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The limb solar flare of 17 July 1981 is studied according to the observations carried out with
the Echelle spectrograph of a horizontal solar telescope of the Astronomical Observatory of Taras
Shevchenko National University of Kiev. For 8"17™ UT, close to the flash phase, the I+V profiles of
the K Ca I1 3933.7 A and He I 4471.5 A lines are analyzed. At the indicated moment, these lines had
two components of emission, narrow and wide, which were mutually shifted on 1.8-2 A. The narrow
component had a full half-width of 0.24 A in the K Ca II line and 0.34 A in the He I line. The wide
component had the full half-widths of 3.3 A and 4.1 A, respectively, for these lines. The magnetic
field magnitude in the flare, measured by splitting the narrow component, varies in the picture plane
and reaches 1300 4+ 200 G for the K Ca II line and 2100 + 200 G for the He I line. Such features are
found at the altitudes of about 10-14 Mm above the level of the photosphere. It is important to note
that the true values of the local magnetic fields in the flare could be even larger, since the obtained
results represent a longitudinal component of the magnetic field, with the assumption that the filling
factor equals unity. On the basis of the comparison of the Doppler widths of the narrow component
in the two lines under study, the following estimations of kinetic temperature and turbulent velocity
were obtained: T'= 17000 + 1000 K, and &b = 10.8 + 0.3 km/sec.
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I. INTRODUCTION

Limb solar flares are of particular interest for several
reasons. Firstly, such observations make it possible to
more directly determine the height of the relevant
structural elements of the flare in the atmosphere, wi-
thout reference to a semi-empirical model of the flare.
Secondly, limb flares give a simpler spectrum that does
not overlap with the Sun’s photosphere spectrum. The
interpretation of that spectrum does not require a
separation of the contributions of the flare itself and the
photosphere under the flare. In principle, such a separati-
on is possible, but only based on the construction of a
semi-empirical model of the flare, and the latter is always
based on certain model assumptions. Thirdly, in limb
flares the magnitude of the horizontal component of the
magnetic field vector can be estimated more directly. In
flares on the solar disk, the value close to the radial
component, that is, vertical to the surface of the Sun,
is estimated. The latter is due to the fact that in solar
flares, unlike sunspots, there is generally an incomplete
spectral separation of Zeeman’s sigma components of
spectral lines, even in relatively narrow emissions of Fe I
lines [1]. In this case, the longitudinal component of the
field vector is determined directly from the observations.
For flares on the Sun’s disc, the longitudinal component
is essentially close to the radial one. To date, there are
very few data in the literature about magnetic fields in 1i-
mb flares. The first measurements of this kind were made
by Koval [2] in the Ha A — 6562.8 A line. It was found
that the magnitude of the magnetic field, measured by
the relative splitting of the line in orthogonal circular
polarizations (i.e., in the I +V and I —V spectra, where
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I and V are the corresponding Stokes parameters), is
typically several hundred gauss (G). However, a case of
a rather significant relative displacement of the I £V
profiles corresponding to a magnetic field of 9000 G was
also detected. The author [2] had the following 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 102 G are too strong’ for limb flares.
Indeed, if the magnetic field tube is homogeneous and
non-twisted, then the upper limit of By, .y in the tube can
be estimated from the simple condition of the equality
of the magnetic pressure B?/8r inside the tube and the
gas pressure P = nkT outside the tube. Limb solar flares
occur in the chromosphere and lower corona, where the
gas pressure in undisturbed atmosphere is ~ 10~% + 102
dyn/cm?. However, at that pressure, Bpa.x should be
~ 1+50 G, which is at least an order of magnitude less
than observed. Furthermore, given that the observati-
ons with a circular polarization analyzer give a mainly
longitudinal component of the magnetic field, then the
magnitude of the magnetic field may be even larger. One
can expect that such strong magnetic fields can occur
in strongly twisted magnetic structures like force-free
ropes [3].

Similar strong magnetic fields were measured in the
limb solar flare of X1.2 class on July 14, 2005 too [4].
The obtained results relate mainly to the lower solar
corona and correspond to the altitudes of 2-10 mega-
meters (Mm) above the level of the photosphere. From
the measurements by the “center of gravity” method for
I +V profiles of the Ha line, it was concluded that the
magnetic fields of the intensity B = 200 — 300 G existed
at the indicated heights. However, a detailed study of the
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bisectors of I +V profiles showed that the magnetic field
in the flare volume was significantly heterogeneous, whi-
ch is evident from the fact that the bisectors of the I +V
profiles were non-parallel. In particular, a local peak of
the bisector splitting was detected at a considerable di-
stance A\ from the line core (AX ~ 1.1 A), which can
indicate the presence of very strong magnetic fields of
~ 10* G range.

The magnetic fields of the order of 10> G were
measured using the Ha line also in the limb solar flare
of M7.7 class on July 19, 2012 [3]. The results obtai-
ned refer to a rather high altitude above the limb, about
40 Mm. In this case, a significant lack of parallelism of
the bisectors of I + V' profiles was observed too, with
a maximum of their splitting at the distance of 0.4 A
from the center of the emission profile. In the mentioned
paper, a theoretical MHD force-free model was proposed
that allows explaining the existence of such strong fields
in the corona by the strong twisting of the power lines.
According to numerical estimations within 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 level, which is typical of the solar corona.

In this paper, we present preliminary results of the
magnetic field study in a limb solar flare on July 17,
1981, which is interesting because its spectra contained
a very narrow emission component in the Ca II and He
I lines. It seems attractive to estimate the magnetic field
in the flare precisely from these lines, and not from the
Ha line, as in the above studies. In the future, we plan to
study here the hydrogen emissions too. According to the
data obtained, the narrow component is less pronounced
in hydrogen emissions; additional discussion points are
possible there, which we would like to leave outside the
scope of this article.

II. OBSERVATIONS

The solar flare on July 17, 1981 occurred on the eastern
limb of the Sun, in the vicinity of the place with coordi-
nates 7°S, 90°E. According to the bulletin Solnechnye
Dannye [5], the flare was associated with the active regi-
on Ne325, which appeared on the Sun’s disk the next
day, July 18, 1981. This flare was observed with the
Echelle spectrograph of the horizontal solar telescope at
the Astronomical Observatory of the Taras Shevchenko
National University of Kyiv (HST AO KNU) [6], starti-
ng from about 8"15™ UT, with the first shot of the flare
spectrum taken at 8717 UT. This time corresponds,
apparently, to the flash phase of the flare, which is evi-
dent from the very wide wings of the lines (Fig. 1).

The flare was observed by N. I. Lozitska, V. G. Lozi-
tsky and P. M. Polupan. The flare emission was initially
observed in a spectrohelioscope, which allows observing
the entire “royal” (near-equatorial) zone of the Sun’s di-
sk in the light of the Ha line. While identifying the flare
position in white light at the entrance slit of the Echelle
spectrograph, Natalia Lozitska noticed an interesting
detail: this flare was visible for some time also in whi-
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te light as a small arched feature on the Sun’s limb. As
we know from literature, limb solar flares were no longer
observed in white light. It should be noted that to make
such observational manifestations possible, the optical
thickness must be close to unity, which needs the plasma
density in the flare to be in the range of photospheric
value (~ 1016 cm~3), which was indeed observed, at
least at the level of the chromosphere [7]. According
to our estimation, the optical flare class was 2B, whi-
ch is higher than suggested by the bulletin Solnechnye
Dannye [5] (SB). However, we did not perform the
exact measurements of the flare area required to strictly
determine its class. The main value of our observations
is the observed I =V spectra with interesting emissions,
which make it possible to determine the magnetic field
strength and other physical parameters by the profiles of
the lines of different chemical elements.

The flare spectrum was photographed on WP1 ORWO
photo-plates with the exposures of 10+30 sec. In the
8h17m+9h51™ UT time interval, six exposures were
made. The entrance slit was perpendicular to the solar
limb. Below, the first Zeeman spectrogram obtained in
8"17™ UT with exposure of 10 sec is analyzed.

Hel 4471.5 A

K Call 3933.7A

Fig. 1. Positives of He I 4471.5 and K Ca II 3933.7 lines on
the spectrogram for the 8"17™ UT. Each line is represented
by two images that correspond to the I + V and I — V
spectra. The width of each stripe corresponds to approxi-
mately 32 arc sec or 23 Mm on the Sun.

The value of the obtained spectra is not only in the
fact that they capture the extreme manifestation of solar
activity from a very interesting perspective (see above),
but also in the fact that the I +V and I —V spectra are
obtained simultaneously, on separate adjacent bands of
the spectrum (Fig. 1). This is due to the fact that the
circular polarization analyzer used a A/4 plate in front of
the entrance slit of the spectrograph and a prism splitter
of Icelandic spar (analogous to the Wollaston prism) —
behind the entrance slit. Therefore, the I +V and I —V
spectra relate to the same moment of time and the same
places in the Sun.

III. PROFILES OF SPECTRAL LINES

A visual inspection of the spectrogram for 8"17™ has
shown that it contains well visible emissions of hydrogen,
helium and Ca II. In this preliminary study, we present
results obtained by K Ca IT 3933.7 A and He I 4471.5 A
lines only. It is necessary to note that these lines have
very different excitation potentials of the lower term,
namely, 0.00 eV for the first line and 20.87 eV for the
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second [8]. Also, the masses of the corresponding atoms
are very different, too: about 40 m,, for calcium and only
4 m, for helium. Therefore, assuming that there were
volumes (components) with different temperatures in the
flare, we can expect that the emission in the K Ca II line
was formed mainly in the low-temperature component,
whereas the emission of the He I line was in the higher-
temperature component. Obviously, this should manifest
itself in some way on the observed spectra.

In reality, the shapes of the K Ca II 3933.7 A and
He I 4471.5 A lines clearly indicate that there were
at least two emission components in these lines: a wi-
de and a narrow one, 1.8-2 A apart in wavelength
(Fig. 1). Regarding the narrow component, its features
are best seen on the photometrical profiles of the lines
obtained after the photometry of the spectrogram on the
M-4 micro-photometer (Figs. 2 and 3).

11 K Call 3933.7 A
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Fig. 2. The I£V profiles of the K Ca Il line in the studied flare
in the photometric section No. 2. The presence of a narrow
component in the “blue” wing of the emission of the flare (at
AN = —1800 mA) is clearly visible.
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Fig. 3. The I £V profiles of the He I line in the investigated
flare in the photometric section No. 3. The narrow component
(at AN = —2 A) is less pronounced here than in the K Ca II
line.

Probably, the origin of the narrow spectral component
is associated with enhanced magnetic fields of regular
polarity, which reduce the stochastic component of
the velocity and increase the ordered component
corresponding to the circular motions of the plasma
around the lines of force. For the observations of longi-
tudinal magnetic fields (i.e., along the lines of force),
this should lead to the appearance of narrow spectral
lines. From this point of view, a broad component can
occur in areas of flare with a much weaker magnetic field

or in volumes 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 a suitable spectral reference, i.e. a spectral
peculiarity with the same wavelength in spectra I + V'
and I —V.
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Fig. 4. The extracted (“pure”) Stokes I profiles of narrow
spectral component for lines under study. Black circles
present observations and solid curves show closest Gaussian
profiles.

It can be seen that this narrow component is more
pronounced in the K Ca II line. The profiles presented
in Figs. 2 and 3 correspond to the photometric secti-
ons, which in Fig. 1 are pointed by small arrows wi-
th numbers 2 and 3 to the left of the narrow emissi-
on. The height of the slit of the micro-photometer was
equivalent to 2.5 Mm in the Sun. Given that the wi-
de emission component in this line is quite close in
shape to the Gaussian distribution, it was possible to
separate the two emission components, considering that
the narrow component can also be approximated by
Gaussian (Fig. 4). Then the true full spectral half-width
of the narrow emission component (that is, the “blue”
peak at A\ ~ —1800 mA in Fig. 2) is as follows:
A) /o = (240£38) mA, which corresponds to its Doppler
width A\p = (146 + 5) mA.

The similar procedure for the He I line is somewhat
less straightforward, since the broad component there
is clearly not Gaussian. However, since for this line the
“blue” peak (at AX =~ —2 A) is quite narrow spectrally
too, this can be done with satisfactory accuracy at the
level of photometry errors (1-2%). That leads to A); /o =
(340 + 12) mA and A\p = (204 & 7) mA.

Assuming that these narrow “blue” peaks in the He
I 4471.5 and K Ca II 3933.7 line profiles were formed
in the same space volumes, we can estimate the kinetic
temperature T and the turbulent velocity &y, in them,
based on the known formula

AXp = (Xo/e) x (2kT/m + &&,,)"/? (1)

where )\ is the unperturbed wavelength of the spectral
line, c is the speed of light, &k is the Boltzmann constant,
m is the mass of the atom. This estimation leads to
T = 17000 £+ 1000 K and &b = 10.8 + 0.3 km/sec.
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The thermal velocities v are as follows: vy = 8.4 £
0.3 km/sec, vcarr = 2.7+ 0.1 km/sec.

For comparison, Polupan [9] obtained &y =
19 km/sec for the large solar flare on July 12, 1961,
analyzing only the Balmer lines from Ha to Hy3 (notice,
these lines were not photographed simultaneously). The
same author [10] found that the electron temperature
T, was 10000 K in the limb flare on October 11, 1957.
This comparison shows the closeness of our estimates wi-
th the data [9, 10]. A perfect coincidence may not be an
ideal case here for three reasons: (a) solar flares are very
different in their physical characteristics and evoluti-
onary changes, (b) different methods of determining their
physical parameters give, in general, different results (c)
physical parameters can changes essentially along the li-
ne of sight in the flare [7]. It is useful to remember that
the electron temperature T, coincides with the kinetic T’
only under the condition of local thermodynamic equi-
librium (LTE), and this is performed only in the deep
layers of the photosphere, but not in the chromosphere
and corona [11]. The similar estimates for the wide emi-
ssion component in He I 4471.5 and K Ca II lines are less
reliable than for the narrow one.

Comparing the profiles in Figs. 2 and 3, it can be seen
that the wide component in the He I line is possibly
the result of the summation of two smaller width profiles
spaced by wavelength of 1.8 A. There are no similar indi-
cations for the presence of two narrow and spaced profiles
in the K Ca II line (Fig. 2). In this regard, the assumpti-
on that these two lines are emitted in the same volume
is clearly not applicable here. This is quite expected, gi-
ven the very large difference in the excitation potenti-
als of the lower term of these lines (20.87 and 0.00 €V,
respectively).

IV. MAGNETIC FIELDS

To determine the magnitude of the magnetic field,
it is necessary to measure the relative displacement of
the I +V and I — V profiles. However, the problem in
this case is that there are no telluric or magnetically
non-sensitive (with g.¢ = 0) lines near the studied li-
nes that could be used for the spectral “tie”, assumi-
ng that their position in both spectra corresponds to
the same wavelength. Therefore, an approximate method
was used, whose essence is as follows.

First, the I + V and I — V profiles were tied to each
other on condition that their “centers of gravity” coi-
ncide in both polarizations. Obviously, the main contri-
bution to the definition of these “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 commensurate. This linking revealed that
in some places on the Sun an obvious splitting of a narrow
component had existed, which is manifested in the relati-
ve displacement of its peaks in the spectra of opposite
polarizations (Fig. 5).

In the case shown in Fig. 5, the splitting of the narrow
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peaks is approximately 22 mA, which means that the
Zeeman splitting A\g is 11 mA. According to multiplet
tables [8], the K Ca IT 3933.7 A corresponds to transition
428-42P° J = 1/2 — 3/2. For the case of spin-orbital
interaction (LS coupling), the effective Landé factor ges
should be 1.167, which gives the following formula to
determine the magnitude of the magnetic field B:

B = 1.186 x 10°A)\g (2)

where B is expressed in Gauss (G) and Ay in angstroms
(A). Then for A\g = 11 mA we have B = 1300 G with
a measurement, error of about + 200 G. This is a fairly
strong magnetic field, given that the corresponding flare
point corresponds to approximately 12 Mm above the
level of photosphere. Similar measurements at other flare
points gave the following results: B = 1200 &+ 200 G for
photometric section No. 1 and B = 400 + 200 G for
photometric section No. 3.

K Call 3933.7

2.1 19 47 15
Ax, A

Fig. 5. Splitting of a narrow component of the K Ca II line
in the photometric section No. 2.

A similar splitting of narrow emission peaks was
observed in He I 4471.5 line too (see Fig. 3, A\g = —2
A). In particular, the splitting of these peaks is about
40 mA in the photometric section No. 3, which means
AXp ~ 20 mA. According to [12], this line corresponds
to transition 3 Py;—3 D7, which gives geg= 1.12 for the case
of LS coupling. In this case, the connection between the
magnetic field strength B and Zeeman splitting Aly is
as follows:

B =1.07 x 10°A)g (3)

From (3) it follows that if A\ ~ 20 mA then B ~ 2100
G. Thus, the measurements in both lines indicate very
strong magnetic fields in the flare, of the “kilo-Gauss”
level.

V. CONCLUSIONS AND DISCUSSION

Based on the study of the I + V profiles of the li-
mb solar flare on July 17, 1981, one can conclude that
the K Ca IT 3933.7 and He I 4471.5 lines had at least
two-component emissive profiles, namely, a narrow and
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a wide one. In the Gaussian approximation, the narrow
component had a full width of 0.24 A in the first line and
0.34 A in the second. The wide components were broader
by more than an order of magnitude, with the widths
of 3.3 A and 4.1 A, respectively. The magnitude of the
magnetic field, found by measuring the splitting of the
narrow component, varies in the picture plane of the flare
and reaches 1200-1300 G for the K Ca II line. The same
order of the magnetic field magnitude was found from
the measurements by He I line. Such features were found
at the altitudes of about 10-14 Mm above the level of the
photosphere. The kinetic temperature T and turbulent
velocity &, were here as follows: T = 17000 4+ 1000 K
and &b = 10.8 £ 0.3 km/sec.

Apparently, we first observed the case when a very
narrow and a very wide flare emission were significantly
shifted in wavelengths, by 1.8-2 A. Previously, there
were cases when these emissions practically coincided
in wavelengths [1, 7]. Very narrow emissions, 3—4 times
narrower than the observed line profiles, were assumed in
[13] in order to explain the shape of the bisectors of the
I +V profiles in the prominences. In particular, it has
been shown that by assuming the two-component emi-
ssion of the prominences and the true width of a narrow
subtelescopic component within 0.1-0.25 A, it is possible
to explain the different shapes of the bisectors of these
profiles, namely, like the Latin letter “V” and also the
“loop” type. These values of the width of the narrow
emission in the prominences are generally lower than the
stated above for the investigated flare, but it should be
noted that in [13] much less intense manifestations of
solar activity were studied.

Regarding the magnetic field strengths, similar (and
even larger) values were measured in active prominences
by Ha and D3 He I lines [14]. The altitude range where
such field values were found is also close in both cases. In
[14], attention was drawn to an interesting effect that has
no analogues in the works of other researchers, namely
to the anti-correlation of magnetic field values along the
lines Ho and D3 He I, up to their opposite polarity

(see Fig. 5 in the mentioned paper). Thus, it confirms
the earlier conclusion by Yakovkin and Zeldina [15] that
the hydrogen and helium emissions are formed in promi-
nences, in general, in different spatial volumes. It should
also be noted that the true values of the local magnetic
fields in the flare could be even larger for two reasons: (1)
the obtained results represent a longitudinal component
of the magnetic field, and (2) it was assumed that filling
factor f is close to unity (f ~ 1).

In principle, the high magnetic field strengths in the
limb solar flare under study do not contradict in their
order of magnitude some estimates of other authors
obtained for approximately the same heights in the
corona above the active regions. So, Brosius and White
[16] measured the magnetic field of 1750 G at the height
of 8000 km above a large sunspot in NOAA AR 10652
at the west solar limb on 2004 July 29 using coordinated
observations with the Very Large Array, the Transiti-
on Region and Coronal Explorer, and three instruments
(CDS, EIT, MDI) aboard the Solar and Heliospheric
Observatory. Reznikova et al. [17] estimated the field
value to be approximately 1 kilogauss in the limb flare
loop for the 2002 August 24 event. These estimates follow
from the analysis of radio emission under certain model
assumptions. That is, they are not direct measurements,
like our measurements by the Zeeman effect. In addition,
the flare investigated in the present article is a much more
powerful event, compared to the events in [16] and [17].
In this case, we can expect especially strong magnetic
fields. As for the measurements of spatially unresolved
magnetic fields in this flare, which correspond to filling
factor f < 1, they require some special methods, for
example, the analysis of bisectors of I + V profiles [18,
19]. This is planned to be done in the future.
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Busdeno mimboBuit consanmii criamax 17 gunas 1981 p. 3a manumu criocTepekedb, OTPUMAHUMA HA eITeIHHOMY
crekTporpadi ropu30HTAIBLHOTO COHAYHOrO Tesaeckona AcrpoHomivnol obcepsaropii KuiBchbkoro mamioHaJJbHOrO
yHiBepcuTery imeni Tapaca [llepuenxka. Jas momenty 8"17™ UT, 6m3pKoro 10 diamn-hasu camaxy, IpoaHaIizo-
Bauo npodini I +V niniit K Ca IT 3933.7 A ra He 14471.5 A. YV Bkasanuit MoMeHT 1ii J1iHil MAa1OTH JBOKOMIIOHEHTHY
eMiciio, By3bKy ¥ IMUPOKY, AKi B3aEMHO 3MimeHi Ha 1.8-2 A. Bysbka kommonenTa mae miBmupuny (.24 A B mimii
K Calli0.34 A B ninii He L ITupoka koMmoHeHTa Ma€ MBIIUPUHY 3.3 Aidl A, BIZTIOBITHO, B MUX JIHIAX.
MaruiTHe 110J1€ y Cliajlaxy, BUMIpsiHEe 32 PO3LIEIJIEHHSIM BY3bKOI KOMIIOHEHTH, 3MIHIOEThCS B KaPTHUHHIHN 1JIOLIMHI
it mocarae 1300 £+ 200 I'c mo mimii K Ca II i 2100 4+ 200 I'c mo simii He I. Taki ocobsmBocTi Oy/im BuUsiBJIeHI HA
pucorax npubsmsno 10-14 Mwm max pisaem dorocdepu. Bakinso miakpecinTu, mo AiCHI BEIMYNHA JIOKATIBHIX
MarHITHUX MOJIB y CIAIaXy MOTJIN OyTH Iie GiIbIIMME, M03asK OTPUMAH] Pe3yJIbTaTH IPEACTABIISIOTH O310BXKHIO
KOMITOHEHTY MAarHITHOTO TIOJisl, IPUTOMY Y IPHUIIYIEeHH], M0 GakTop 3amoBHeHHs 0au3bKuil mo omguawnti. [Ipodini
BY3bKOI KOMITOHEHTH € TayCCOBUMH, IO BKA3y€ HA MAJIy ONTUYHY TOBILY eMIicil i Ha BiICYyTHICTH 3HAYHIX MaKpO-
ckomiuHux pyxis. lle 703BO/IMIIO OTPpUMATH IIPOCTI OWIHKY KiHeTHYHOI Temieparypu 1 1 TypOy/reHTHOI NIBUIKOCTI
Eturb HA OCHOBI HOPIBHAHHS JOMILIEPIBCOKUX HIMPUH JOCLIZKEHUX ABOX JIiHil. Buasuiocs, mo T = 17000 + 1000
K i &ub = 10.8 £ 0.3 kM/cek, 1o 106pe y3roaxKyeThest 3 JAaHUMY IHITUX aBTOPIB /Il COHSYHUX CIIAJIAXiB.

Kurouosi cioBa: Conie, COHSYHA aKTUBHICTH, iMOOBUH coHsiunuil cnanax, npodini muit K Ca II i He I,
COHSYHI MAarfiTHi moJisd, “KiorayccoBi” HaIpyKeHOCTi, TypOyIeHTHI IIBUIKOCTI.
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