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Abstract

We present simultaneous magnetic field measurements for the limb solar flare of 1981 July 17 using of the Ca II K, Ho, He 1 4471.5 A
and Hp lines. For two moments during the flare, which differ in time by 16 min, we analyzed Stokes I + V profiles of these lines from
observations made on the Echelle spectrograph of the horizontal solar telescope of the Astronomical Observatory of Taras Shevchenko
National University of Kiev. At the time step that was close to the peak phase of the flare, all the spectral lines under study showed very
wide emissions, with a full width at half maximum (FWHM) of 3.5-4 A. An interesting feature was observed in the blue wings of these
lines, namely, narrow emission peaks with a FWHM of only 0.25-0.35 A. For heights of 10-18 Mm above the level of the photosphere,
we found that (a) very strong kG magnetic fields (up to about 3 kG) existed at both moments of the flare, (b) the locations with strongest
fields, in general, do not coincide for different spectral lines, (c) the polarities of the magnetic field for different spectral lines are in most
cases identical, but sometimes they do not coincide. The data obtained indicate a significant inhomogeneity of the magnetic field in the

flaring corona and the probable presence of the conditions necessary for magnetic reconnection of field lines.

© 2021 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Solar flares occur due to the explosive conversion of free
magnetic energy stored in active regions on the Sun into
energy in other forms (Priest & Forbes, 2002). As a result
of this process, during flares the magnetic energy and mag-
netic field strength should decrease over time. According to
data obtained with solar magnetographs, such decrease is
indeed observed (see, e.g., Kosovichev & Zharkova,
1999), but not in all flares.

One of the reasons for this is that solar magnetographs
measure the magnetic field not directly by splitting of the
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magnetically sensitive spectral lines, but by the magnitude
of the polarization in the wings of the lines (Babcock,
1953; Scherrer et al., 1995). However, the magnitude of this
polarization depends on both the magnetic and non-
magnetic changes in the flaring atmosphere. In flares, tem-
perature changes in the flaring atmosphere can be very sig-
nificant resulting in an appearance of a complex line profile
with an emission peak in the cores of some spectral lines
(Lozitsky et al., 2018). When measured by a magne-
tograph, this can give a fictitious value of not only the mag-
netic field, but also the magnetic polarity (Lozitskaia &
Lozitskii, 1982).

Solar flares are interesting in that instead of attenuating
the magnetic field in them, the opposite effect can be
observed, namely, the maximum field strength occurs in
the peak phase of the flare (Lozitsky et al. 2000). Moreover,
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the strongest fields are not observed in the lower photo-
sphere, but in the upper photosphere or temperature mini-
mum zone.

The question of the upper limit of the magnetic strength
in flares is currently unclear. Especially strong (>5 kG)
magnetic fields in solar flares were firstly suspected by
Bruce (1966) and Alikaeva (1970). The author of the
former paper supposed that extended wings of the Ho line
in flares (up to 8 A) could arise due to the Zeeman effect in
10-100 kG fields. In fact, this was only one of the possible
interpretations, since the observations in unpolarized light
were analyzed, i.e., using the Stokes I parameter. In this
case, also temperature, turbulent velocity and electric fields
should produce some line-profile broadening.

To distinguish these effects the full set of Stokes param-
eters I, O, U, and V of the polarized light is needed. On the
other hand, if the magnetic field is tangled and unresolved
(for instance, in the form of mixed polarity structures) the
full-Stokes diagnostics could be useless, because we can
essentially detect a broadening of the Stokes 7 profile but
practically zero polarization at different distances from
the line center.

It should be noted that the above values of the suspected
magnetic field strengths for flares significantly exceed those
for sunspots. According to direct observations, the strength
of the background field in the sunspot umbra is typically 2—
3 kG and only very rarely reaches 5-6 kG (Livingston et al.,
2006; Lozitska et al., 2015). However, it should be taken
into account that the flare emission occurs mainly above
the level in the atmosphere where the magnetic field strength
in sunspots is measured. On this basis, theoretically, weaker
magnetic fields can be expected here if the structure of the
magnetic field in flares is relatively simple, similar to that
in sunspots. Only with a certain special topology of the
force lines, for example, with their strong twisting, the mag-
netic fields in flares can be stronger than the usually
observed magnetic fields in sunspots (Lozitsky, 2015). Very
strong magnetic fields can occur also in a spherical magnetic
vortex (Solov’ev, 2013). This is a very interesting and
important problem for modern heliophysics which requires
additional research, both theoretical and experimental.

Since the local peak of the magnetic field strength in
flares was observed in the upper photosphere or even
higher (Lozitsky et al., 2000; Lozitsky & Lozitska, 2017),
it is interesting to find out whether local concentrations
of the magnetic field can be located even higher, namely
in the chromosphere and corona. As for the available data,
they are still ambiguous. Obviously, the answer to this
question requires the comparison of data in spectral lines
with different depth of formation as well as the building
of semi-empirical flare models. Comparison of direct mea-
surements of the magnetic fields using photospheric and
chromospheric lines indicates that the magnetic field in
flares measured by splitting of emission peaks in a line core
is almost always stronger than the magnetic field measured
by splitting of the absorption features outside such peaks
for the same line (Harvey, 2012; Lozitsky & Lozitska,
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2017). As for the semi-empirical models, they were built
using spectral lines with moderate and large Landé factors
only and, therefore, they were adapted to the kG field
range (B ~ 10° G). In general, such models lead to an
ambiguous picture: in some flares, a local increase in the
magnetic field was observed (Lozitsky et al, 2000;
Kurochka et al., 2008), while in others the usual monotonic
weakening of the magnetic field with height was found
(Abramenko and Baranovsky, 2004).

From the point of view of the questions discussed above,
flares that occur on the solar limb are of particular interest
for several reasons. First, such observations allow direct
estimates of heights of the relevant features in the flaring
atmosphere, without a reference to a semi-empirical model
of the flare. Secondly, in some cases, these heights corre-
spond already to the lower corona, i.e., those layers of
the solar atmosphere, where the main energy release of
solar flares is likely to occur. Thirdly, limb flares give a sim-
pler spectrum that does not overlap with the Sun’s photo-
spheric spectrum. The interpretation of such spectrum does
not require the separation of the contributions of the flare
itself and the photosphere below the flare. In principle,
such separation is possible, but it is based on the construc-
tion of a semi-empirical model of the flare, and the latter is
always based on certain model assumptions.

To date, there are very little data in the literature about
magnetic fields in solar limb flares. The first measurements
of this kind were made by Koval (1977) using the Ha line.
It was found that the magnitude of the magnetic field, mea-
sured by the relative splitting of the line in orthogonal cir-
cular polarizations (i.e., in the 7 + V and I — V spectra,
where I and V are the corresponding Stokes parameters),
is typically several hundred gauss. However, a case of a
rather significant relative displacement of the 7 4+ V profiles
corresponding to a magnetic field strength of 9000 G was
also detected (Koval, 1977). Koval (1977) had the follow-
ing point of view: “However, such large values are unlikely
in the light of existing ideas about the structure of magnetic
fields in the solar atmosphere”. It should be noted that even
magnetic fields of ~10° G are ‘too strong’ for limb flares.
Indeed, if the magnetic flux tube is homogeneous and
non-twisted, then the upper limit of By, in the tube can
be estimated from the simple condition of the equality of
the magnetic pressure B*/8n inside the tube and the gas
pressure P = nkT outside the tube. Solar limb flares occur
in the chromosphere and lower corona, where the gas pres-
sure in the undisturbed atmosphere is ~10"'-10% dyn/cm?.
However, at such pressure, B.x should be in range 1-50
G, which is at least an order of magnitude less than
observed. Furthermore, given that observations with a cir-
cular polarization analyzer give mainly the longitudinal
component of the magnetic field, the magnitude of the
magnetic field may be even larger. As it was pointed out
above, such strong magnetic fields may occur in strongly
twisted magnetic structures like force-free flux ropes.

Similar strong magnetic fields were measured also in the
X1.2 class limb flare that occurred on 2005 July 14
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(Lozitsky & Statsenko, 2006). The obtained results relate
mainly to the lower solar corona and correspond to heights
of 2-10 Mm above the level of the photosphere. From the
measurements by “center of gravity” method for 7 + V
profiles of the Ha line, it was concluded that magnetic
fields of B = 200-300 G existed at the indicated heights.
However, a detailed study of the bisectors of the I + V pro-
files showed that the magnetic field in the flare volume was
significantly heterogeneous, which is evident from the fact
that the bisectors of the I 4+ V profiles were non-parallel.
In particular, a local peak of bisector splitting was detected
at a_considerable distance AL from the line core (AL ~
1.1 A), which can indicate the presence of very strong mag-
netic fields of about 10* G.

Magnetic fields of 200 G were measured using the Ha
line also in the M7.7 limb flare on 2012 July 19 (Kirichek
et al., 2013). The results obtained refer to a rather high alti-
tude above the limb, about 40 Mm. In this case, a signifi-
cant lack of parallelism of the bisectors of the I + V
profiles was observed too, with a maximum of their split-
ting at a distance of 0.4 A from the center of the emission
profile. In this study, a theoretical MHD force-free model
was proposed that allows to explain an existence of such
strong fields in the corona due to the strong twisting of
the field lines. According to numerical estimations in the
frame of the model, the magnetic field strength increases
by about 2 orders in comparison with the weak external
field of 1-2 G typical for the solar corona.

Kuridze et al. (2019) reported on unique observations of
flaring coronal loops above the solar limb using high-
resolution imaging spectropolarimetry in the Ca II
8542 A line from the Swedish 1 m Solar Telescope. They
found magnetic field strengths as high as 350 G at heights
up to 25 Mm above the solar limb. This value is similar to
the result by Kirichek et al (2013). Microwave and hard X-
ray observations of the X8.2 solar limb flare on 2017
September 10 revealed regions of high magnetic field
strength (up to 520 G) at projected heights of about
25 Mm (Gary et al., 2018). Kleint (2017) studied chromo-
spheric line-of-sight magnetic field By os changes based
on spectropolarimetry of the Ca II 8542 A line obtained
with the DST/IBIS instrument during an X1 flare on the
solar disk. It was shown that these changes are stronger
(<640 Mx cm2) and appear in larger areas than their pho-
tospheric counterparts (<320 Mx cm2). However, these
measurements are difficult to compare with the results dis-
cussed above for limb flares, since they relate to signifi-
cantly lower heights in the atmosphere.

Libbrecht et al. (2019) found magnetic field strengths of
2500 G in a C3.6-class flare, based on the first SST/CRISP
spectro-polarimetric observations in the He I D3 line.
Because this flare occured on the solar disk, the authors
supposed that this strong field existed in the deep chromo-
sphere. A record-breaking coronal magnetic field strengths
of about 4000 G in solar active region 12,673 was found by
Anfinogentov et al. (2019) using microwave observations.
Combining the photospheric vector measurements of the
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magnetic field and the coronal probing, a nonlinear
force-free field coronal model was created, which presents
the highest coronal magnetic field strengths reported at
various coronal heights.

At present, the variation of the vector magnetic field
along structures in the solar corona remains unmeasured.
An important step in this direction was made by Schad
et al. (2016) using spectropolarimetric data of the He I
10830 A triplet obtained at the Dunn Solar Telescope with
the Facility Infrared Spectropolarimeter. Spectropolari-
metric inversions indicate that the magnetic field is
generally oriented along the coronal loop axis. Multi-
wavelength observations of polarized radio emission in
the microwave range also give evidence of strong magnetic
fields (up to 1800 G) in the low solar corona above active
regions, outside flaring times (Bogod et al., 2012).

Fleishman et al. (2020) presented microwave observa-
tions of the X8.2 limb flare on 2017 September 10, demon-
strating spatial and temporal changes in the coronal
magnetic field. They found that for 2 min during the flare,
the field decays at a rate of about 5 Gauss per second, as
measured within a flare subvolume of ~ 10?® cm?. This fast
rate of decay implies a sufficiently strong electric field to
account for the particle acceleration that produces the
microwave emission. The decrease in the stored magnetic
energy is enough to power the solar flare, including the
associated eruption, particle acceleration, and plasma heat-
ing. Chen et al. (2020) studied for the same event the coro-
nal magnetic field and the relativistic electrons along the
flare current sheet. The measured magnetic field profile
reveals a local maximum where the reconnecting field lines
of opposite polarities closely approach each other, indica-
tive of the reconnection X-point. A strong reconnection
electric field of about 4000 V m~! is inferred near the X-
point.

Yadav R. et al (2020) presented high-resolution and
multi-line observations of a C2-class solar flare that
occurred in NOAA AR 12,740 on May 6, 2019. The rise,
peak and decay phases of the flare were recorded continu-
ously and quasi-simultaneously in the Ca II K line with the
CHROMIS instrument, the Ca 11 8542 A and Fe I 6173 A
lines with the CRISP instrument at the SST. The temporal
analysis of the LOS magnetic field at the flare points exhi-
bits a maximum change of ~ 600 G. After the flare, the
LOS magnetic field decreases to the non-flaring value,
exhibiting no permanent or step-wise change.

In this paper, we study magnetic fields in an X1.7 class
limb flare that occurred 1981 July 17. This event is interest-
ing because its spectra revealed a very narrow spectral com-
ponent simultaneously with wide spectral emission in the
Ca I K, He I 4471.5 A and hydrogen lines.

2. Observations
The solar flare of 1981 July 17 occurred on the eastern

limb of the Sun, at heliographic coordinates (7° S, 90° E).
According to the bulletin “Solnechnyie Dannyie” (1981),
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the flare was associated with active region No. 325 (this is
Hale region No. 17751), which appeared on the Sun’s disk
on the following day, i.e. 1981 July 18 (Fig. 1).

In Fig. 1, the slanting cross on the left sketch shows the
location of the flare on the limb during the initial phase of
its development. The small horizontal dash to the left of
this cross indicates the location of the entrance slit of our
Echelle spectrograph for the first exposure (08:17 UT).
Magnetic field intensities (in hundreds of gauss) and mag-
netic polarities in the sunspots are also shown in Fig. 1.

Fig. 2 shows the flare evolution as observed in the 0.5-4
and 1-8 A soft X-ray bands by the GOES-2 satellite. The
soft X-ray time evolution reveals a double peak behavior
of the flare under study, both above X1 level, indicative
for two strong episodes of energy release. The first peak
as observed in the higher energy GOES channel is centered
at 08:09 UT, and the second (higher) peak at 08:18 UT.
Also, one can see the long-duration nature of the flare, with
the decay of the soft X-ray emission extending over at least
3 h.

From these observations, it follows that the moment
8:17 UT (see below) relates to the maximum of the flare
soft X-ray emission, and the moment 8:33 UT to its early
decaying phase. Tsuneta et al (1984) classified this flare
as SB/X1.7 and wrote: “During 11 min observations the
height of the centroid of the hard X-ray source increased
by about 5” on the average. The images appear to be an
edge-on view of a small loop structure. The photospheric
magnetic structure on July 18 and 19 observed with the
magnetograph at Kitt Peak (Solar Geophysical Data)
shows that the neutral line of the active region was nearly
parallel to the limb, which is consistent with above inter-
pretation”. According to Garcia & Mclntosh (1992) and
Garcia (1994) this flare had GOES X1.9 class and was clas-
sified as high-temperature flare, with a maximum electron
temperature T max = 26.6 MK. In the 21st cycle of solar
activity, only eight solar flares had temperatures above 30
MK (the investigated flare on July 17, 1981 also occurred
in the 21st cycle). All such flares were observed mainly
on the solar disk. Interestingly, in cycle 22, all flares with
the indicated highest temperatures were localized only on

17.07

18.07
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the eastern and western limbs of the Sun (there were also
8 such flares in total), see Garcia & Mclntosh (1992).

The spatial development of the initial phase of the flare
can be tracked in the Ha filtergrams recorded at Kanzel-
hohe Observatory (Fig. 3). Kanzelhohe Observatory pro-
vides regular high-cadence imaging in the Ha spectral
line (P6tzi et al. 2015), and the Ha data back to the year
1973 can be accessed online at the Kanzelhéhe Data
archive (http://cesar.kso.ac.at). As one can see from
Fig. 3, at 08:05:20 UT the area of the flare ejecta as
observed above the limb was almost spherical, with a diam-
eter of about 14 Mm. Approximately 3.5 min later, at
08:08:56 UT, the bright flare volume was extended and
reached a height of about 23 Mm. The average velocity
of the ascent of the flare apex during this time interval
was about 42 km s™'. A significant deviation (about 17°)
of the longitudinal axis of the flare from the vertical relative
to the limb was also noticeable. Within 4 min, at 08:12:56
UT, the height of the brightest emission of the flare reached
33 Mm, and the average speed of the top ascent decreased
to 42 km s~ '. However, at this moment, an emission region
narrower in cross section was also observed, which had a
length of 39 Mm. After another 4 min, at 08:16:56 UT,
the height of the brightest emission reached 40 Mm, and
the region of narrow emission almost ceased to be visible.
In this case, the average velocity of the ascent of the flare
apex was even lower, about 29 km s~ '. Interestingly, these
velocities by the Ha line turn out to be 5-7.5 times greater
than the velocities of the X-ray centroid according to
Tsuneta et al (1984).

This flare was observed with the Echelle spectrograph of
the horizontal solar telescope of the Astronomical Obser-
vatory of Taras Shevchenko National University of Kyiv
(Lozitsky, 2016), starting from about 08:15 UT. Observers
were N.I. Lozitska, V.G. Lozitsky and P.M. Polupan.
Natalia Lozitska, identifying the flare position in white
light at the entrance slit of the Echelle spectrograph,
noticed an interesting detail: this flare was visible for some
time also in white light as a small convex feature on Sun’s
limb. White-light flares observed above the solar limb are
rare, and indicative of very high densities in the flare loops.

19.07

Fig. 1. Sketches of the eastern limb of the Sun for four consecutive days, from July 17 to July 20, 1981, according to the bulletin “Solnechnyie Dannyie”.
One can see the development of active region No. 325, which was the source of the limb flare under study (see the Text).
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Fig. 2. Soft X-ray flux in the 0.5-4 and 1-8 A band measured by GOES-2 for the interval 1981 July 17 4:00 UT to 16:00 UT.
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Fig. 3. The development of the initial phase of the flare in Ha heliograms recorded at Kanzelhohe Observatory (see the Text).

Previous cases were reported and studied by Hiei et al.
(1992), You et al. (2003), Saint-Hilaire et al. (2014), Jejcic
et al. (2018), etc. Hiei et al. (1992) estimated the electron
density in such flare to be in the range of 10'>-10" cm ™3,
Koza et al. (2019) inferred an electron density of
2 x 10" cm ™2 in the cool off-limb flare loops of the X8.2
flare on 2017 September 17. The same order of electron
density was estimated also for the tops of Ha (post)-flare
loops observed in emission against the solar disc (Heinzel
and Karlicky, 1987).

The main value of observations with the Echelle spectro-
graph is that a wide spectrum interval, from 3800 to
6600 A, was recorded simultaneously where bright and
interesting emissions of hydrogen, helium, and ionized cal-
cium lines were observed. Another advantage of such
observations is that 7 + ¥V and I - V spectra were obtained
simultaneously, on separate adjacent bands of the spectro-
grams (see Figs. 4 and 5). This was made thanks to the fact

that the circular polarization analyzer 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, / + V and I — V spectra
relate to the same moment of time and to the same loca-
tions on the Sun.

The flare spectrum was photographed on WP1 ORWO
photo-plates with exposures of 10-30 sec. In the 08:17—
09:51 UT time interval, six exposures were made. Below,
two Zeeman spectrograms obtained in 08:17 and 08:33 UT
with exposures of 10 and 30 s, respectively, are analyzed.

3. Profiles of spectral lines

A visual inspection of the 08:17 UT spectrogram shows
that it contains bright emissions of about ten lines of
hydrogen, helium and Ca II. Some parameters of these
lines are presented in Table 1 according to Moore (1945)



L1 Yakovkin et al.

Av (km/s)

-200 -100 O 100 200

Height (Mm)

2 3 4

43240 1
AL (A)

Fig. 4. Spectrograms of the limb flare in the Hp (top), He I 4471 A (top
middle), H3 (bottom middle), Ca II K (bottom) lines obtained on 1981
July 17 at 08:17 UT. The top and bottom half of spectrograms correspond
to the I~V and I + V spectra, respectively.

and Kurucz & Bell (1995). It is necessary to note that these
lines have very different excitation potentials of the lower
level, from 0.00 eV to 20.87 eV. Also, the masses of the cor-
responding atoms are very different, too: about 40 atomic
mass unit (m,) for calcium, 4 m, for helium and 1 m, for
hydrogen. Therefore, these lines are a suitable tool for
diagnostics of turbulent velocities in the flare which needs
observations of spectral lines of atoms with very different
masses.

The shape of the Ca Il K and He 1 4471.5 A lines clearly
indicates that there were at least two emission components
in these lines: wide and narrow, 1.8-2 A apart in wave-
length (Fig. 4). It can be seen from Fig. 4 that the total
widths of the emission lines of Ca II K and H3 are almost
the same. This directly indicates that non-thermal mecha-
nisms play the main role in the broadening of the lines.
In case if the profiles of these lines were broadened only
by temperature, the width of the Ca II K line would be
approximately 6.5 times narrower than the hydrogen line.

At 08:33 UT, i.e., after the peak of the flare, the emis-
sions in the spectral lines split into several discrete compo-
nents corresponding to a relative line of sight velocities of
about 170 km s~! (Fig. 5). The narrow component of the
emission has disappeared at this moment and it was not
visible even in the Ca IT K line. At least three separate emis-

Advances in Space Research xxx (Xxxx) xxx

AV (Km/s)

-200 -100 0

SN =N

OOOOO0O OCOOOCOO OO OO OOOCOO

Height (Mm)
IS S SR )

=N =N

4 3 2 1 0 1 2
AL (A)

Fig. 5. Spectrograms of limb flare in the lines H (top), He I 4471 A (top
middle), H3 (bottom middle), Ca II K (bottom) obtained on 1981 July 17
at 08:33 UT. The top and bottom half of spectrograms correspond to the
I-V and I + V spectra, respectively. The disk spectrum is visible at the
bottom of spectrograms.

sion components are present in the lines under study. These
emissions correspond to heights in range of 5-20 Mm
above the photosphere.

The measurement of the profiles of these lines was car-
ried out in two ways: by the traditional method using an
M®-4 microdensitometer and using an Epson Perfection
V 550 scanner, which allows to obtain two-dimensional
scans of images recorded on transparent films or on
photo-plates. In the first case, in order to convert the den-
sity into intensity, it is necessary to take into account the
characteristic curve of the photographic material as well
as the scattered light on the photographic plate. In the sec-
ond case, it is necessary to take into account two character-
istic curves, namely, the curve of the photo-emulsion and
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. As a result, we could
compare the data obtained with the microdensitometer
and the scanner, and it turned out that these data are very
well consistent with each other.

For 08:17 UT, the photometric line profiles clearly show
the presence of a discrete narrow component in the blue
wing of the observed profiles (Fig. 6). This is most clearly
seen in the Ca Il K line, where this effect can be traced
for about 10 Mm in the slit direction.
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Table 1
Spectral line wavelengths and parameters.
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Spectral line Wavelength (A) Transition gefr Excitation potential (eV)
Hp . 4861.3 2°P’— 4°D 1.05 10.15
He 14471 A 4471.5 3p, - 3Dy 1.12 20.87
H3 4101.7 22P°— 6°D 1.05 10.15
CallK 3933.7 4S - 4P, 1.167 0.00

4. Magnetic fields
4.1. Methods and uncertainties

When measuring the magnetic field by the Zeeman
effect, it would be ideal to measure the spectral distance
between the lateral orthogonally polarized o components
(i.e. double Zeeman splitting 2A\y), ignoring the location
of the central m component. This would make it possible
to find the modulus of the magnetic field strength, regard-
less of the orientation of the magnetic field lines. In case
such measurement is possible, the influence of scattered
light and instrumental polarization can be neglected. When
measuring solar magnetic fields, such a unique case hap-
pens only in umbra of large sunspots for magnetically sen-
sitive lines with a large Landé factor (about 2.5-3.0) and a
narrow spectral width (about 0.1 A) in the visible spectrum
(see, for example, Livingston et al. 2006). Then the Zeeman
splitting AAy can be comparable to the half-width of the
spectral line AA;/», so that the Zeeman 7 and ¢ components
are only slightly blended.

However, the case above does not apply for solar flares.
Even for magnetic fields of several kG the spectral width of
flare emissions is much larger than the Zeeman splitting
(i.e. AAg < Al;y,) and therefore the m and ¢ components
are highly blended. In such case the modulus of the mag-

Av (km/s)

-200 -100 0 100 200
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3 2 # @ 1 2 B3
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Fig. 6. Stokes I profiles of He 1 4471 A (top) and Ca II K (bottom) lines of
the limb flare on 1981 July 17 obtained at 08:17 UT. The profiles
correspond to the heights 7.7 Mm (bottom profiles), 10.0 Mm, 12.3 Mm
..., and 28.4 Mm (top profiles) above the photosphere.

netic field is unobtainable. Under the assumption that the
magnetic field is uniform, the longitudinal component of
the magnetic field By os = Bcos(y) can be found, where y
is the angle between the field lines and the line of sight.
If, however, the magnetic field is two-component in the
sense that there are small-scale spatially unresolved flux
tubes with the same strengths B and polarities and the fill-
ing factor f, embedded in a weaker background field
Bpacker, then the value close to the product f By og can be
measured from observations (Stenflo, 2011). If, however,
the magnetic polarities in spatially unresolved flux tubes
are different or the magnetic field in them is close to the
transverse orientation (y = 90°), the measured effective
magnetic field B.g can be much lower than the local mag-
netic field B.

Therefore, the broad spectral emissions observed in
flares make it possible to measure not local magnetic field
B, but a certain effective magnetic field B.g, which depends
on many parameters, including the algebraic sum of mag-
netic fluxes of spatially unresolved magnetic elements. Even
though the measured value B.g is often very different from
the true local magnetic field B, we do believe that B.g has
scientific value as it is the lower limit of the local magnetic
field since B.gis always lower than B, and in some cases Beg
< B (Lozitsky et al., 2015). Information even on the lower
limit of the magnetic field strengths can be important for
elucidating the nature of solar flares, in particular, for con-
structing better MHD models for them.

The inhomogeneity of magnetic fields in solar flares and
prominences follows, at least, from the following spectral
effects: (a) the splitting of 7 + V profiles varies from the
core to the wings of the emission profiles, generally being
larger in the core, and (b) in some cases, the maximum
splitting of bisectors of the I 4+ V profiles is observed in
the wings of the emission profiles, which indicates very
strong magnetic fields with complex structures (Harvey,
2012; Kirichek et al., 2013; Lozitsky et al., 2015; Lozitsky
& Botygina, 2012). In a uniform magnetic field, the
observed splitting of spectral lines should be the same in
the line core and its wings.

In the current paper the following different methods
were used to measure the effective magnetic field.

Method 1. This method was used for the measurements
during the flare peak at 08:17 UT. In frame of this method,
the narrow spectral component was explicitly extracted.
After this extraction, it was found that the profiles of this
component are very symmetrical and can be well fitted by
a Gaussian. In this case, it is quite enough to measure
the splitting of ‘center of gravity’ of the whole extracted
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profiles. The effective magnetic field B.y was calculated
using the following formula:

02)2 = 4.67 x 10 g, /2 Buy (1)

where OA is observed splitting of I + V and I — V profiles,
gerr 1s the effective Landé factor, A is the wavelength of the
spectral line. In Eq. (1) Be is expressed in gausses (G) and
wavelengths are in Angstroms (A). In case of homogeneous
and pure longitudinal field (y = 0° or 180°), 6A = 2AAy. In
the opposite case, always oA < 2ALhy.

Probably, the origin of the narrow spectral component
is associated with strong magnetic fields of regular polarity,
which reduce the stochastic component of the velocity and
increase the ordered component corresponding to the cir-
cular motions of the plasma around the lines of force.
For observations of longitudinal magnetic fields, this
should lead to the appearance of narrow spectral lines.
From this point of view, a broad component can occur in
flare regions with a much weaker magnetic field or in vol-
umes with mixed-polarity fields. In both cases, the Zeeman
splitting of the broad component should be observed close
to zero. It means that this component can be used as suit-
able spectral benchmark, i.e., spectral feature with the same
wavelength in 7 + V and I — V spectra.

Method 2. This method was used for the measurements
at 8:33 UT. The observed splitting dA was measured by the
“centers of gravity” of the top parts of the emission peaks
with intensities in the range from 0.9 to 1.0 of the maxi-
mum. The corresponding parameter is denoted below as
Bog.

In order to evaluate the measurement errors, we used an
elegant method proposed by Martinez Gonzalez et al.
(2012). For the case of only one spectral line, the corre-
sponding formula (Eq. 17) given in this paper can be writ-
ten in the form:

-1
0Bros = * {Cearidl Zi(01/02)])"} @)
where 8By og 1s the measurement error, o is the standard
deviation of the corrupting Gaussian noise, C = 4.67 x 10
—13 R-1 g1

4.2. Measurements

As it was described above, the I + V and I — V spectra
were obtained simultaneously, at adjacent places on the
spectrogram. In order to measure the Zeeman splittings,
these spectra must be scanned separately and then the cor-
responding line profiles should be ‘tied’ by wavelengths.
The most reliable way to do this is to use telluric or non-
magnetically sensitive lines as spectral references with the
same wavelength in both orthogonal polarizations. For
the limb flare under study, it is quite acceptable to tie the
spectra also by the absorption spectrum of the photo-
sphere, if only it hits the photographic plate simultaneously
with the flare spectrum.

For 08:17 UT, I+ V and I — V profiles were tied to each
other by wavelength assuming that their “centers of grav-
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ity” coincide in both polarizations. Obviously, the main
contribution to the “centers of gravity” was made by the
wide emission component, since it is an order of magnitude
wider than the narrow component, and the corresponding
intensities of the two components are generally commensu-
rate. This linking revealed a reliable splitting of narrow
component, which is manifested in the relative displace-
ment of its peaks in the spectra of opposite polarizations
(Figs. 7 and 8). Comparing these Figures, it can be seen
that the splitting of the narrow component at Al =~ —
1.83 A is observed in both lines — He I and Ca II K.

For the measurements taken at 08:33 UT, the “linking”
of the profiles was carried out using disk absorption lines,
since at that moment the edge of the solar disk was also
recorded on the spectrogram (Fig. 5). Such “linking” is
more reliable and accurate than for the wide emission com-
ponent recorded at 08:17 UT.

For both moments of the flare, we found cases when
notable Zeeman splitting was observed in not all spectral
lines. This illustrates Fig. 9 which shows that although
the profiles of both lines correspond to the same place in
the picture plane, only in the Ca II K line the splitting of
the emission profiles is clearly visible, while in the He I line
this effect is absent or much weaker in magnitude. Likely,
this effect reflects the fact that different spectral lines
formed in different spatial volumes due to different optical
depth in these lines. Lines with larger optical depth give us
information about the regions of the flare closest to the
observer, because quanta from the distant (inner) regions
of the flare do not reach the observer. On the contrary,
lines with a smaller optical depth provide information on
deeper regions of the flare as well. Since it is impossible
to expect that all spectral lines have the same optical thick-
ness, some difference in the values of the effective magnetic
field strengths is inevitable.

Fig. 9 also implies that in this case, along the line of
sight, two luminous volumes of the flare were observed
with significantly different Doppler velocities (about
110 km s~ ), in which the magnetic polarity was also differ-
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Fig. 7. The I-V (solid) and I + V' (dashed) profiles of He I 4471 A (top, at
a height of 14.6 Mm) and Ca II K (bottom, at a height of 12.3 Mm) lines
of the limb flare on 1981 July 17 recorded at 08:17 UT.
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Fig. 8. Details of highly Doppler-shifted profile components (Fig. 6) and
the Zeeman split of the /- (solid) and 7 + V (dashed) profiles.
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Fig. 9. The I-V (solid) and I + V' (dashed) profiles of the lines He I 4471 A
(top) and Ca II K (bottom) at a height of 17.9 Mm obtained on 1981 July
17 at 08:33 UT.

ent. According to the measurements, splitting of Ca II K
line in left peak (AA =~ —2.3 A) corresponds to magnetic
field Boy = 3200 G (S), whereas in right peak (AL~ -
0.8 A) it corresponds to Bgg = 1300 G (N), where S and
N are the corresponding magnetic polarities. The value of
Bgo was found from the splitting of the tops of the emission
peaks, as it was described above in Method 2.

In order to estimate the measurement error, we talge the
(01/01); values for the Ca II K line with a step of 5 mA and
assume that in our case ¢ = 0.01. Then from Eq. (2) the
error is 8By os = £ 59 G. However, this is the lower limit
of the probable error in our case. Recall that for the
08:17 UT moment, we were forced to “‘tie” the I + V and
I — V profiles by the “centers of gravity” of the broad emis-
sion component, i.e., assume that its Zeeman splitting is
zero. This should be true only with a certain accuracy,
for example, 100 G. In this case, a more probable error
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of our measurements can be found as follows: AB = +
[(100)% + (59)*]"? = £115 G.

From this we can conclude that if the measured field
strength in the flare exceeds 1000 G, than the probable
error is much smaller than the indicated value itself. Even
if we assume that the accuracy of the “linking” of the
I+ V and I — V profiles by the “centers of gravity” of
the broad emission component is 200 G (which seems
extremely unlikely), the magnitude of the measured mag-
netic field By s in the flare will be much larger than the
measurement errors.

4.3. Results

Our results are summarized in Tables 2 and 3. In these
Tables, ALy presents the Zeeman splitting and By (G)
the effective magnetic field. These quantities are given for
four different height levels above the solar limb, and were
obtained by averaging the line profiles over segments corre-
sponding to 2.3 Mm on the Sun in order to obtain a higher
signal-to-noise ratio. In these Tables, we present, as rule,
only the most reliable data when the values of the measured
magnetic fields exceed the measurement errors. For the
moment 8:33 UT, two values of the magnetic field for each
height are presented, corresponding to the splittings of the
left and right emission peaks, as it is shown for example in
Fig. 9. For the 8:33 UT moment the He I line had a rela-
tively low intensity, and therefore we omit the correspond-
ing magnetic field measurements.

An examination of Tables 2 and 3 shows the following:
(a) very strong kG magnetic fields (till about 3 kG) existed
at both moments of the flare, (b) locations with strongest
fields, in general, do not coincide for different spectral lines,
(c) polarities of the magnetic field for different spectral lines
are in most cases the same, but sometimes they do not
coincide.

5. Discussion
5.1. Instrumental polarization

The influence of instrumental polarization (IP) as
applied to observations with a horizontal solar telescope
was discussed earlier by Lozitsky (2016). This discussion
is based on the results of studies of this polarization, pre-

Table 2
Comparison of magnetic field strengths in the flare measured at different
heights and by different spectral lines. for 08:17 UT.

Line Height (Mm) Ay (mA) B (G)

Call K 10.0 248+ 1.0 2900 + 120 (N)
12.3 102 + 1.0 1200 + 115 (S)
14.6 13+1.0 150 + 120 (S)
16.9 6.2+ 1.1 750 4 130 (S)

He 14471 A 123 29+ 14 300 + 140 (S)
14.6 155+ 2.1 1500 + 200 (S)
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Table 3
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Comparison of magnetic field strengths in the flare measured at different heights and by different spectral lines. for 08:33 UT.

Line Height (Mm) Ahy (mA) (Left peak) Al (mA) (Right peak) Begr (G) (Left peak) By (G) (Right peak)
Call K 11.0 77+ 1.1 7.5+ 1.0 900 + 130 (N) 900 + 125 (N)
133 9.5+ 1.0 - 1100 £ 110 (S) -
15.6 99412 5.6+ 1.1 1150 + 135 (S) 650 £+ 130 (N)
17.9 27.1 £ 09 112+ 1.1 3200 + 110 (S) 1300 + 130 (N)
Hp 133 1.3+1.5 - 100 £+ 115 (S) -
15.6 33+£14 1.2+ 1.6 300 £ 130 (S) 100 + 130 (N)
17.9 3.0+ 1.4 36+ 13 250 £ 120 (S) 300 £+ 110 (N)
20.2 1.3+1.6 14+18 100 £+ 125 (N) 100 + 130 (N)
H$ 11.0 4.7+ 2.0 92+ 1.6 550 £ 230 (S) 1100 + 190 (N)
133 1.3+£12 - 150 £+ 135 (S) -
15.6 9.1+ 1.1 49 + 1.6 1100 £ 130 (S) 600 + 190 (N)
17.9 18+14 03 +0.7 200 £ 150 (N) 50 £+ 140 (N)

sented in the publications of such authors as Jiager (1972,
1974), Kotov (1973), Grigorjev and Golovko (1975), etc.
It was pointed out that for magnetic field measurements
on the Sun the best case is modern polarization-free tele-
scope like GREGOR (Schmidt et al., 2012). If, however,
we use a telescope of any traditional type, horizontal or
tower, we should take into account the main effects occur-
ring due to IP. For a horizontal solar telescope, similar to
that in the present study, these are the following.

1. For magnetic field measurements by / + V and I-V
profiles, the essential influence of IP occurs due to the
linear-to-circular transformation effect (LCT-effect). If
linear polarization is zero, the observed I + V and I—
V profiles are not distorted by IP. In this case, we can
expect an insignificant role of IP for observations of
magnetic features with almost longitudinal field
(v = 0° or 180°), e.g., for a sunspot near the disc center.

2. IP depends on the angles of reflection on mirrors of a
telescope. For instruments with small angles, the value
of IP is accordingly smaller. For the Horizontal Solar
Telescope of Kyiv Observatory, the largest angles occur
on coelostat mirrors. The angles of reflection do not
exceed 20°.

3. The phase polarization of the horizontal solar telescope
may be approximately presented as an effect of an equiv-
alent phase plate with a path difference equals A/15-1/
30. The highest phase polarization is observed in the
morning and in the evening, and the lowest one in the
afternoon.

4. If the observed Zeeman splitting is significantly lower
than the spectral half-width of the line (Aly < ALyyp),
the LCT effect leads to an increase in the depth of the
I+ V (or I-V) profile and to a decrease in the depth
of the I— V (or I + V) profile, depending on the polarity
of the magnetic field. This is due to the fact that, under
the LCT effect, both Zeeman & components give an
instrumental circular polarization of the same sign,
which is added to the Zeeman circular polarization of
different signs in different wings of the magnetically sen-
sitive line. As a result, the observed amplitude of the

Stokes V peaks will be different in different wings of
spectral line, which causes different depths of the /—
Vand I + Vprofiles. However, it is important to
emphasize that this does not change the position of
the “centers of gravity” of the observed 7 + V and I—
V profiles. That is, the influence of IP does not distort
the measurements of longitudinal magnetic fields.

Considering all these effects, we can conclude that the
instrumental polarization, apparently, did not have a sig-
nificant effect on the obtained results. Moreover, we can
expect zero influence of instrumental polarization in places
with the greatest visible splitting of the spectral lines, where
the orientation of the field lines probably corresponds to a
purely longitudinal field (y = 0° or 180°), see Section 4.1.

5.2. True magnetic field strength

In principle, the kG magnetic field strengths in the solar
limb flare under study do not contradict, in order of mag-
nitude, to some estimates of other authors obtained for
approximately the same heights in the corona above active
regions. Analyzing the X-ray data for this flare of 17 July
1981, Tsuneta et al (1984) wrote: “In order to confine the
hot component in a magnetic tube, the magnetic field
strength B must be larger than B = (24nnkT)"> = 330
gauss”.

Brosius & White (2006) measured the magnetic field of
1750 G at a height of 8000 km above a large sunspot.
Reznikova et al. (2009) estimated the field value to be
approximately 1 kG in the limb flare loop for the 2002
August 24 event. These estimates follow from the analysis
of radio emission under certain model assumptions, i.e.,
they are not so direct measurements, as our measurements
by the Zeeman effect.

It is useful to remember, that similar (and even larger)
values were measured in active prominences by Ha and
He I D3 lines (Lozitsky & Botygina, 2012). The height
range, where such field values were found, is also close in
both cases. In the study of Lozitsky & Botygina, (2012),
particular attention was drawn to an interesting effect that
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has no analogues in the works of other researchers, namely,
to the anti-correlation of the magnetic field values derived
by the Ho and He I D3 lines, up to their opposite polarity
(see their Fig. 5). Thus, it is confirming the earlier conclu-
sion by Yakovkin and Zeldina (1975) that the hydrogen
and helium emissions are formed in prominences, in gen-
eral, in different spatial volumes.

As it was pointed out in Section 4.1, the true values of
the local magnetic fields in the flare could be even larger
by two reasons: (1) the obtained results represent a longitu-
dinal component of the magnetic field, and (2) it was
assumed that filling factor f'is close to unity (f' = 1). In case
if f< 1, we can write By = f B where B is true magnetic
field strength. Unfortunately, the filling factor fis unknown
in our case. Gordovskyy et al. (2018) proposed three differ-
ent methods for determination of the magnetic filling fac-
tor, namely, the magnetic line ratio method, the Stokes V'
width method, and a simple statistical method. These
methods are suitable for the photospheric Fe 1 6301.5 A
and 6302.5 A lines but not for the lines which were studied
in our paper.

Our estimates of the magnetic field in the limb solar flare
should be considered as some lower limit of the true values
of the field intensities. The magnitude of the local magnetic
field can be measured either by estimating the filling factor,
or by some other special methods independent of this fac-
tor. In some cases, it is also possible using the analysis of
bisectors of I + V profiles (Lozitsky, 2015). This can be
done in the future for this flare as a separate study.

Finally, we note that also the visual observation of the
arched feature associated with the flare in white light,
which is indicated also by the X-ray observations reported
in Tsuneta et al. (1984), suggests very high electron density
in the flare loops, of the order of 10'* cm ™ or even higher,
as has been recently reported for the high-density flare
loops of the 2017 September 10 X8.2 flare (Jejcic et al.,
2018; Koza et al. 2019). The arched feature in the flare
under study might be of the same nature as the flare loops
shown in the HMI continuum images in Figs. 1-3 in Jejcic
et al. (2018). High-density flaring plasma implies strong
magnetic fields (e.g., Tsuneta et al. 1984). In fact, such
strong fields have been measured in the 2017 September
10 flare loops through both microwave diagnostics (Gary
et al. 2018, Fleishman et al. 2020) and high-resolution
imaging spectropolarimetry by the SST (Kuridze et al.
2019). Thus, the observed arched feature in white light
may indicate the presence of strong magnetic field.

6. Conclusion

Investigating two moments of the X1.7 solar limb flare
on July 17, 1981, we found interesting features of the emis-
sion in Ca II K, H6, He I 4471.5 A and HP lines, namely,
the simultaneous presence of wide and narrow components
in the spectrum during the peak phase of the flare. The
observed full width at half maximum (FWHM) of these
components differ by about an order of magnitude, 3.5—
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4 A and 0.25-0.35 A, correspondingly. The splitting of
the narrow component corresponds to strong magnetic
fields as high as 2900 G. During the peak of the flare, the
narrow emission component was not detected, and mag-
netic fields were similar by order of magnitude, up to
3200 G. Such kG magnetic fields were detected at heights
of 10-18 Mm. The locations in the picture plane with
strongest fields, in general, do not coincide for different
spectral lines, whereas magnetic polarities are in most cases
the same, but sometimes they do not coincide, which may
be a reflection of the magnetic field inhomogeneity. Likely,
the true local magnetic fields in the flare could be even lar-
ger, since the obtained results represent a longitudinal com-
ponent of the magnetic field assuming that the filling factor
equals unity.
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