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Abstract—The results of analysis of spectral observations of two Ellerman bombs (EB-1 and EB-2),
which were formed and have evolved in the area of emerging magnetic flux in active region (AR)
NOAA 11024, are presented. Spectral data with high spatial and temporal (approximately 3 s) resolu-
tion were obtained using the THEMIS French—Italian solar telescope on July 4, 2009. The observa-
tion duration was 20 min. The spectral region of A = 630 nm with photospheric lines forming in a wide
altitude range (neutral iron lines Fe 1 A 630.15, 630.25, and 630.35 nm and titanium line Ti I A 630.38 nm)
was examined. The brightness of EB-1 decreased in the process of observations, while the brightness
of EB-2 increased. The profiles of metal lines determined at different stages of EBs evolution were
asymmetric. This asymmetry was more pronounced in lines that had formed in the lower photospheric
layers and often had profiles with several components. The half-width of profiles increased with a
reduction in their central depth. The variation of central intensities of Fraunhofer lines in the spectra
of EBs and their vicinity at different stages of EB evolution was analyzed. The EBs formed in inter-
granular lanes. An increase in the core intensity of all the studied photospheric lines was correlated
spatially with an increase in the wings intensity of the H, line. Brightness variations at all photospheric
levels were of an oscillatory nature with an interval of 1—5 min. The observed temporal variations of
Fraunhofer line intensities in the spectra of the studied AR section suggest that the emergence of the
new magnetic flux induced consecutive magnetic reconnections in the EB-1 region, the excitation
propagated along a magnetic loop and initiated the formation of EB-2, and the two bombs then
evolved as a physically connected pair.
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INTRODUCTION

Ellerman bombs (EBs) are one of the most intriguing manifestations of solar activity. The first H,
spectra of EBs were obtained in the process of visual and photographic solar observations performed by
Walter Mitchell in 1909 (at Haverford College) and Ferdinand Ellerman in 1915 (at the Mount Wilson
Observatory) [10]. The spectral appearance of these phenomena earned them another name: moustaches
[6]. The most striking feature of EB spectra is bright narrow emission bands (up to 0.5 nm in width) in
both wings of chromospheric lines and strong absorption at their center.

The morphology of EBs was characterized in [13, 14, 23, 26, 27, 40]. They are short-lived small-scale
bright structures in the solar atmosphere (dots). Observations showed that they emerge primarily in young
evolving active regions (ARs) with a complex magnetic structure (in the areas of emerging magnetic flux and
in the vicinity of solar spots). It was found that their typical size and average lifetime are ~1” and ~15 min.
EBs are often accompanied by small-scale chromospheric ejections (surges), which are thought to be
associated with magnetic reconnections in the lower chromosphere [13, 24, 41]. EBs are observed most
often in the H,, line, but they are also seen as bright dots in the UV continuum near A = 160 and 170 nm,
Ca Il H and K lines, and in the Ca ITA 854.2 nm line. However, these lines reveal much fewer EBs than
H,, does [8, 16, 17, 25, 29, 31, 34]. Diffuse brightening in Na I D and Mg I b has also been reported [33].
Observations demonstrated [41] that half of all Ellerman bombs emerge and vanish in pairs.

Owing to their dynamic and explosive nature and the fact that they may influence the complex dynam-
ics of the upper solar atmosphere and contribute significantly to heating of the lower chromosphere, Ell-
erman bombs have been studied extensively in recent years [14, 26—28]. It was suggested that EBs form as a
result of magnetic reconnections in the lower chromosphere or the photosphere [8, 10, 13, 14, 30, 38, 39].
Conclusive evidence of their influence on the outer atmosphere is lacking: they are not observed in He 11
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A 30.4, Fe IX A 17.1, and Fe XIVA 21.1 nm lines [38]. It was found that EBs are associated with strong mag-
netic fields in intergranular lanes and the majority of them emerge at sites where positive and negative
polarities are driven by horizontal photospheric flows [18, 28].

The majority of studies focused on the properties of EBs rely on data obtained in observations of chro-
mospheric lines. It is typical for researchers examining and modeling the EB photosphere to consider just
the Fe TA 630.25 nm line forming in the upper photospheric layer [8, 9, 28, 32, 38].

An increase in the intensity of this line cospatial with a magnetic field concentration in the photosphere
was reported in [28]. It was found that brightenings of the wings of the H, line profile, which are inter-
preted as EBs, are often spatially correlated with increases in intensity of the Fe I A 630.25 nm line core
[28]. The authors attributed this to the fact that the lower chromosphere and the upper photosphere pro-
duce the dominant contribution to the wings of the optically thick chromospheric H, line [36]. It was con-
cluded in [28] that cospatial intensity increases in the Fe I A 630.25 nm line core and the wings of the H,,
line occurring in small bipolar regions both in observations and in simulations provide evidence in favor
of photospheric magnetic reconnections being the underlying causes of EBs.

The Ti II A 655.957 nm absorption line forming in the lower photospheric layer was used in [24] to
study the photospheric EB velocity field. Time curves of the line-of-sight velocity in the upper and lower
photospheric regions in the AR section with an evolving EB were presented in [4]. It was also suggested
that Ellerman bombs form as a result of consecutive noncontiguous magnetic reconnections in the lower
chromosphere or the upper photosphere. The results reported in [16, 21, 29] validate this assumption.

The aim of the presents study is to examine the specifics of variation of Fraunhofer lines in the spectra
of EBs in different photospheric layers by comparing them to Fraunhofer lines in the quiet photosphere
spectrum and in an AR section without active structures. The results of spectrophotometric analysis of
two Ellerman bombs (EB-1 and EB-2) observed in evolving AR NOAA 11024 on July 4, 2009, are pre-
sented below. The variation of intensities of photospheric lines in the spectra of EBs and their surround-
ings measured at different stages of EB evolution is determined and interpreted.

This study is a continuation of our earlier work [5] where the results of analysis of spectral H, observa-
tions of these two EBs were reported.

OBSERVATIONAL DATA

The studied Ellerman bombs (EB-1 and EB-2) emerged and evolved in active region NOAA 11024 [3,
22]. At the time of observations (on July 4, 2009), this AR was located near the central meridian of the
solar disk (S25E02 (—29, —449)). It rapidly became more and more active: new magnetic fluxes emerged
at different AR sections, pores and spots formed, and the number of microflares increased [12, 37]. Simul-
taneous observations in several spectral regions were conducted by E.V. Khomenko with the THEMIS
French—Italian 90-cm vacuum telescope (Instituto de Astrofisica de Canarias, Tenerife Island, Spain).
The duration of these observations was 20 min: they started at 9?30” UT and ended at 9"50” UT. Interest-
ingly, their start coincided with the initial stage of evolution of EB-2.

Figure 1 shows the H,, spectra obtained at 9"42745° UT (both EBs are seen clearly) and at 9749345 UT
(the end of observations; EB-2 is bright, while EB-1 is barely visible with faint emission remaining just in
the red wing of H,).

The Ellerman bombs formed in the region of one of the three magnetic fluxes that were emerging then
[37]. The brightness of EB-1 decreased in the process of observations, while the brightness of EB-2
increased. The results of analysis of spectral H, observations were reported in our earlier study [5]: the
SOHO/MDI AR magnetogram obtained on July 4, 2009, the studied AR section, the spectrograph slit
position. The specific features of H,, spectra measured at different time points were characterized. Tem-
poral variations of intensity in the H, wings at distances of £0.1 and +0.15 nm from the line center and
the specifics of variation of line-of-sight velocities of the chromospheric material in the region of EBs and
in the surrounding regions were studied. The obtained data suggest that these EBs had formed and evolved
as a physically connected pair.

The spectral region of A = 630 nm (Fig. 2) was used to examine the variation of plasma parameters at
different photospheric levels in the process of EBs evolution. This region was chosen for the reason that it
contains lines forming in a wide altitude range: two strong Fraunhofer neutral iron lines Fe IA 630.15 and
630.25 nm and two weak lines Fe T A 630.35 nm and Ti I A 630.38 nm. These lines are denoted in the text
as Fe-1, Fe-2, Fe-3, and Ti, respectively. The width of the studied spectral region is 0.55 nm. The central
depths of profiles and the altitudes of formation of centers of these lines in the quiet photosphere at the
solar disk center are as follows: d, = 0.719, 0.650, 0.045, and 0.072; h = 489, 381, 139, and 180 km, respec-
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Fig. 1. H, spectra of the AR obtained at different time points. EB-1 and EB-2 are Ellerman bombs, L is the studied sec-
tion, and L, is the AR section without active structures that lies outside the region of emerging magnetic flux.
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Fig. 2. Spectral region close to A = 630 nm with the studied lines.
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Fig. 3. Variation of the central intensity of Fe-1 along the spectrograph slit at 934035 UT. The spectral measurement
sites are marked by vertical lines 7—6.

tively [1]. The corresponding effective Landé g-factors are g = 1.7, 2.5, 1.3, and 0.9 [7]. It can be seen
that the first two lines are much deeper; therefore, it is reasonable to assume that weaker lines are pro-
duced at lower altitudes both in the quiet photosphere and in the active region. In other words, the central
intensities of the first and the last two lines should form in the upper and the lower photospheric layers,
respectively.

VARIATIONS OF PHOTOSPHERIC LINES IN THE SPECTRA OF ELLERMAN BOMBS
AND THEIR VICINITY

Shape of Profiles. The Stokes / profiles obtained at different distances from the center of EB-1 (with
160-km-long intervals) were studied. Figure 3 shows the distribution of the central intensity of Fe-1 along
the spectrograph slit obtained at 9734703* UT with indicated measurement sites and their numbers. The
shape variation of profiles of photospheric lines in the spectra of Ellerman bombs and their vicinity and
in the spectra measured at different stages of EB evolution is analyzed below.
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Fig. 4. Profiles of Fraunhofer lines in the EB-1 spectra obtained for different distances from the center of this Ellerman
bomb (sites /—6 in Fig. 3) at 934035 UT. Profiles 7were obtained for the AR section without active structures that lies
outside the region of emerging magnetic flux.

Figure 4 presents the profiles of lines in the EB-1 spectra at different distances from the center of this
Ellerman bomb. These spectra were obtained at 973403 UT (3 min after the start of observations). It will
be demonstrated below (Figs. 10, 11) that the brightness of EB-1 increased sharply at this point in time,
while EB-2 was at the earliest stages of its evolution. It follows from Fig. 3 that profiles / were obtained
outside the EB-1 area; profiles 4 corresponded to the EB center; and profiles 3, 5and 2, 6 were obtained
for distances of 0.33 and £0.67 Mm from the EB center, respectively. Profiles 7 obtained in an AR sec-
tion without active structures outside the region of emerging magnetic flux (L, in Fig. 1) are shown for
comparison. The central depth of these profiles differs from that of line profiles for the quiet photosphere
by 4% (Fe-1 line) or less than 1% (the other lines).

It can be seen that the profiles of lines forming in the upper photospheric layer (Fe-1 and Fe-2) are
smooth and asymmetric; their central intensity increases from the edges to the center of the EB. Residual
intensity ///. in the spectrum of the central part of the Ellerman bomb (profile 4) is 18 and 22% higher
than //1, in the surrounding photosphere (profile /) for Fe-1 and Fe-2, respectively. The short-wave wings
and the central parts of profiles / and 2 are blueshifted relative to profile 7. The central part of profile 3 is
blueshifted, while the red wing is redshifted (red asymmetry). Profile 4 for the EB center and profiles 5
and 6 are redshifted relative to profile 7and feature red asymmetry in their wings. Thus, profiles obtained
for the same distance from the EB center (£0.33 and £0.67 Mm) are shifted in opposite directions relative
to profile 7, but all of them feature red asymmetry in their wings. This is probably associated with the
upward and downward motion of photospheric material.

It is interesting to note the variation of intensity in the red wing of line Fe-2: when the residual intensity
increased at the center of the line, ///, in the red wing decreased, while the variation of ///_ in the blue
wing was within the limits of measurement error.

It is evident that the asymmetry of profiles of Fraunhofer lines forming in the lower photospheric layers
(Fe-3 and Ti) is more pronounced. Just as in the upper photosphere, profiles / and 7 are smooth. The
intensity of profile 7 is ~1% higher than that of profile 7. The central intensity of Fe-3 and Ti profiles at
the EB center is 3 and 2% higher that the central intensity of the corresponding profiles in the surrounding
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Fig. 5. Variation of (a) central depth dj and (b) FWHM A}, 2 of Fe-1 and Fe-2 profiles over the studied AR section. Ver-
tical lines mark the EB centers.
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Fig. 6. Profiles of Fraunhofer lines in the spectra for the central part of EB-2 obtained at different stages of its evolution.
Curves 1—6 correspond to the following time points: 9"31”07%, 9"35™32°, 9"38"07°, 9"44"42%, 9"47"40°, and 9"48"20° UT.

photosphere. The asymmetry of Fe-3 profiles is more pronounced: the majority of them contain several
components concentrated in the long-wave wing. The short-wave wing is smoother, but discernible com-
ponents were also occasionally observed in it. Components were often found in both wings of profiles
obtained for the central EB part. This suggests that the lower EB photosphere layers had a finer structure;
i.e., they were formed by several plasma jets with different temperatures and velocities.

The FWHM of profiles also varied. It was found that FWHM AR, , of line profiles increased with a
reduction in their central depth d,,. Figure 5 presents the variation of these quantities over the studied AR
section for lines Fe-1 and Fe-2 (vertical lines denote the EB centers). It can be seen that d, and AL, ,, varied
in the antiphase.

The temporal variation of shape of profiles of Fraunhofer lines at the center of EB-2 in spectra
obtained at different stages of its evolution is presented in Fig. 6. It should be recalled that the start of
observations coincided with the onset of evolution of EB-2; i.e., the first spectra correspond to its earliest
stages. We have determined in [5] that the H, wings intensity in the spectra in the EB-2 region started
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increasing when the observations commenced; 5 min (after 9”35”32 UT), a well-defined maximum (cor-
responding to the evolving EB-2) in the H, wings emerged in the curve of intensity variation along the
spectrograph slit. At the end of observations, EB-2 was brighter than EB-1.

Figure 6 shows the temporal variation of profiles of lines forming in different photospheric layers. Pro-
files 7 for the central part of EB-2 correspond to one of the first spectra. Their intensity ///_ is 5 and 8%
higher than that of quiet-photosphere profiles of lines forming in the upper photospheric layer (Fe-1 and
Fe-2) and 1% higher than [/, of quiet-photosphere profiles of lines forming in the lower layer (Fe-3 and
Ti). All profiles are smooth. Profiles 2—6 correspond to different observational time points (see the cap-
tion of Fig. 6). Profiles 2 were obtained at 9735”32 UT and had a distinct red asymmetry, while the blue
wing of the H,, line was the more intense one at the time [5]. Their central parts are redshifted relative
to profiles 1. The profile intensity increased by 4 and 6% for Fe-1 and Fe-2 and by 1% for Fe-3 and Ti;
AN, nincreased by 3,7, 14, and 23% for Fe-1, Fe-2, Ti, and Fe-3, respectively. It is evident that the profiles
of lines forming in the lower photospheric layer have broadened considerably relative to profile /. This
suggests that the motion of material in this region became more vigorous. It was concluded in [6] that the
Doppler contour of metal lines in EB spectra is defined almost exclusively by the velocities of turbulence-
like macroscopic motions.

The residual intensity of profiles in the EB-2 spectra generally increased until the end of observations.
The profiles are asymmetric, and this asymmetry is more pronounced for the Fe-3 line that forms in the
lower photospheric layer. It should be noted that the 7/ . and AL, , values increased nonuniformly with
time: the intensity and the FWHM of all profiles 3 were higher than the corresponding values obtained at
a later point in time (2 min later).

Figure 6 also demonstrates that the maximum //1, values were obtained toward the end of observa-

tions at 9"47"40° UT for Fe-1 and Fe-2 and at 948720° UT (i.e., 40 s later) for Ti and Fe-3. It is likely
that excitation propagated from the upper photospheric layers to the lower ones. The central intensities
and the FWHM values of profiles of Fe-1, Fe-2, Ti, and Fe-3 determined at these time points were 22,
26, 3, and 2% and 40, 47, 15, and 33% higher than the corresponding values in the unperturbed photo-
sphere, respectively.

The calculation results demonstrate that the shape of the Fe I A 630.25 nm line profile underwent the
most significant changes.

Similar shape variations of profiles of Fraunhofer lines in the spectrum of an Ellerman bomb were
reported in [2]. It was found that the profile of the Fe I A 630.25 nm line at the center of the studied EB is
18—23% weaker (and has a 40—70% larger FWHM value) than the profile in the unperturbed photo-
sphere.

Intensity Variations. It is known that the primary factors influencing all active processes in the photo-
sphere are granulation (induced by convective motion) and quasiperiodic 5-min intensity and velocity vari-
ations (driven by wave motion). The intensity and velocity variations induced by convection were character-
ized in detail in [3] through statistical analysis of observational data in the range from the continuum forma-
tion level to the temperature minimum. The relation between 5-min intensity and velocity variations and
granulation was also studied in the quiet solar photosphere for the Fe I A 532.4185 nm line.

The AR section examined in the present work was located in the region of emerging magnetic flux and
evolving EBs (L, in Fig. 1). In order to reveal changes in the physical state of photospheric material
induced by Ellerman bombs, we also studied an AR section without active structures that lies outside the
region of emerging magnetic fluxes (L, in Fig. 1). The spectra of these sections were observed at one and
the same time. Figures 7a and 7b show the variation of intensity (in arbitrary units) along the spectrograph

slit at the continuum formation level in the spectra of L, and L, at different points in time. Section L, is
located within L, and has the same length as L,. Curves [ and 6 correspond to the very start of observations
and one of the last observational time points. Granules and intergranular lanes are seen clearly; it is also
evident that the granulation pattern changed with time (as in the quiet photosphere [3]) in the course of
20-min-long observations. Granules and intergranular lanes were involved in horizontal motion, and the

area occupied by them in section L, was smaller than that in section ,. The maximum amplitude of intensity

variations was approximately 10 and 13% in L, and L'Z, respectively. The central EB parts were located in
intergranular lanes. In the process of observations, the intensity increased throughout the entire section L,
but the granule and intergranule intensity values in the region of formation of EB-1 were larger than the
corresponding values in the EB-2 region. The difference between intergranule intensities in the regions of
EB-1 and EB-2 was as large as 10% (curve 2). It should be noted that the intensity of the EB-2 intergran-
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Fig. 7. Variations of intensity along the spectrograph slit at the continuum formation level in the spectra of (a) the AR
section without active structures that lies outside the region of emerging magnetic flux (curves /—6 correspond to the fol-

lowing time points: 9"30™56°, 9"35"575, 9139™06°, 9"44™42°, 9"47™21%, and 9"48™20° UT); (b) the AR section with
evolving EBs (observational time points remain the same). Vertical lines mark the EB centers.

ular lane decreased considerably (by 8%; see curves I and 2) at the initial stage of observations, but then
increased gradually. A granule started forming at this site toward the end of observations.

The obtained data corroborate the assertion [15] that the evolution of emerging magnetic flux at the
photospheric level is characterized by distortion of the granulation pattern.

Figure 8 shows the variation of residual intensities at the centers of the studied photospheric lines in
the spectrum of L,. The variations of intensity in a granule and the adjacent intergranular lane (regions
above these granule and intergranular lane) were examined for lines forming in the lower (upper) photo-
spheric layer. It can be seen that the granule intensity at the continuum formation level is 15% higher than
the intergranule intensity. The ratio of granule and intergranule intensities at the altitudes of formation of
the studied photospheric lines changed several times in the process of observations. In certain time inter-
vals (e.g., from 9"36"26° to 9"37"54° UT), the granule was brighter than the intergranular lane throughout
the entire height of the photosphere.

Quasiperiodic intensity variations are seen clearly. In the region of formation of the Fe-1 line, they
occurred in 5-min intervals, and the central depth was 3% lower (on average) than the one in the quiet
photosphere. In the regions of formation of other lines (Fe-2, Fe-3, and Ti), the interval was ~3—5 min,
and the central depth was reduced by 1% compared to the quiet photosphere. The average amplitude of
1/1,variation at the center of Fe-1 above the intergranular lane and above the granule is 8 and 5%, respec-
tively. This agrees with the findings made in [3]. The authors of [3] have investigated the intensity varia-
tions at the center of the Fe I A 532.4185 nm line that forms, just as the Fe IA 630.25 nm (Fe-1) line, in
the upper photosphere. It was concluded in this study that stronger intensity variations occur above inter-
granular lanes. It follows from Fig. 8 that the amplitudes of ///_ variation above the intergranular lane and
above the granule in the region of formation of Fe-2 are approximately the same (6—8%). The amplitude
of I/I, variation in the lower photospheric layer (where lines Ti and Fe-3 form) above the granule is
2% and is larger than the corresponding amplitude above the intergranular lane (1%).

The central intensities of Fraunhofer lines in the spectra of EB regions and their surroundings were
determined at different stages of EBs evolution.

Figure 9 presents the intensity variations along the spectrograph slit at the centers of the studied pho-
tospheric lines at different time points. Curves / and 5 correspond to the start and the end of observations.
It can be seen that curves 7 have a clear maximum corresponding to EB-1 at all levels of the photosphere
and show signs of an intensity increase in the right wing. At subsequent time points, the intensity increase
spreads along the AR; curves 2 and 3 feature a distinct maximum corresponding to the evolving EB-2. It is
evident that EB-1 was brighter than EB-2 at the time, but it faded gradually, while the brightness of EB-2
increased with time. Curves 4 correspond to the moment when the brightness of EB-1 and EB-2 were
roughly equal. At the end of observations, EB-2 was brighter than EB-1 (curves 5).

Intensity curves 3 for Fe-1 obtained 7 min after the start the observations have a well-marked maxi-
mum corresponding to the evolving EB-2. The brightness of EB-1 was 5% higher than that of EB-2 at the
time, and the distance between the EB centers in this photospheric region was L = 1.25 Mm. This distance
increased gradually to 1.67 Mm at 942703° UT (~12 min after the start observations) and remained
unchanged at later times. Curve 5 shows that the brightness of EB-2 was 6% higher than that of EB-2 at
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Fig. 8. Temporal variation of the central intensities of Fraunhofer lines in the spectra of section L,. Solid curves corre-
spond to the granule and the region above it; dashed curves correspond to the intergranular lane and the region above it.
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Fig. 9. Variation of the central intensities of photospheric lines along the spectrograph slit at different time points. Curves
1 correspond to 93056° UT; curves 5 correspond to 9748™20° UT; curves 2—4 correspond to 9735575, 937115, and
9"44™M42° (for Fe-1); 935425, 9"36™11°, and 9"45™18° (for Fe-2); 9"35"57°, 9"37™11%, and 9"42"45° (for Ti); 9"34™17°,
9397435, and 942285 UT (for Fe-3).

the end of observations. The curves of I/, variation for Fe-2 are similar, but the distance between the EB

centers in this photospheric region increased to 1.83 Mm, and EB-2 was 5% brighter than EB-1 at the end
of observations.

It can be seen that the brightness variation in the lower photospheric layer (lines Ti and Fe-3) had a
finer structure. Apparently, the material flow at this level of the photosphere consisted of several jets with
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Fig. 10. Temporal variation of intensities of photospheric lines Fe-1 and Fe-2 at different distances from the centers of
EB-1 and EB-2 in the upper photospheric layer.

different temperatures and velocities. The central intensity of Ti and Fe-3 in the EB-1 spectra decreased
only by 0.5% (and increased by 2—3% in the EB-2 spectra) in the course of observations. The brightness
of EB-1 and EB-2 differed by no more than 1% at the end of observations. The distance between these
Ellerman bombs increased to 2.1 and 2.3 Mm at the level of formation of Ti and Fe-3, respectively.

The patterns of EB intensity variation along the spectrograph slit were generally very similar in our
observations at different photospheric levels. However, the time points of equalization of brightness of two
EB and the emergence of a well-marked intensity maximum corresponding to EB-2 differed. The distance
between the EBs became shorter with photospheric altitude. The area occupied by the Ellerman bombs
also varied and reached its maximum in the lower photospheric layer at the end of observations.

Figures 10 and 11 show the temporal variation of intensities at the centers of the studied photospheric
lines in the spectra of EB-1, EB-2, and their surroundings. Thick solid curves 4 and 3 correspond to the
central parts of EB-1 and EB-2. Curves / (EB-1) and 6 (EB-2) were plotted based on the spectra mea-
sured outside the EBs (in their vicinity). Curves 3, 5 and 2, 6 for EB-1 and curves 2, 4 and 1, 5 for EB-2
correspond to regions located at distances of £0.33 and £0.66 Mm from the centers of Ellerman bombs.
Figure 10 illustrates the /1, variation in the upper photospheric layer, and Fig. 11 presents the data for the
lower layer.

It can be seen that the brightness of EB-1 decreased in the course of observations, while EB-2 became
brighter with time. Brightness variations at all photospheric levels were of an oscillatory nature with an
interval of 1—5 min. It was noted in [19] that the evolution curves of “moustaches” have the shape of a
sequence of peaks. The central intensities of lines increased from the EB edges to their central part. The
amplitude of brightness variations also increased toward the EB centers (and increased with time for EB-2).
The variations of time curves of intensity were synchronized in the regions of EB evolution, but this syn-
chronicity subsided at the boundaries of these regions. The intensity in AR sections lying outside the EBs
(in their vicinity) varied in the antiphase.

Three distinct peaks (with 1-min intervals between them) at 97327, 9”33 and 9”34 are seen in all
EB-1 brightness curves measured in different photospheric layers within the first 3 min of observations.
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Fig. 11. Same for the lower photospheric layer (lines Ti and Fe-3).

These peaks agree well with the intensity peaks in the wings of H, (see Fig. 6a in [5]) and are indicative
of pulsed energy discharges resulting from successive magnetic reconnections. It was found in [5] that
the intensity increase in the wings of H, was not associated with any changes in the central intensity of
this line (EB-1) or coincided with a certain reduction in this central intensity (EB-2). This suggests that
magnetic reconnections occurred well below the chromospheric layer in which the core of H, forms.

The excitation caused by the impulse release of energy in the region of EB-1 started propagating along the
AR (along the magnetic loop) and gave rise to EB-2. The gradual increase in the residual intensity of lines
in the EB-2 spectra is seen in Figs. 10 and 11. It is known that EB pairs often emerge at the footpoints of
compact magnetic loops. The intensity variation curves show that the //1, values in the intensity peaks were
the highest at the center of EB-1. These peaks (although with a lower amplitude) are visible in curves 5, 6 for
EB-1 and 7, 2 for EB-2. The propagation of the region of increased intensity, which corresponds to the
evolving EB-2, along the AR is also seen clearly in Figs. 9 and 12a. The results reported in [20, 21, 28, 39, 40]
corroborate the assertion that EBs form as a result of successive intermittent magnetic reconnections in the
lower chromosphere or the upper photosphere. It was suggested in [30] that individual pulses observed in the
UV range in the process of EB evolution may be associated with pulsed reconnections. It was found in [16]
that magnetic reconnections in an Ellerman bomb are successive and periodic.

It should be noted that the intensity variation curves for the upper photosphere in the spectrum of the
central part of EB-2 agree well with the curve of intensity variation in the red wing of H,, while similar
curves for EB-1 agree with the variation of intensity in the blue wing of H, (the well-marked peak at
9%40m04° UT in the red wing of H,, is weak at the photosphere level).

The pattern of EB-1 brightness variation in the upper and the lower photospheric layers is the same.
Figure 11 shows that the curves of intensity variation for EB-2 had a finer structure in the lower photo-
spheric layer.

The changes in the central intensity of lines in the spectra of EBs and their surroundings differed in
magnitude. The residual intensity of lines Fe-1, Fe-2, Ti, and Fe-3 in the spectra of central parts of EB-1
and EB-2 changed by 15, 18, 3, and 2% and 13, 12, 2, and 1%, respectively, relative to the corresponding
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Fig. 12. Temporal variation of intensity along the spectrograph slit (a) at different photospheric levels; (b) at the contin-
uum formation level (arbitrary units; 7 and 2 denote granules and intergranular lanes); (c) in the red wing of the H, line
(in arbitrary units).

intensity in the spectra of EB surroundings. It is evident that the lower photospheric layer was hardly
affected by the excitation that gave rise to EB-2.

Figure 12 represents the variations of intensity along the spectrograph slit at different photospheric lev-
els (from the continuum formation region to the upper layers). The corresponding pattern for H,, is also

shown for comparison.

Figure 12a shows clearly that the temporal variations of intensity were of an oscillatory nature and had
a finer structure in the lower photospheric layer. The intensity variation at the continuum formation level
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is shown in Fig. 12b. The changes in the granulation pattern occurring in the course of observations are
evident. Arrows and numbers 7/ and 2 denote the granule and intergranule regions, respectively. It follows
from the comparison of Figs. 12a and 12b that Ellerman bombs formed in intergranular lanes. It was
hypothesized in [18] that the emergence of Ellerman bombs may be associated with strong magnetic fields
in intergranular lanes. Figure 12a provides a clear illustration of propagation of the excitation from the
region of EB-1 along the AR and the resulting development of EB-2 in the adjacent intergranular lane. It
should be noted that the intensity in this intergranular lane decreased considerably in the process; by the
end of observations, the intensity increased, and a new granule emerged near the intergranule. Figure 12a
also demonstrates that the brightness variations in the regions of EB evolution were synchronized. In other
words, these EBs evolved as a physically connected pair.

Figure 12¢ presents the temporal variations of intensity along the spectrograph slit in the red wing of
the H line at a distance of 0.1 nm from its center. It follows from the comparison of Figs. 12c and 12a that
the increases in intensity in the cores of all the studied photospheric lines and in the wings of H, are cor-
related spatially.

CONCLUSIONS

The results of analysis of spectral observations of two Ellerman bombs EB-1 and EB-2, which were
formed and have evolved in the area of emerging magnetic flux in active region NOAA 11024, were pre-
sented. The brightness of EB-1 decreased in the process of observations, while the brightness of EB-2
increased. The spectral region of A = 630 nm with photospheric lines forming in a wide altitude range was
examined. The variation of central intensities of Fraunhofer lines in the spectra of EBs and their vicinity
at different stages of EB evolution and at different photospheric levels (from the continuum formation
region to the upper layers) was analyzed.

The Stokes I profiles spaced by intervals corresponding to a distance of 160 km on the solar surface
were studied. The most significant changes of the profile shape were observed for the Fe IA 630.25 nm line
(the most magnetosensitive of all the studied lines). Its central depth and FWHM in the spectrum of the
EB-2 center were 50% smaller and 30% larger than the corresponding values in the quiet photosphere. It
was also found that the profiles of metal lines determined at different stages of EB evolution were asym-
metric. This asymmetry was more pronounced in weak lines with their profiles containing several discern-
ible components. This suggests that the EBs had a fine structure, and the material flow in the lower pho-
tospheric layer consisted of several jets with different temperatures and velocities.

It was found that the Ellerman bombs formed in intergranular lanes. The granulation pattern in the
EBs region was altered compared to the pattern in the AR section without active structures that lies out-
side the region of emerging magnetic flux.

The distance between the EBs became shorter with photospheric altitude. The area occupied by the
Ellerman bombs also varied and reached its maximum in the lower photospheric layer at the end of obser-
vations.

An increase in the core intensity of all the studied photospheric lines was correlated spatially with an
increase in the wings intensity of the H line.

Brightness variations in the process of EBs evolution were of an oscillatory nature at all photospheric
levels with an interval of 1—5 min.

The observed temporal variations of Fraunhofer line intensities in the spectra of the studied AR section
in the regions of EBs and in their surroundings suggest that the excitation induced by consecutive mag-
netic reconnections in the EB-1 region propagated along a magnetic loop and initiated the formation of
EB-2, and the two bombs then evolved as a physically connected pair.
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