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Abstract—Spectra of an Ellerman bomb in the NOAA 11024 active region were obtained in spec-
tropolarimetric observations with the French—Italian THEMIS telescope (Tenerife, Spain). The vari-
ations of profiles of the Stokes parameters /, Q, U, and V of photospheric lines were analyzed. The cho-
sen lines had different intensities and magnetic-field sensitivities. It was found that the photospheric
line profiles in the Ellerman bomb spectra differed greatly from the profiles for the quiet photosphere
outside the active region. The Stokes [/ profiles of photospheric lines in the Ellerman bomb spectra
were much weaker. The largest values of the Stokes parameters Q, U, and V were derived for the Fe I A
630.25 nm magnetosensitive line. The Stokes parameter V' was the highest in the central region of the
Ellerman bomb, while the maximum Q and U parameters were observed at one of the edges of the
Ellerman bomb. It follows from the comparison of the Stokes parameters for the Ellerman bomb and
microflares that the Q, U, and V parameters for the bomb are much higher than those for flares.

DOI: 10.3103/S0884591316010050

INTRODUCTION

Ferdinand Ellerman had observed short-term intense brightening in the wings of hydrogen lines (the
cores of lines remained unchanged) in the solar spectra in 1917 and called the discovered structures solar
hydrogen bombs [7]. Andrei Severny had later termed them “moustaches” [24]. Ellerman bombs (EBs)
often emerge near spots in the region of emergence of magnetic flux. EBs were the subject of a great num-
ber of studies (see, for example, [1, 3, 9, 12, 18, 19, 22, 26—28]). Chromospheric lines H, and Ca II A

854.2 nm were analyzed in the majority of these papers.

The morphological properties of EBs were characterized in [13, 15, 17, 28]. They have an elongated
shape, small sizes (1—2"), and a lifetime of several minutes (or longer). Ellerman bombs are observed not
only in hydrogen lines but also in the Ca I1 A 854.2 nm, Ca Il IR, Ca II H, and K lines and in the contin-
uum at wavelengths A = 160 and 170 nm. The analysis of images of EBs shows that their morphological
properties vary with wavelength. The bombs were not visible in the images corresponding to the Fe 11 A
30.4, Fe IX A 17.1, and Fe XIV A 21.1 nm lines. This suggests that EBs are not present in the corona and
the transition region [26]. The authors of [22] have analyzed and compared three-hour-long films made
of EB images, which were obtained at different wavelengths using the Danish telescope, and found that
the regions of increased intensity in the wings of the H, line sometimes coincide with network bright
points that mark strong-field magnetic concentrations (MCs). No magnetic flux emergence was observed
in these regions. The authors concluded that EBs should be distinguished from such magnetic field con-
centrations and noted that several studies focused on EBs were actually concerned with MCs.

Although a considerable number of papers on EBs have already been published, much still remains
unclear. It should be noted the great diversity of opinions regarding the location of emission in the solar
atmosphere and the models and mechanisms of EBs formation. The authors of [3, 18] have performed
numerical modeling and analyzed the formation of EBs due to the emergence of serpentine magnetic field
and its interaction with the existing magnetic field in the active region. This interaction results in a series
of magnetic reconnection events. The authors hypothesized that magnetic reconnections may occur at
various levels of the solar atmosphere. It was assumed in [29] that EBs emerge as a result of magnetic
reconnections in the lower solar atmosphere. The Joule dissipation is responsible for an increase in tem-
perature. The linear polarization in the H, line observed in [9] was interpreted as impact polarization by
an electron beam with an energy of several hundred kiloelectronvolts. The authors of [6] considered the
possibility of injection of high-energy particle beams from the corona or in the middle chromosphere and
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Fig. 1. White-light image and magnetogram of the NOAA 11024 active region obtained by MDI aboard the SOHO obser-
vatory on July 4, 2009. Vertical lines denote the position of the spectrograph slit. The Ellerman bomb location is marked
with an arrow.

below. It was noted in [21] that different mechanisms may correspond to different EB types. The opinion
that Ellerman bombs originate in the photosphere and are produced by reconnections prevails now [16,
22, 26, 28]. It is assumed that the heating of the photosphere and the temperature minimum region [21]
play an important part in the formation of EBs.

The results of spectropolarimetric observations of an Ellerman bomb, which were conducted by
E.V. Khomenko with the French—Italian solar THEMIS telescope (Tenerife, Spain), are presented below.
The profiles of the Stokes parameters of photospheric lines are analyzed.

OBSERVATIONS

E.V. Khomenko conducted spectropolarimetric observations of the NOAA 11024 active region on
July 4, 2009, with the French—Italian solar THEMIS telescope (Tenerife, Spain) in the multiline spec-
troscopy mode [14]. The observations are described in detail in [10, 11]. The NOAA 11024 active region
appeared at the east side of the solar disk on June 29, 2009, in the form of facula regions and evolved rap-
idly, while its magnetic field became more complex in structure. On the day of observations, NOAA 11024
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Fig. 2. Spectrograms with the Ellerman bomb image in the H, line obtained using the THEMIS telescope at 10"10m18°
(lower panel) and 10711726° on July 4, 2009.
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Fig. 3. Variation of / intensity (in arbitrary units) in the center of the H line (curve I), in its red wing (2), in its blue wing
(3), and in the continuum at A = 630—630.5 nm (4) along a section of the active region at 10"10™18* UT. Vertical lines
denote different sections (sections 4 and D are located at the edges of the Ellerman bomb, while sections B and C are in
the central region).

was not far from the solar disk center and was the only one on the disk. Magnetic flux emergence (its main
phase) occurred within this region [25]. This emergence was characterized as a serpentine one in [25]. The
region was highly active at the day of observations and produced many flares and eruptions [25]. A number
of time series of spectra of the active region in different wavelength intervals with a spatial resolution of
approximately 1” and a time resolution of ~3 s were obtained in the course of the day. Several EBs are
present in the H_-spectra obtained with THEMIS; one of these bombs is discussed in the present study.
Six high-quality spectra obtained at 10710”18°, 107107325, 107107475, 107117015, 10711™15°, and 10"11726°
were used in the analysis.

Parameters of the chosen spectral lines

A, nm Element EPL, eV &t d

630.15 Fel 3.65 1.7 0.72
630.25 Fe I 3.69 2.5 0.65
630.35 Fel 4.32 1.3 0.05
630.38 Til 1.44 0.9 0.08
611.11 Ni [ 4.09 1.2 0.32
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Fig. 4. Profiles of the Stokes parameters of the Fe I A 630.25 nm line for four sections of the Ellerman bomb at 10"10™18° UT
(solid curves correspond to section A, short and medium-length dashes denote sections B and C, and dotted curves cor-
respond to section D). The [ profile for the quiet photosphere is represented by long dashes.

Figure 1 shows the white-light image and the magnetogram of the active region. These were provided
by the Michelson Doppler Imager (MDI) [23] aboard the SOHO space observatory. The EB under study
emerged near a group of pores of different polarities in the region of emergent magnetic flux. Vertical lines
denote the position of the spectrograph slit. The field of view of the telescope is divided into three parts
with a length of approximately 11 Mm.

Figure 2 shows the spectrograms with the EB image in the H,, line obtained with THEMIS at 10710"18°

and 10”711726°. The intervals between parts of the field of view of the telescope are marked with black hor-
izontal lines. The studied area of the active region is located between these lines. Very bright stripes (man-
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Fig. 5. Same for the Ni I A 611.11 nm line.

ifestations of the EB) in the wings of the H,, line are visible. The stripe in the blue wing of the line is much
brighter than that in the red wing. The EB size along the spectrograph slit is approximately 2". The fine
structure of the H, line in the vicinity of the EB is indicative of strong motions in the chromosphere; a
great number of jets are visible in the spectra.

Figure 3 shows the variations of intensity across the dispersion in the center of the H, line, in its red
and blue wings, and in the continuum at A = 630—630.5 nm. The intensity peaks in the wings of the H,,
line correspond to the EB. The peak in the blue wing is much higher than the one in the red wing. No
increase in the continuum intensity is observed in this region within the A = 630—630.5 nm interval. It can
be seen that the EB region at A = 630—630.5 nm corresponds to two intergranular gaps. No significant
variations of intensity in the center of the H, line are observed. Vertical lines in Fig. 3 denote four sections
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Fig. 6. Stokes profiles of the Fe I A 630.25 nm line for section B and four moments of the observations at 10710™18° UT
(solid curves), 10710475 UT (short dashes), 10”11”15° UT (long dashes), and 10711726* UT (dotted curves).

of the active region that were chosen for analysis. Sections B and C go through the central part of the EB,
and sections 4 and D are at the EB edges. The distance between these sections at the Sun is 457 km.

STOKES PROFILES OF PHOTOSPHERIC LINES

The parameters (wavelength, element, excitation potential of the lower level [20], Landé factor [4], and cen-
tral depths of the line profiles for the quiet photosphere in the solar disk center [5]) of photospheric iron, tita-
nium, and nickel lines that were used to study the EB are listed in the table. The lines differ in intensity and mag-
netic sensitivity. The Stokes 7, Q, U, and V profiles of these lines for sections A—D and a quiet photosphere sec-
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Fig. 7. Comparison of the Stokes profiles of the Fe I A 630.15 nm line for the EB at 10710™33° UT (solid curves) and the
microflare (dashed curves).

tion outside the region under analysis were obtained after processing the data. The residual intensity errors were
approximately 1% and 0.003 (Q, U and V). It should be noted that parameters Q, U, and V for the Fe |
A 630.34 nm and Ti I A 630.38 nm lines with a low magnetic sensitivity are very small.

The Stokes [ profiles of photospheric lines derived from observations of the EB differ greatly from the
profiles for the undisturbed photospheric region in their residual intensity and half-width. This probably
indicates that the thermodynamic parameters of the EB photosphere deviate considerably from the quiet
photosphere parameters. The Stokes 7, O, U, and V profiles for different EB regions also differ greatly.

Figure 4 shows the Stokes profiles of the A 630.25 nm iron line for different EB sections observed at
10710™18°. The Stokes I profiles of the Fe I A 630.25 nm line in the EB center are 18—23% weaker than the
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profiles for the quiet photosphere, while their half-widths are 5—8.5 pm (40—70%) larger. At the EB edges,
the line is 9—13% weaker, and its half-width is 1.5—5.5 pm (10—40%) larger. The deviations of the central
depth and the half-width of profiles of the Fe I A 630.15 nm line are somewhat smaller. The Stokes V pro-
files are maximized in the central EB region. The largest values of the V parameter (up to 0.06) are
observed in the Fe I A 630.25 nm line, which is the most magnetosensitive. The V' parameter values at the
EB edges are lower by 0.01—0.04. The blue wing of V profiles is generally more intense than the red one.
The Stokes Q and U parameters are also maximized in the Fe I A 630.25 nm line and are as high as 0.02.
In most cases, they are the highest in sections A and B and decay from one section to another, dropping to
zero (or a negligible value) in section D. The same is true for parameters Q and U obtained at later obser-
vation times. In some cases, their shapes in different lines and different sections vary.

Figure 5 shows the Stokes profiles of the nickel A = 611.11 nm line for the same observation time and
different cross sections. The Stokes / profiles of this line in the EB center are 9—11% weaker than the pro-
files for the quiet photosphere, while their half-widths are 20% larger. At the EB edges, the I parameter is
3—4% weaker, and the half-width is 10% larger.

The deviations of the central depth of profiles of the Fe I A 630.34 nm and Ti I A 630.38 nm lines from
the quiet photosphere profiles do not exceed 2—3%.

The Stokes profiles varied with time. Figure 6 presents a comparison of the Stokes profiles of the
Fe I A 630.25 nm line in section B in the central EB part observed at 10710™18%, 10710747¢, 10"11"15°, and
1071126°. The central depth of the Stokes / profiles of this line varied within 5% from one moment of the
observation to another. Similar variations were obtained for the Fe I A 630.15 nm line. The central depth
of the Ni I A 611.11 nm line varied by <2.5% throughout the observations, and its variations for weak
Fe I X 630.34 nm and Ti I A 630.38 nm lines did not exceed 2%. The shapes of Stokes U and V profiles of the
FeI X 630.15nm, Fe I A 630.25 nm, and NiI A 611.11 nm lines remained almost unchanged throughout
the observations, but the parameter values varied. The parameters were at their maximum at 10710™18?,
while their values at 10”10”47 were two times lower.

Large differences between the Q parameters of the Fe I A 630.15 nm and Fe I A630.25 nm lines at the
first observation and at later times may be noted (Fig. 6). No such discrepancy is found for the Ni I A
611.11 nm line. Smaller variations of the central line depth and the Stokes parameters Q, U, and V' with
time were obtained for section C that also goes through the central EB part. Time variations of the Stokes
profiles were also detected in sections A and D. The highest parameter values were generally found in the
first two moments of the observations.

COMPARISON OF THE STOKES PROFILES OF PHOTOSPHERIC LINES DERIVED
FROM OBSERVATIONS OF THE ELLERMAN BOMB AND MICROFLARES

A microflare of X-ray class B3 emerged on the day of spectropolarimetric observations with THEMIS
at 12"03™30° in another part of the studied active region [10]. It is known that EBs and microflares share
common features: they are small-sized, have short lifetimes, and are accompanied by jet-like matter
movements. It is instructive to compare the Stokes profiles of the studied lines in the spectra of this
microflare and the Ellerman bomb.

Figure 7 shows the Fe I A 630.15 nm line profiles at the time of observations of the microflare and the
EB when they undergo the greatest changes. The Stokes 7 profiles derived from EB observations turned
out to be weaker and wider than the profiles for the microflare. The Stokes parameters Q, U, and V for the
EB are considerably (by a factor of two on average) higher than those for the microflare. The same is true
forthe Ni1A 611.11 nm and Fe I A 630.25 nm lines. The Q and U parameters of the Fe I A 630.25 nm line
for the EB have a more complex shape than the corresponding parameters for the microflare. The com-
parison of the Stokes parameters derived from observations of the EB and a weak Sf/B6.8 flare on May 28,
2012, yields the same result [2]. Weak Fe I A 630.34 nm and Ti I A 630.37 nm lines differ only slightly in
the central depth of profiles but are wider than the lines in spectra of weak flares.

CONCLUSIONS

The results of spectropolarimetric observations of an Ellerman bomb with the French—Italian THE-
MIS telescope were presented. The variation of the Stokes profiles of five photospheric lines of iron, tita-
nium, and nickel in different EB sections during the observations was analyzed. The lines had different
intensities and magnetic sensitivities. It was found that the line profiles in the EB spectra differed from the
profiles for the quiet photosphere outside the active region. The Stokes I profiles for the EB were much
weaker. The largest deviations of their central depth and half-width and the highest values of the Stokes
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parameters Q, U, and V were derived for the Fe I A 630.25 nm magnetosensitive line. The Stokes parameter
V' was the highest in the central EB region (sections B and C), while the maximum Q and U parameters
were observed at sections A and B. The comparison of the Stokes parameters for the EB and microflares
showed that the Q, U, and V' parameters for the EB were much higher.

The obtained data suggest that the thermodynamic parameters and characteristics of the EB magnetic
field deviate considerably from the parameters of the quiet photosphere and microflares. This may be due
to magnetic reconnections in the lower atmosphere.
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