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ABSTRACT. The results of studying in details the
features formation and development of the Ellerman bomb
(EB) and accompanying Ha-ejections arose on the NOAA
11024 active region site, are presented. This site was in the
region of emerging new magnetic flux. Spectral data with
high spatial and temporal resolution were obtained with the
French-Italian solar telescope THEMIS on July 4, 2009.
Spectra with the Ha line and with the spectral region A\ =
630 nm were used. Stokes I profiles were obtained with an
interval corresponding to 160 km on the Sun surface.

The Ha line profiles obtained for different periods of EB
development were asymmetric with an excess of emission
in the short-wavelength wing. The temporal variations of
intensity in the Ha line wings at distances +0.1 and +0.16
nm from its center indicated that two periods can be distin-
guished in EB evolution: the preheating phase and the flar-
ing phase, during which the gradual and pulse energy re-
lease occurred.

Ha-ejections (surges) are small-scale eruptions of cold
matter in the solar atmosphere. In all spectra they were vis-
ible in the absorption. The surge profiles were projected
onto the blue or red Ha line wing. Its Doppler shifts were
used to calculate the line-of-sight velocities (Vlos) of chro-
mospheric matter in surges. The velocity distribution in the
surges indicated their multi-flow structure. One of the
surges showed signs of plasma vortex motions. Most surges
occurred with a high velocity — Vlos up reached -110 km/s,
and down to 90 km/s.

We obtained temporal Vlos variations in a wide interval
(140 — 490 km) of photospheric heights for the area of EB
development and its immediate surroundings. At all photo-
spheric levels predominantly upward motions were found.
In the central part of the EB in the upper layer of the pho-
tosphere the Vlos varied between -0.5 + 0.2 km/s, in the
lower layer —-1.1 + -0.1 km/s. An increase the core inten-
sity of all photospheric lines was correlated in time with an
increase of the emission intensity in the Ha line wings.

The new observational data for the Ellerman bomb and
accompanying Ha-ejections, which have been obtained and
analyzed, can be used to verify existing and create new
theoretical models.

Keywords: Sun, chromosphere, photosphere, Ellerman
bomb, surges, line-of-sight velocities.

AHOTALIS. TlpencraBieHo pe3yiabTaTH JETAIbHOTO
BHUBYCHHS 0cO0MMBOCTEH (POPMYBaHHS Ta PO3BUTKY OOoMOU
Emnepmana ta cynyTHix i#f Ho-BukuziB, Mo BUHUKIA Ha
minsHOl akTtuBHOI oOmacti NOAA 11024, Is ninsHka
3HaXoMIacs B 00JIacTi MMOSIBM HOBOTO MarHiTHOTO MTOTOKY.
CriexTpaipHi JTaHI 3 BHCOKOIO IIPOCTOPOBOIO 1 YacCOBOIO
PO3MIBHOIO 3MATHICTIO OyJI0 OTpUMaHO Ha (ppaHIly3BKO-
iTaniiicekomy consyHomy teneckorni THEMIS 4 nunns
2009 poky. Mu Bukopucranmu cnekTpu 3 Ho-niHiero
(1eHTpanbHA YaCTHHA) Ta 3 CHEKTPAIHLHOI0 O0JIACTIO AN =
630 M. IIpodini Ctokca I Gyii0 oTpumaHo 3 iHTEpBaAIOM,
1o BiamoBigae 160 kM Ha noBepxHi COHIIS.

Ipodimi minii Ho, oTpumani mns pi3sHEX mepioniB
po3Butky BE, Oy acuMeTpUYHUME 3 HAIUIAIIIKOM eMicii
B KOPOTKOXBHJILOBOMY KpWIi. 3MiHH IHTCHCHBHOCTI B
kpunax JiHii Ho Ha Bincransax +0,1 140,16 HM Bif 1l HeHTpY
BKa3yBaJIM Ha Te, 0 B eBomonii BE MoxHa BuninmTH 1Ba
mepioan: ¢a3y MOMepeTHhOro HArpiBy i crmanaxoBy (dasy,
mil 4ac sIKMX BiOyBajocs IIOCTYNOBE Ta IMITyJIbCHE
BUJIUICHHS €HEpPTii.

Ho-Bukumu  (Cbopxki) 1€ HEBEIMKI BUBEP)KEHHS
XOJIONHOT pPEevYOBMHU B COHs4HIA aTMocgepi. Ha Bcix
CIeKTpax iX BWAHO B moriuHaHHi. [Ipodini cbhopxkei
TMPOEKTYBAJINCA Ha CHHE abo 4epBoHe Kpuio midii Ho. Ix
JIOIIEPIBCHKI 3CYBU OYJI0O BUKOPHCTAHO JUIS PO3PaxyHKY
rpoMeHeBOT IBUIKOCTI (Vpon) XpOMOCHEPHOT peUOBHHH B
chopxax. Po3monin mBuaKocTel y chbopkax CBIAYUTH PO
iX 0araTormoToKoBy cTpykTypy. OIuH 31 CBOpXKIB MaB
O3HaKH pPYyXy IUIA3MOBOIO BHUXpPY. BUNBIIICTH CHOPKIB
3°SIBJISUTNCS 3 BEJIMKOIO MIBUIKiCTIO — V10s Bropy gocsraina
-110 xm/c, a moru3y — 10 90 km/c.

Mu otpumanu uacoBi Bapiauii Vmpow y HIHPOKOMY
iarepBaii (140 — 490 kM) doTtochepHUX BHCOT LI
obmacti po3Butky BE Ta ii okomumii. Ha Bcix piBHSIX
¢dotochepn BUSABIECHO, TMEPEBAXHO, BUCXITHI pPyxXH. Y
neHrtpanbeHiii yactuni BE y BepxaboMy mapi doTtocdepu
Vlos konmuBanacs B mexax -0,5 + 0,2 km/c, y HIDKHBOMY
mapi — -1,1 = -0,1 km/c. 306iipIIEHHS IHTEHCUBHOCTI B
sapax Bcix (orochepHUX JiHIK KopemoBaio B daci 3i
30UIBIICHHSIM IHTEHCUBHOCTI eMicii B kpriax JjiHii Ho.

Hosi nani cnoctepekens st 6omOm Emnepmana ta
cymytHix 11 Ho-BukupaiB, ski Oymo oTpumaHo i
MIPOaHaJIi30BaHO, MOXKEe OyTH BUKOPUCTAHO AJIS IEPEBIPKH
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ICHYIOUHX 1 CTBOPEHHS HOBUX TEOPETUIHUX MOJIEIICH.

KoarouoBi caoBa: Conue, xpomocdepa, dorochepa,
6omb0a Emtepmana, ChOpiKi, IPOMEHEBI IBUIKOCTI.

1. Introduction

Among the many manifestations of solar activity, such
fine scale, short and impulsive events as Ellerman bombs
and chromospheric ejections play an important role. They
arise in the lower solar atmosphere as a result of magnetic
reconnection processes during the interaction between the
new emerging magnetic flux and the already existing
magnetic field. Such small-scale magnetic reconnections can
affect the energy balance of the solar chromosphere — they
effectively help inject dense plasma into the upper
atmosphere. EBs are often accompanied by small, short-term
chromospheric surges (Fang et al.,, 2006). Since their
dynamics is the movement of plasma along the force lines of
the magnetic field, surges are useful for studying the
structure of the magnetic field and its changes. Many articles
emphasize the importance of detailed studies into the
formation and development of individual chromospheric
structures such as EBs and Ha-ejections based on
observational data with high spatial and temporal resolution.
Also, special attention should be paid to how these dynamic
phenomena interact with each other (Nelson et al., 2013).

2. Observational material

Spectropolarimetric observations of the active region
NOAA 11024 were carried out with the telescope THEMIS
on Tenerife (Canary Islands) on 4 July 2009. Spectral data
with high spatial (below 1 arcsec) and temporal (about 3
seconds) resolution were obtained. During observations
from 9"52™M35° to 10"11™26°, 400 spectra were obtained. We
used two spectral regions, containing the chromospheric
line Ha (central part) and the photospheric lines Fel A
630.15, 630.25, 630.35 nm, and the Til A 630.38 nm. Figure
1 presents Hao spectrum. The field of THEMIS vision is
divided into three parts. The spectrum number and the time
it was received are given. The position of the EB (two long

L2

L1

emission bands in the Ha line wings), pore and surges (dark
details) that existed on the site at that time are indicated.
The site which we are investigating is marked L1, its length
was 10 Mm. It was located in the region of the emerging a
new magnetic flux in the form of a serpentine magnetic
field (Valori et al., 2012). The AR site without active
formations and located outside the region of the emerging
magnetic flux is marked L2. The availability of this site
spectrum gave us an opportunity to study the changes that
took place in the solar atmosphere at the L1 site under the
influence of the developing EB and chromospheric surges.

3. Ellerman bomb
3.1. Chromosphere

The spectra were used to obtain Stokes I profiles of Ha
line with an interval corresponding to the distance of 160 km
on the Sun’s surface. Figure 2 shows the Ha line profiles for
the EB central part with the maximum emission intensity
increase in the blue wing up to 73% (profile 1) and in the red
wing up to 35% (profile 2), which occurred at a distance of
approximately +0.16 nm from the line core. For comparison,
profile 3 for section L2 is shown. The work (Pasechnik,
2021) detailed the features of the EB development during our
observations. Figure 3 shows temporal variations of the
emission intensity (EB light curves) in the short-wave (blue
curve) and long-wave (red curve) Ha line wings at distances
of £0.16 nm from its center for the EB central part. The
numbers indicate the moments of intensity peaks. Two
periods can be distinguished from the obtained EB light
curves. The first period, during which the intensity changed
little, lasted approximately 8 min (9:57:05 — 10:05:21 UT).
It consisted of three intensity peaks with a time interval of 1
min 45 sec. The second period of approximately 6 min
(10:05:21 — 10:11:26 UT), during which EB brightness was
increasing, consisted of five intensity peaks (interval ~1
min). The light curves of the studied EB obtained in this
work show that we observed two phases of its evolution: the
preheating phase and the flaring phase, during which the
gradual and pulse energy releases occurred.

09:57:19U0T

Figure 1: Ha-spectrum of the AR site. EB — Ellerman bomb. L1, L2 — see text. The numbers in the fig. correspond to
the surge numbers. Vertical lines A are the photometric sections across spectra at the distances of +0.16 nm from the

line center.
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Figure 2: Profiles of the Ha line for EB region (1 and 2) and Figure 3: Temporal variations of the emission intensity

profile (3) for the AR site L2. | is given in arbitrary units. (EB light curves) in the Ha line wings at the distances of
+0.16 nm from the line core, in the short-wave (blue line)
and long-wave (red line) wings.
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Figure 4: Variations of the photospheric line central intensities along the spectrograph slit at different observation
moments: a, ¢ — 9:57:05, 9:59:41, 10:01:06, 10:02:31 UT, curves 1-4, respectively; b, d — 10:06:31, 10:07:42, 10:08:25,
10:09:22, 10:10:32 UT, curves 1-5, respectively.

3.2. Photosphere designated — Fel-1, Fel-2, Fel-3 and Til, respectively. The
central intensities of the two first and two last lines should

The spectral region of A= 630 nm was used to study the  be formed in the upper and lower photospheric layers.
changes of physical conditions at different photospheric Figure 4 shows variations of the photospheric lines central
levels in the process of EB evolution. This region includes intensities 1/lc along the spectrograph slit at different
lines that are formed in a wide range of heights: two strong  observation moments. The area where the EB was located is
Fraunhofer lines Fel A 630.15, 630.25 nm and two weak very different in the upper and lower photosphere of
lines: Fel A 630.35, Til A 630.38 nm, they are in the text increased intensity. The greatest increase I/lc (red curves)



Odessa Astronomical Publications, vol. 36 (2023)

0,6 AL, nm

Figure 5: The Ha line profiles (2 -6) for AR site L1 for
the observation moment of 10:07:42 UT and profile (1)
for the AR site L2. The numbers correspond to the
surge numbers.
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Figure 6: Temporal variations of the line-of-sight
velocities matter in the EB central part in the upper (Fel-1
and Fel-2 lines) and in the lower (Til and Fel-3 lines)
photospheric layers. Negative velocity values correspond
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to motions directed toward the observer.

Figure 7: Ha-spectra of the AR site. The numbers correspond to the surge numbers.

occurred simultaneously at all photospheric levels.
Horizontal movement of matter took place near the EB area
(panel d). Figure 5 shows that an increase the central
intensity of all the studied photospheric lines was correlated
in time with an increase of the emission intensity in the Ho
line wings (Fig. 3).

We obtained temporal Vlos variations in a wide interval
(140 — 490 km) of photospheric heights for the area of EB
development and its vicinity. At all photospheric levels pre-
dominantly upward motions were found (Fig. 6). At the
same time, a noticeable decrease of the Vlos magnitudes
was observed at the EB location. In the central part of the
EB in the upper layer of the photosphere the Vlos varied
between -0.5 + 0.2 km/s, in the lower layer — -1.1 + -0.1
km/s. A similar Vlos distribution in the photosphere was
obtained in (Pasechnik, 2019). Perhaps it is characteristic
of EBs formed in the emerging magnetic flux region. The
largest changes of Vlos occurred during the Ha-ejection
formation near the EB and which had signs of plasma vor-
tex motions. At that time, downward matter flows with
Vlos of 0.2 km/s were observed in the upper photosphere.

4. Ho-ejections

The features of the formation and development of all Ha
surges that existed in the AR site during our observations
were investigated. Figure 1 shows the spectrum was
obtained at the beginning of the observations. Surges 1 and
2 occurred on different sides near the pore, surges 4 and 5
—near and above the EB area development and surge 3 —in
the middle part of the site. Surges 1, 3 and 5 consisted of
one jet. Surges 2 and 4 consisted of two jets — dark details
are visible in the blue wing and in the Ha line core. Figure
8 shows the shape of the Ha line profiles obtained for the
places of maximum intensity of various surges on the 320
spectrum (Fig. 7). Depending on whether the upflows or
downflows was observed in the serge, the serge profile was
projected onto the blue ( profiles 2a, 3a) or red (profiles 3b,
6b) Ha line wing. If the surge profile was projected onto
the line core, there was Ha profile distortion and a shift of
its central part to the red or blue side (profile 2b, 6a, 5).
Doppler shifts of these components were used to calculate
the chromospheric matter Vlos in surges. The Vlos values
in the L2 section did not exceed +2 km/s. Changes in Vlos
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Figure 8: Temporal variations of the Fraunhofer lines
central intensity, which are formed in the upper (a) and
lowers (b) layers of the photosphere for the EB central part.

of the chromospheric matter along the cross section at the
surges maximum intensity site were determined. Figure 9
shows changes in the matter movement along a cross
section in one of the surges. It can be seen that this surge
was very structured. Most of the velocities change curves
consisted of several segments. This means that the serge
consisted of several smaller jets, that is, it had a multi-flow
structure. The evolution of the serge looks like this: the
serge appears with a high upward movement velocity up to
-90 — -100 km/s, over time the it decreases, but not
uniformly, sometimes accelerating, then slowing down,
surge reaches a certain height or the top of the magnetic
loop and under the force gravity action returns along the
same trajectory or along the second part of the loop. The
380 spectrum was obtained during the 5th highest intensity
peak in the EB light curve (Fig. 7). The Ha line is very
fibrous. Surges are visible in both line wings. The Ha line
central part was completely covered by dark details, a
system of arc-shaped Ha-ejections, the so-called Arch
Filament System, was formed, under which the EB
developed.

Vlos along the cross section of the serges; followed the
formation so-called Arch Filament System and studied the
changes that occurred at the photospheric different levels
under the influence EB.

The features of the change in the Ha line wings intensity
as well as the chromospheric and photospheric matter Vios
indicate that the EB and accompanying Ha-ejections,
which arose and developed in the AR site under investiga-
tion, were the result of magnetic reconnections caused by
the emergence of a new serpentine magnetic flux and its
interaction with a pre-existing magnetic field or between
the magnetic loops of the flux itself.

Acknowledgements. Very grateful to E.VV. Khomenko
and R.l. Kostyk for providing us with the data of the
THEMIS observations and the codes for their processing.

References

Fang C., Tang Y. H., Xu Z., et al.: 2006, Astrophys. J., 643,
1325.

Nelson C. J., Doyle J. G., Erdelyi R., et al.: 2013, Solar.
Phys., 283, 307.

Pasechnik M.N.: 2019, Kinem. Phys. Cel. Bod., 35, 55.

Pasechnik M.N.: 2021, Kinem. Phys. Cel. Bod., 37, 3.

Valori G., Green L. M., Demouli P., et al.: 2012, Solar.
Phys., 278, 73.



