. assuming that the splitting of the bisectors is equal to the doubled Zeeman splitting:
Alp = 2AMn. It should be noted that this method of measuring Zeeman splitting is similar in
nature to the classical magnetographic measurements (Babcock, 1953), in which the polarization
signal is recorded at the steepest sections of the profiles (that is, at the peaks of dI/dA), which
ensures the maximum sensitivity of the measurements.

0.60

0.50
N
—+I
~N
0.45
0.40
0.35 T T , T ' . .
20.0 20.2 204 20.6 20.8
Ay, (A)

Figure 5. Observed | + V profiles in the D1 line core near the location of the strongest flare
emission corresponding to the distance along the slit L = 11 Mm. The splitting of the emission
maximums corresponds to B = 4.8 kG.
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Figure 6. Observed | + V profiles in the D2 line core at L = 11 Mm. The splitting of the emission
maximums corresponds to B = 4.2 kG.

A well-known calibration formula was used to link the Zeeman splitting ALn to the magnetic
strength B:
Ahn = 4.67x10 3ger A2 B = Cx10°B, (1)

where the magnetic splitting ALn and wavelength A are expressed in angstroms (A), and the
magnetic field strength B — in gauss (G). The constant C, taking into account the effective Lande
factors gerr and wavelength A according to the Table. 1, is the following for D1, D2, D3, H-alpha
and Ni I 5892.88 A lines: 2.20, 1.97, 1.51, 2.01 and 1.62, respectively.

We measured the magnetic fields by D1, D2 lines in the strong field approximation, SFA, and
by the other lines in the weak field approximation, WFA. The differences between these
approximations, and the contexts in which they are applicable are summarized below. In the
weak-field approximation, the I + V and | — V profiles are close to Gaussian and unimodal, their
relative splitting is small relative to their half-width (FWHM). In this case, the Stokes V
parameter can be written as

V = C (dI/d)) Bros, (2)

where C is the constant introduced above, di/dA is the intensity gradient in the Stokes | profile,
BLos is the longitudinal component of the magnetic field. From the given expression we have

BLos =V / C(dl/d)). 3
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If the magnetic field is uniform, then the measured magnetic field strength does not depend on
the distance from the center of the line. In other words, the bisectors (centroids) of the I +V and
I - V profiles must be parallel to each other. In such a case, the results are insensitive to the exact
method used for measuring the magnetic field: the measurement of the amplitudes of the V and
(dl/d\) parameters and the measurement of the relative displacement of the 1+V and |-V
profiles would give the same resulting magnetic field estimates.

In the strong field approximation, the | + V and I - V profiles have a different appearance: they
deviate from Gaussian shapes, and a bimodal distribution of intensities becomes outlined or
clearly manifested. This occurs when there is a central unshifted component (i.e., the Zeeman &
component) and highly split side components, i.¢., the Zeeman ¢ components. Consequently, it is
quite logical and straightforward to measure the Zeeman splitting directly from the separation of
the side o components, where this splitting is equal to 2AAu. The existence of the strong field
regime is also evidenced by the observed Stokes V profiles, which display an inflection point
near the center of the line (Fig. 7 d). In the weak-field approximation, such an inflection point
theoretically should not exist (Unno, 1956).
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Figure 7. Comparison of the Stokes V profiles for L = 12 Mm of the D3 (a), D2 (b), Ni |
5892.88 A (c), and D1 (d) lines. Thickness of the lines in the graph represents a 67% confidence
interval.
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Simply ignoring the signs of the strong-field regime and trying to use the weak-field
approximation by comparing the amplitudes of V and dl/dA can quickly lead to incorrect
conclusions regarding the magnetic field strengths. For example, the locations with non-zero V
parameter and (dI/dA — 0) would suggest an infinite magnetic field strength, which is clearly not
the case.

For the case presented in Fig. 7d, the corresponding comparative calculations were performed
and it turned out that in the approximation of a strong field, the magnitude of the intensity is
equal to approximately 6 kG, while in the weak field approximation it is ~ 110 KG. The latter, as
explained above, is a result of the fact that the parameter dI/dA — 0 in those places where the
amplitude of the parameter V is maximum, that is, at the centers of the lateral sigma components.
Figure 7c shows that the Ni I line showed no significant Stokes V polarization. This leads to the
conclusion that the magnitude of the photospheric magnetic field below a solar flare (more
precisely, its longitudinal component BLos) is also close to zero. The measured magnetic fields
are summarized in Fig. 8.

One can see, that the maximum magnetic field strength in the flare reached 4.7—6.0 kG when
measured by the D1 and D2 lines, 1.9 kG by the D3 line, and only 0.6 kG by the H-alpha and
Ni | lines; typical errors of measurements are 0.1 kG.

y 1 L B e L L A L
2 4 6 8 10 12 14 16 18 20 22 24
L (Mm)

Figure 8. Comparison of magnetic field measurements using different spectral lines at different
locations along the entrance slit of the Echelle spectrograph.

The high values of the magnetic field by D1 and D2 lines are quite understandable, since they
correspond more closely to the strong field approximation, SFA. The data on the other lines
correspond to the weak field mode, WFA, and reflect some effective field Besr, which
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corresponds to the longitudinal component Bros = B only when the filling factor f is equal to
unity. If f << 1, then Best = f BLos (Stenflo, 2011).

It is interesting that the D3 line at L = 12 Mm shows a much stronger magnetic field (1.9 kG)
than the Ha line (0.6 kG), while the Ni I line shows an almost zero field at the same place. This
shows the significant altitudinal heterogeneity of the magnetic field in the flare. The change of
the magnetic field modulus with height (with its maximum in the chromosphere) is also
evidenced by a comparison of the data by lines D1, D2 in the flare with the magnetic field in the
sunspot closest to the flare, measured using Fe |1 5250.2 line in the mode of full splitting of the
Zeeman sigma components. According to the visual measurements of one of the authors of the
paper (V.L.), the magnetic field in the spot was 2.8 kG, that is, significantly less than the 6 kG in
the flare at the level of the chromosphere.

3.3. Doppler velocities

Doppler velocities were determined by the displacement of the studied lines relative to their
undisturbed position in the spectrum as presented in Table 1. For this purpose, the wavelengths
of the telluric and studied lines were compared on the registograms. The spectral displacement of
the studied lines relative to their undisturbed position Ao was calibrated in velocities using the
formula of Doppler's law v = c(AAAo) where c is the speed of light.

The general distribution of the Doppler velocities in the flare is quite complex, and the most
interesting feature in it is that there were velocities of different signs at the same locations in the
flare (Fig. 9).

15
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Figure 9. Comparison of Doppler velocities vp by different spectral lines along the direction of
the entrance slit of the spectrograph. The typical measurement error is 0.3 km/sec.
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This means that in the flare there were counter movements of plasma, which, when the
magnetic field is frozen in the substance, should lead to a local strengthening of the magnetic
field at certain levels in the atmosphere. For example, at L = 12 Mm, the velocities of +2.65 km
st in the D1 line and -2.5 km s in the D2 line were measured. This is especially interesting
because one would expect very similar heights of formation of these lines in the solar
atmosphere, because these sodium lines belong to the same multiplet, have the same excitation
potential of the lower term and close equivalent widths in the spectrum of the quiet Sun (see
Table 1 above).

Strictly speaking, plasma concentration increase and magnetic field amplification can take
place even at velocities of the same sign. Indeed, Fig. 9 suggests that when moving from the
upper level of the atmosphere (D3 and Ha lines) to the lower one (D1, D2 and Ni I lines), the
velocities, in general, decrease in absolute value. This can mean that some of the energy released
when the plasma slows down is spent on concentrating it to a higher density, as well as on
strengthening the magnetic field.

The highest absolute velocities were measured by the D3 and H-alpha lines (7.5-13 km/s).
This result is quite expected, taking into account that the area of formation of these lines refers to
the upper chromosphere — the transition zone, that is, the closest, according to modern theory, to
the area of the main energy release of the flare (Priest, 2014). From the comparison of Figs. 8
and 9, it can be seen that at L = 11.5 Mm, the sign of both the photospheric magnetic fields and
the Doppler velocities indicated by the Nil line changed. Such a close correlation is not
observed in the chromospheric lines. Beyond the intense emission of the flare (for L = 4-8 and
18-20 Mm), both the velocities and the magnetic fields are much smaller in amplitude than in
the flare, and their structure in different spectral lines is, in general, simpler.

It should be noted, that our velocity measurements may reflect the result of averaging sub-
telescopic separated flows, including and streams of different signs. Given this, our data
represent only a lower limit on the local velocities in the flare. However, even the lower speed
limit is of interest in such a violent and powerful process on the Sun as a flare. In addition, since
the altitudinal variations of the velocities reflect only the longitudinal component, the true
pattern of the velocities may be more complex.

3.4. Stokes V in wide spectral intervals

In connection with the problem of the possible existence of extremely strong magnetic fields of
10*-10° G range (Yakovkin and Lozitsky, 2022, 2023), it is of particular interest to study the
Stokes V profiles in a wide range of wavelengths relative to the D3 and Ha. lines. Fig. 10 presents
the corresponding data for the flare under study in the range of wavelengths from —12.5 to +25 A
relative to the D3 line.

It can be seen from Fig. 10 that for the D3 line, the largest amplitude changes of both
parameters take place within approximately + 1 A from the D3 line core. At the wavelengths A—
Ao of +14.37 A and +20.33 A, even narrower peaks of both signs are observed, associated with
the splitting of emission profiles of the D2 and D1 lines, respectively. The highlighted features
represent the primary peaks of the Stokes V of the mentioned spectral lines.
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Figure 10. Observed Stokes V in range of wavelengths from -12.5 to + 25 A relative to the D3
line averaged within the height interval of L = 10 — 12 Mm. The line thickness denotes the 67%
confidence band.

As for the weaker secondary peaks, one can spot a hint of one-sign polarization at A-Ap of
—6...—3 A. This is exactly the distance at which a weak difference between the | +V and |1 -V
profiles can be seen in Figures 2 and 3, as in the Ha line, as well as in the D3 line. Such a feature
is similar to the ones reported in Yakovkin and Lozitsky (2022, 2023), which were attributed to
the presence of strong magnetic fields. However, when compared to the confidence band, we
cannot state that the one-signed polarization at —6...—3 A is statistically significant. Moreover,
there is no counterpart of the opposite sign at A-Ap of +3...+6 A. Therefore, in this case, there is
no reason to claim that we have spectral manifestations of particularly strong magnetic fields. It
should be clarified that in recent works, in order to detect such characteristic features, a strong
smoothing of the observed spectrum was carried out, with a smoothing window of about 0.3 A,
and such an averaged picture was also compared with the distribution of the dI/dA parameter,
which represents the expected effect in the case of a weak field approach. However, a similar
procedure was also carried out for the studied flare of 17 July 2004 and it did not reveal any
reliable effects that could indicate particularly strong magnetic fields of 10°~10° G range.

4. Discussion

The obtained data indicate a very complex altitudinal inhomogeneity of the magnetic field and
radial velocities in the flare under study. From these data, a non-trivial situation emerges — a
positive height gradient of the magnetic field in the flare, given that the photospheric line Nil
5892.883 A shows a smaller measured field than the chromosphere lines D1 and D2, as well as
D3 (Fig. 8). It is well known that in sunspots without flares, the altitudinal gradient of the
magnetic field is negative (Solanki, 2003). Other studies also noted that in solar flares the



15

magnetic field at the upper level of the atmosphere is stronger than at the lower level (see, for
example, Lozitskaya and Lozitskii (1982); Harvey (2012). Indeed, in these studies, the question
remained open, whether this is really an increase in the magnetic field intensity magnitude with
height, or the result of a complex interplay of many parameters. It should be emphasized that the
mentioned 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 such a 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 magnitude of the magnetic field 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 in spectrally narrow lines that have large Lande
factors.

To the best of our knowledge, the first major results on the mentioned problem were
obtained by Koval and Stepanyan (1972), who used direct spectral-polarization measurements in
the Cal 6102.7 and Fel 6302.5 lines with Lande factors of 2.0 and 2.5, respectively. Observing
the complete Zeeman splitting of these lines in sunspots that were closest to solar flares, these
authors found that before the flare, the magnetic field strength at the upper level (i.e., in the Cal
6102.7 line) is 100-600 G higher than at the lower level (line Fel 6302.5). This difference
persisted during flares, and after flares it changed to the opposite, when the magnetic field at the
upper level was weaker than at the lower one.

It is possible that in solar flares there are local amplifications of not only magnetic fields, but
also electric fields. The spectral effects of electric fields in the flare region were evaluated by
Chen et al (2020) for the Ha. line. As for the investigated flare of 17 July 2004, the electric fields
in it can be indicated by the excess polarization at the tops of the emission peaks of the D3 line
(Fig. 3), which is not typical for the Zeeman and Paschen — Back effects. Of course, it should be
taken into account that the electric field does not create circular polarization, but only linear
polarization, which can be registered only with a transverse field, that is, when the angle between
the field vector and the line of sight is close to 90 degrees. However, at a certain level of
instrumental polarization (when linear polarization is transformed into circular), a certain effect
can also be detected with a circular polarization analyzer. This issue requires an additional
separate study in the future works.

It should be noted that in the paper by Chen et al (2020), a different estimate of the magnetic
field in the flare was obtained, namely 600 G, instead of 6 kG as indicated by the D1 line.
However, it should be taken into account that that radio emission data 34 GHz and optical data in
D1 and D2 sodium lines refer to different heights in the solar atmosphere. Radiation at a
frequency of 34 GHz is formed in the transition zone between the chromosphere and the corona,
while lines D1 and D2 are formed much lower — in the middle chromosphere (Vernazza et al.,
1981.) If the magnetic field changes significantly with height in the atmosphere, then the
magnetic field measurements will differ significantly between the 34 GHz and sodium lines.
Therefore, we are inclined to the point of view that both estimates of magnetic fields (600 G and
6 kG) may be simultaneously correct, granted that they refer to different layers in the Sun's
atmosphere. Notably, the Ha line has similar formation heights as the 3 GHz emission, and the
corresponding magnetic field measurements therefore do match quite well: our results indicate
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the magnetic fields ranging from —400 to +600 G depending on the location along the slit. It
should also be noted that the used methodology involving the sodium lines corresponds to the
one typically used for the sunspot magnetic field measurements. Such measurements are directly
related to the atomic term structure and do not require additional model assumptions.

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 (Stenflo, 1973) for diagnosing the spatially unresolved structure of the magnetic
field in the chromosphere. For the photospheric level, the "line ratio” method was successfully
applied due to the comparison of measurements in 2—3 selected Fel photospheric lines — those
that belong to the same multiplet, have almost the same excitation potentials of the lower term
and oscillator strength, but significantly different Lande factors (Stenflo, 1973; Wiehr, 1978;
Cerdena et al., 2003). It was established by this method for the first time that magnetic fields in
quiet regions on the Sun reach kilogauss values (1-2 kG), being concentrated in very thin
(spatially unresolved) magnetic tubes called fluxtubes. This conclusion is obtained on the basis
of two-component models, while assuming that the heights of the formations of the
corresponding suitable lines are the same.

For the D1 and D2 lines, this assumption, as indicated above, cannot be applied. In fact, the
formation heights of these lines are so different in the investigated flare that the corresponding
Doppler velocities quite reliably do not match in magnitude (Fig. 9). 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 only a little due to the Paschen-
Buck effect — only by ~ 12%, see above Table 1. If their Lande factors corresponded to the LS
coupling, then they would differ by a factor of 1.78, which would be quite valuable in the "line
ratio™ method.

5. Conclusion

The main conclusion of our work is that rather strong magnetic fields, about 6 kG, were
registered at the chromospheric level of the solar flare by the D1 Nal line. It should be
emphasized that these high values represent the modulus of the magnetic field strength, and not
the longitudinal component, as in most measurements based on the Stokes V or | + V profiles. A
comparison of these measurements with similar measurements in other spectral lines (as well as
in the Fe | 5250.2 line in the sunspot closest to the flare) suggests that these strong magnetic
fields could have arisen directly in the chromosphere — as a result of the concentration of the
magnetic field by countermovements of plasma, as indicated by the Doppler velocities in
different spectral lines. As for the data on the effective magnetic field Befr, which in the one-
component magnetic field approximation should represent the longitudinal BLos component, the
most interesting result is that the D3 line shows the strongest magnetic field compared to the Ha
line and the photospheric Ni I line. It also indicates the concentration of the magnetic field in the
area of the main energy release of the flare (its "collapse™). The highest Doppler velocities of
plasma descent in the flare region are also measured in the D3 line.
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