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ABSTRACT

Context. Ellerman bombs (EBs) are enhanced emission in the wings of the He line in the solar spectrum.

Aims. We study the structure of an EB in the photosphere and chromosphere.

Methods. We analyze simultaneous observations of four chromospheric lines (Ha, Call H, Ca1ll IR 854 nm, and He 1 1083 nm) as well
as two photospheric lines (Fe1630 and Si11082.7 nm) along with high-cadence 160 and 170 nm ultraviolet (UV) continuum filter-
grams. Full Stokes data from the Helioseismic and Magnetic Imager (HMI) are used to trace the temporal evolution of the magnetic
structure.

Results. We identify the EB by excess emission in the wings of the Ha line, a brightening in the UV continuum, and large emission
peaks in the core of the two Call lines. The EB shows a blueshift in all chromospheric lines, while no shifts are observed in the pho-
tospheric lines. The blueshift in the chromospheric layer causes very asymmetric emission peaks in the Ca Il H line. The photospheric
Si1 spectral line shows a shallower line depth at the location of the EB. The UV continuum maps show that the EB was substantially
brighter than its surroundings for about 30 min. The continuum contrast of the EB from 170 nm to 1080 nm shows a power-law
dependency on the wavelength. The temperature enhancement amounts to 130 K in the low photosphere and 400 K at the temperature
minimum level. This temperature excess is also seen in an LTE inversion of the Call spectra. The total thermal and radiative energy
content of the EB is about 10%° J and 10'® J in the photosphere and chromosphere, respectively. The HMI data hints at a photospheric
magnetic flux cancellation as the driver of the EB.

Conclusions. Ellerman bombs release the energy in a height range of several pressure scale heights around the temperature minimum
such that they affect both the photosphere and the lower chromosphere.

Key words. Sun: photosphere — Sun: chromosphere — Sun: magnetic fields — sunspots — Sun: infrared — Sun: UV radiation

1. Introduction

Ellerman (1917) first reported short-lived brightenings in the
wing of the Ha line which were not conspicuous in the line-
core emission, known later on as Ellerman bombs (EBs). These
intensity enhancements are symmetric on both sides of the line
core. Subsequent observations showed that a majority of EBs
have a blue asymmetry in the He line profile (Bruzek 1972).
Extended brightenings in the wings of strong chromospheric
lines like Ha, Call, or Mgl are referred to as moustaches
(Severny 1957). Ellerman bombs and moustaches are different
names for the same phenomena (McMath et al. 1960; Severny
1968; Bruzek 1972). They usually appear in areas of emerging
magnetic flux, around sunspots, in network regions, and at neu-
tral lines (Kurokawa et al. 1982; Dara et al. 1997); they have
a fractal nature, clustering at network boundaries and in areas
of flux emergence (Georgoulis et al. 2002). Some studies made
a link between EBs and undulating field topologies in emerg-
ing flux regions (Pariat et al. 2004; Watanabe et al. 2008). Bello
Gonzalez et al. (2013) found evidence for the existence of oppo-
site magnetic polarities at the sites of three EBs.

Ellerman bombs have a typical lifetime of a few minutes, but
can live up to an hour (Kurokawa et al. 1982; Georgoulis et al.
2002; Pariat et al. 2007; Bello Gonzalez et al. 2013). The bright-

ening peaks at about Ha + 1.2 A and fades away toward +5 A

Article published by EDP Sciences

(Berlicki et al. 2010; Kneer 2010). This excess emission corre-
sponds to a temperature enhancement of 600 to 2000 K at about
the height of the temperature minimum (Georgoulis et al. 2002;
Fang et al. 2006; Hong et al. 2014). These structures are a few
arcsec in size and usually show an elongated shape (Rutten et al.
2013). They are hot structures embedded in the upper photo-
sphere and lower chromosphere. They usually show an enhanced
brightness in the continuum and strong vertical polarization sig-
nals. Some authors have attributed an energy content of about
~10"-2! J to EBs and have suggested reconnection as their trig-
gering mechanism (Payne 1993; Georgoulis et al. 2002). The
symmetric temporal profile of EBs (Payne 1993; Qiu et al. 2000;
Berlicki et al. 2010) is different from that of flare-like events
which have a short rise time and a longer decay time. This causes
a problem in attributing EBs to small-scale events like nanoflares
(Parker 1988).

From limb data, Harvey (1963) reported that EBs are placed
at a height of 400 km above the photosphere. Payne (1993),
Berlicki et al. (2010), and Bello Gonzalez et al. (2013) found
them to lie around the temperature minimum and above it.
Some authors suggested that EBs form in the low chromosphere
(Matsumoto et al. 2008), while others found that they are solely
a photospheric phenomena (Watanabe et al. 2011; Vissers et al.
2013).
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There is an ambiguity in the exact definition of EBs. While
some authors found them to be co-spatial with facular features
and network bright points (Bruzek 1972; Kitai & Muller 1984;
Stellmacher & Wiehr 1991), others argued that not every bright-
ening in the wing of Ha line is a signature of EBs (Watanabe
et al. 2011; Rutten et al. 2013). For instance, the EBs shown
by Roy & Leparskas (1973) match fairly well with the ones
shown by Pariat et al. (2007). However, it is not clear if these ob-
jects are indeed the same features reported by Ellerman (1917)
or Socas-Navarro et al. (2006). The profiles in the former case
show an enhanced emission in the Her line wing that amounts to
a small percentage (in units of the continuum intensity), while in
the latter case, the excess emission is substantial. The number of
EBs observed by different people also suggests a different nature
for the events. Nelson et al. (2013), for instance, used imaging
spectroscopy and reported 3500 EBs around a sunspot in 90 min
while Bello Gonzilez et al. (2013) used the same observational
technique and reported only three EBs in 130 min. Therefore,
there is an uncertainty in distinguishing between EBs and mag-
netic bright points in the literature (Rutten et al. 2013).

The spectropolarimetric signatures of EBs have been ob-
served in CamIR lines by Socas-Navarro et al. (2006), who
found strongly redshifted CaIrIR line profiles in the moat of
a sunspot. There are indications that some EBs are essentially
moving magnetic features (Harvey & Harvey 1973) in the moat
of sunspots (e.g., Nindos & Zirin 1998). Fang et al. (2006) and
Pariat et al. (2007) found signatures of EBs in the Call IR lines
and in Ha. These studies showed that EBs exhibit enhanced
brightenings not only in the wing of the Ha line, but also in
the wings of the CaIl IR line. Traces of EBs were also observed
in the ultraviolet (UV) continuum at 160 nm (Qiu et al. 2000;
Pariat et al. 2007), while Hashimoto et al. (2010) observed EBs
in the CaIl H line.

Ellerman bombs correspond to upflows in the mid-
dle/lower chromosphere, but mostly downflows in the photo-
sphere. Socas-Navarro et al. (2006) reported a strong redshift
(>10 kms~!) in the wing of the CaIIIR line. In their inversions,
they found that EBs can be either hotter or cooler than the sur-
rounding atmosphere. Watanabe et al. (2011) mostly found a
simultaneous redshift in the photosphere and a blueshift in the
chromosphere, but sometimes found the reverse configuration.

In this paper, we investigate the thermal and magnetic prop-
erties of an energetic event and attribute it to an EB. We present
the signatures of an EB in the spectral lines of CallH and
He11083 nm in addition to the commonly used lines of Ha
and CaIlIR. The observations and the data reduction are de-
scribed in Sects. 2 and 3, respectively. Our results are presented
in Sect. 4 and discussed in Sect. 5, while our conclusions are
given in Sect. 6.

2. Observations

The leading sunspot in active region NOAA 11191 at a helio-
centric angle of 70° was observed at the German Vacuum Tower
Telescope (VTT, Schroter et al. 1985) in Tenerife on April 13,
2011, from 07:49-08:15 UTC. The good and stable seeing
conditions during the observation and the Kiepenheuer-Institut
Adaptive Optics System (von der Liihe et al. 2003; Berkefeld
et al. 2010) provided a spatial resolution of about 1””. We com-
bined the Tenerife Infrared Polarimeter (TIP II; Martinez Pillet
et al. 1999; Collados et al. 2007) attached to the Echelle spectro-
graph, the POlarimetric LIttrow Spectrograph (POLIS; Schmidt
et al. 2003; Beck et al. 2005b), and two additional channels to
record the intensity spectra of the CaIllR line via the Echelle

A104, page 2 of 13

Table 1. Summary of observations.

Line Wavelength (nm)  Instrument

CanlH 397 POLIS

Fe1 630 POLIS

Ha 656 POLIS

He1 1083 TIP

CanrIR 854 Echelle spectrograph
UV cont.  160/170 AIA/SDO

Fe1 617 HMI/SDO

spectrograph and Ha intensity profiles via POLIS. A dichroic
beam-splitter was used to feed POLIS with visible light and TIP
with infrared light. More details of the setup can be found in
Beck & Rezaei (2012; see also Beck et al. 2007 or Kucera et al.
2008 for a similar combination using TIP and TESOS).

2.1. Infrared spectropolarimetric data

The TIP recorded full Stokes profiles of the spectral lines
Si11082.7 nm and He11083.0 nm. A slit width corresponding
to 0’36 and a step size of (/36 were used to scan a range of 54"
with a slit length of 78”. The spatial sampling along the slit (af-
ter binning) was (”’35. The spectral sampling was 1.1 pm and the
integration time per slit position was 6s. The polarimetric cali-
bration was performed using the VTT telescope model and the
near-IR instrumental calibration unit (Beck et al. 2005a). The
residual crosstalk was corrected with the statistical method of
Schlichenmaier & Collados (2002). The 1o noise level in the
TIP data is about 1.9 x 1073 [..

As discussed above, we also simultaneously recorded the
Ca1IR 854.2 nm intensity profile. The data has the same spec-
tral and spatial sampling as in the case of TIP. The reduction
procedures are discussed in Beck & Rezaei (2012).

2.2. Visible spectral data

The Ca Il H intensity profile and Stokes vector profiles of the vis-
ible FeT lines at 630.15 nm and 630.25 nm were observed with
the blue and red channels of the POLIS, respectively. POLIS
used an integration time of about 4.8 s per slit position. Details of
the calibration procedure for the calcium profiles are explained
in Beck et al. (2005b). An additional camera was installed to
record Har spectra. A spectral range of 2 nm around the He line
core was recorded. A standard data calibration procedure was
applied to the Ha data (dark current correction, flat field). The
calibrated spectra were corrected for the order-selecting prefilter
by comparing the average quiet Sun profile (at disk center) to the
FTS profile (Kurucz et al. 1984). The slit height in the He raster
scans was about 160”, which is larger than the 90 (70)” in the
POLIS red (blue) channel.

2.3. Correction for scattered light

We used the method of Beck et al. (2011) to remove the scattered
light from the Ca11 H data. As discussed by Rezaei et al. (2007a),
the amount of scattered light in the red channel of POLIS is neg-
ligible, compared to the blue channel. Hence, we did not apply
any correction to other spectral lines but CaIr H.
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Fig. 1. Overview maps of the observed area. Top row, left to right: the intensity of the Call H pseudo-continuum in the far blue wing, the outer
and inner wing intensities, and the line-core intensity (Hz). Middle row: the intensity of the Call IR continuum, the monochromatic intensity at
—10 and +5 pm from the line core, and the line-core intensity. Bottom row: the SiI continuum intensity, the polarization degree from the POLIS
Fe1630 nm data, the SiI line-core intensity, and the He I line-core intensity. The intensity maps are normalized to the nearby continuum intensity
of the average quiet Sun. The contour and circle outline a magnetic field strength of 700 G and the location of the EB, respectively. The arrow

marks the direction of disk center.

2.4. Data alignment

The continuum map in each channel was used to compensate for
the differential refraction in the Earth’s atmosphere (Filippenko
1982; Reardon 2006; Beck et al. 2008; Felipe et al. 2010). To
this end, the same method as in Beck et al. (2008) was applied
to the data. After that, all maps were aligned to the Ca1TH map,
which has the smallest field of view.

Figure 1 shows an overview of the observed region after
the alignment. The chosen wavelengths in the CallH line (top
row; see Table 1 of Rezaei et al. 2007a) trace the intensity varia-
tion from continuum-forming layers through the middle and up-
per photosphere up to the chromosphere (Cram & Damé 1983;
Lites et al. 1993; Rezaei et al. 2007a). The middle row shows
the continuum, blue and red wing intensities, and the line-core
emission of the CaIllR line that sample similar heights. The
dashed circle marks an area with explosive characteristics (large
intensity at intermediate wavelengths between continuum and
line core, blueshift in chromospheric lines). Compared to the
CamH line, the excess emission in Call IR is at a wavelength

closer to the core of the line. In the next section, we discuss the
brightening in detail and identify it as an EB.

The Si1 1083 nm continuum and line-core intensities, the po-
larization degree in the photosphere derived from the Fe 1630 nm
line, and the line-core intensity of the He11083 nm line are
shown in the bottom row of Fig. 1. Magnetic structures seen in
the map of the photospheric polarization degree have a higher
contrast in the pseudo-continuum map of CallH line (top left
panel) compared to the near-infrared (IR) continuum (bottom
left panel). There is significant polarization signal at the loca-
tion of the EB. The EB shows up in the SiT line-core intensity,
but is not clearly seen in the core of the He 11083 nm line.

2.5. AlA 160/170 nm data

Simultaneous UV maps at 160 nm and 170 nm from the
Atmospheric Imaging Assembly (AIA; Lemen et al. 2012) on
board the Solar Dynamics Observatory (SDO, Pesnell et al.
2012) were reduced and aligned using SolarSoft. This was moti-
vated by the fact that several authors have already used UV maps
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Fig. 2. AIA data. Top row: filtergrams at 160 and 170 nm co-temporal
with the profiles shown in Fig. 9. For a description of the contour and
circle, see Fig. 1. Bottom panel: temporal variation of the intensity of
the EB in AIA 160 and 170 nm images. The vertical lines mark the time
span of the VTT observations. The red line marks the time at which the
the slit passed across the EB.

as tracer of EBs. The 170 nm continuum emission forms at about
the temperature minimum (Vernazza et al. 1981). In contrast, the
160 nm data has a mixed signal both from the upper photosphere
and the transition region: the light transmitted in this filter orig-
inates from the 160 nm continuum, but has some contamination
from strong emission lines (Judge 2006; Vissers et al. 2013).

Two aligned maps with overlayed contours of the photo-
spheric field strength are shown in the top row of Fig. 2, which
shows that the EB is clearly brighter than its nearby surround-
ings. The temporal evolution of the intensity inside the circle in
the AIA data (bottom panel of Fig. 2) shows that the EB had
dropped to about half of its maximum intensity at the time when
the slit was passing over the region. The UV brightening lasted
for about 30 min.

2.6. HMI spectropolarimetric data

We gathered simultaneous Stokes maps of the Helioseismic and
Magnetic Imager (HMI, Scherrer et al. 2012; Schou et al. 2012),
a filter spectropolarimeter on board the SDO. The HMI data in
this study lasts from 07:00 to 08:36 UTC with a cadence of
12 min. The spatial resolution of HMI maps is one arcsecond,
which is comparable to our VTT data.
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3. Data analysis
3.1. Line parameters

Line-wing and line-core intensities, and line-core velocities were
determined for all strong chromospheric lines (Ha, CallH,
Ca1IR). We also determined the ratio of the violet and red emis-
sion peaks of the CallH line and the center of gravity of the
intensity at the CaIl H line core as velocity proxies.

3.2. Inversion of spectropolarimetric data

The spectropolarimetric data of Si11082.7 nm were inverted
with the SIR code (Stokes Inversion based on Response func-
tions; Ruiz Cobo & del Toro Iniesta 1992; Bellot Rubio 2003).
We only used one node for all parameters except for the temper-
ature (e.g., Beck 2008; Rezaei et al. 2012). The magnetic field
vector, the line-of-sight (LOS) velocity and temperature stratifi-
cations were retrieved from the inversion.

We used the Helium Line Information Extractor plus
(HeLIx+) code (Lagg et al. 2004; Lagg 2007) to retrieve the
chromospheric magnetic field parameters from the helium line.
We also simultaneously inverted the SiT line which returned the
same results as the SIR code (see Borrero et al. 2014 for a de-
tailed comparison of the two codes).

We inverted the Stokes profiles from HMI using the Very
Fast Inversion of the Stokes Vector (VFISV, Borrero et al. 2007,
2011) code to retrieve the magnetic field vector in the photo-
sphere (see Kiess et al. 2014 for a detailed explanation of the
inversion setup). The retrieved magnetic field vector was trans-
formed into the local reference frame. This was necessary be-
cause it would have been impossible to see any small opposite-
polarity patches in a simple LOS magnetogram given the large
heliocentric angle of the observations. The intrinsic 180° ambi-
guity in the magnetic field azimuth (Metcalf 1994; Lites et al.
1995) was resolved using the AZAM code (Elmore et al. 1992;
Tomczyk et al. 1992; Metcalf et al. 2006).

3.3. Identification of EBs

Almost all of the observed wavelength bands of the two
Ca1l lines show an intensity enhancement in the core and wing
at the location of the possible EB (Fig. 1). An inspection of the
photospheric temperature obtained in SIR inversion also showed
enhanced temperatures at all heights.

To identify any other EBs, we evaluated the Ha and
Ca1r IR line wing intensities. The He line is widely used as a
tracer of EBs, although there is no one-to-one correspondence
between brightenings in the wing of this line and EBs. Figure 3
shows the observed region at four wavelengths (80, 120, and
160 pm from the line core) in the blue wing (top row) and the
red wing (bottom row). The line-core and a red-wing intensity at
320 pm are shown in the right column. Any small-scale intensity
enhancement in a line-wing map could indicate an EB.

We limited the candidates by comparing the selected line
profiles with average quiet Sun profiles. As shown by Pariat
et al. (2007, their Fig. 10), the difference profile exhibits the
same pattern as a regular Stokes Q profile. We found only one
prominent example inside our field of view (FOV) in which a
Stokes Q-like difference profile of Ha was observed, located
at the place of the increased intensity in the Calr (Fig. 1) and
UV data (Fig. 2). In the Ho maps of Fig. 3, the EB is best seen
in a range of +80—160pm around the line core. However, it re-
mains brighter than the nearby continuum in a wavelength range
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of several Angstroms. The excess emission is symmetric with
respect to the line core: the EB is seen both in the blue and red
wings. These parameters are sufficient to identify it as an EB
(Rutten et al. 2013). As seen in Figs. 1 and 2, the EB is elon-
gated as reported in earlier observations (e.g., Georgoulis et al.
2002). The line-wing images in Fig. 3 and the analysis of the
spectral shape showed no other EB inside our field of view.

The line-core intensity of Ha (top right panel of Fig. 3) is
enhanced at the location of the EB, but this is most likely not re-
lated to the EB itself. The increase of the line-core intensity af-
fects an extended area around the EB that shows loop-like struc-
tures. The line-core intensity is not larger than, for instance, in
the network region at the lower boundary of the FOV, contrary to
the appearance of the EB in the He line-wing images. As can be
seen in the spectra shown in the top row of Fig. 9, there is a wide
emission band on either side of the Ha line core in the EB which
has an intensity larger than the nearby continuum. The intensity
of the He line core itself is only slightly higher in the EB than
in a quiet Sun reference profile. In other words, the core of the
He line at the location of the EB is slightly elevated but still in
absorption, while the line wings are in emission.

Evaluating 437 full-disk HMI magnetograms between
April 12 and 15, we find that the active region (AR) had episodes
of flux emergence during this time interval. The flux emergence
clearly continued after the formation of sunspots in the AR. This
supports the identification as an EB since EBs are mostly ob-
served in flux emergence areas and close to neutral lines.

4. Results
4.1. Doppler shifts associated with the EB

The LOS velocities of different lines are shown in Fig. 4. The
photospheric line-core velocity of the Fe1630.15 nm line was
calibrated using the nearby telluric lines (Balthasar et al. 1982;
Rezaei et al. 2006). This map (top left panel) shows a similar

pattern to the velocity retrieved from the inversion of the SiI line
(top middle panel). There is no significant Doppler shift in the
photospheric lines at the location of the EB.

The top right panel shows the center-of-gravity (COG) ve-
locity of the CamH line in a 0.1 nm band around the line core.
This map more closely resembles the chromospheric line-core
velocities of the Ha, Call IR, and He 1 1083 nm lines in the bot-
tom row than the two photospheric velocities in the top panel. All
four chromospheric velocity maps show a blueshift co-spatial to
the location of the EB. The blueshifts are largest in the helium
line (up to 40 kms™!) and often larger than 10 kms™!, although
at a heliocentric angle of 70°, a blueshift is more a horizontal
velocity than an upflow. Hence, it is not straightforward to at-
tribute them to the EB, although as we discuss below, an upflow
would be consistent with a magnetic flux cancellation event. The
velocity map of, for example, the He line-core velocity (bottom-
left panel, Fig. 4), shows loop-like structures near the EB that
perhaps cover the lower layers. The same pattern is also seen for
the line-core velocity of the Call IR, and He T 1083 nm lines. We
note the large velocity scale in comparison to the photospheric
velocities.

4.2. Chromospheric loops

As seen in Fig. 4, the EB is co-spatial with a blueshift in all
chromospheric lines.

All chromospheric velocity maps show loop-like structures.
These blueshifts are a mixture of loops and the EB. The blueshift
in the COG of CaIrH line most probably indicates an upflow in
the lower chromosphere. The same loops seen in the Ha line-
core velocity map are also seen in Call H, helium, and He line-
core intensities (Figs. 1 and 3). These loops connect the sunspot
with the opposite polarity in this active region which is located
at the bottom of the maps (see the polarization degree map in the
bottom row of Fig. 1).
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sion (G), and the LRF inclination maps of HMI data at 07:00 and 08:12 (deg). For a description of the contour and circle, see Fig. 1.

No signature of the EB is seen in the helium or Ha line-core
maps while both Ca1l lines show a brighter line-core intensity
than in a quiet Sun profile. The bright patches in the Ha line-
core intensity map have a different pattern compared to the EB
seen in the wing maps. This indicates that the EB forms at a
lower height than the formation height of the helium or He lines
and is embedded in the lower atmosphere, as already known.
The velocity map of the helium line is a result of the HeLIx+
inversion (Sect. 3.2).

4.3. Signature of a magnetic flux cancellation

There is a significant polarization signal in the photospheric area
of the EB (Fig. 1). The photospheric magnetic field strength re-
trieved from the SIR inversion (Fig. 5) amounts to 680 + 150 G
(the error shows the dispersion of values). This can be compared
with the chromospheric field strength retrieved from the HeLIx+
inversion which amounts to 460 + 70 G. Both in the photosphere
and chromosphere, the field lines are inclined, i.e., there are sig-
nificant Stokes Q and U profiles.

The magnetic flux map in the local reference frame from
the VFISV inversion at 07:00 UTC shows a patch of mag-
netic flux with an orientation opposite to that of the sunspot
close to the EB location. This patch has completely disappeared
at 08:12 UTC (Fig. 5). The temporal evolution of the region
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is shown in magnified cut-outs from the inversion results in
Fig. 6. The opposite-polarity patch reached its largest extent at
07:24 UTC, slightly before the time when the AIA UV intensi-
ties peaked (Fig. 2). The frames at 07:48 and 08:00 UTC show
little to no trace of an opposite polarity above 200 G, especially
in the inclination map (top row of Fig. 6). This indicates the can-
cellation of the magnetic flux, although the temporal cadence
does not allow a 1—1 correspondence to be attributed to the event
recorded in the spectrograph data at about 7:56 UTC (Fig. 9).

4.4. Continuum contrast of the EB as a function
of wavelength

We followed the temporal evolution of the EB in the AIA filter-
grams from 07:00 to 08:30 UTC. Figure 2 shows the light curve
of the maximum (solid) and the mean (dashed) emission inside
the circle marked in Fig. 1 that outlines the EB. The mean value
of a quiet Sun area (in the upper part of the map) is also plotted
for comparison. It shows that the variation of the EB is not due
to thermal instability, misalignment, or similar instrumental arti-
facts, but has a solar origin. The excess emission lasted for about
half an hour. The VTT observations did not catch the maximum
intensity in the AIA filtergrams, which was about a factor of two
larger than when the slit passed over the EB.
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An enhanced continuum intensity was still observed in all
spectral channels recorded at the VTT. At the longest wave-
length (1083 nm), the EB continuum has a contrast of 3%. The
enhancement in the continuum of the CaII IR line is about 6.5%.
The 630 nm and He channels of POLIS both have a contrast
of 10%, while the excess intensity in the wing of Ca Il H amounts
to 30%. The trend of increasing intensity contrast with de-
creasing wavelength continues in the UV continuum, where in
170 nm images the EB has an intensity of about 2.3 times the
mean nearby quiet Sun area. The contrast of 160 nm images,
which contains signals of transition region emission lines, are
about 5.9 times the average quiet Sun.

Figure 7 shows a double logarithm plot of the continuum
contrast of the EB in the six wavelength bands. The solid line
represents a power-law fit to all data points except the one at
160 nm. The intensity at 160 nm was not included in the fit for
two reasons: a) the intensity in this filter has contamination from
emission lines in the transition region and b) the continuum be-
low 170 nm generally has a larger formation height than the con-
tinuum at longer wavelengths and represents a mixed signal from
different layers (Judge 2006). The power-law fit reproduces the
wavelength run of the contrast with reasonable accuracy.

We used two methods to estimate the corresponding increase
in temperature. An order-of-magnitude estimate based on the
Planck function yielded a temperature enhancement of about
120 £20 K at the continuum forming layer and about 400 + 50 K
at the height of the temperature minimum of about 500 km. For
a more solid estimate of the temperature enhancement, we syn-
thesized a set of HSRA-like atmospheres with the SIR code. We
evaluated the continuum intensity in each wavelength range for
a temperature enhancement of 0—1000 K in steps of 10 K. The
thermodynamic temperature excess associated with the intensity
increase in the 1083, 854, 630, and 397 nm continuum bands
were 110, 140, 160, and 360 K, respectively. These numbers
are in good agreement with those obtained based on the Planck
function.

The infrared continuum forms at layers a few ten kilome-
ters deeper than the visible continuum. The pseudo-continuum
of CamlH line forms at about 100-200 km above the 7509 = 1
level (Fig. 5 in Rezaei et al. 2008). At a height of about 500 km
where the 170 nm continuum forms (Vernazza et al. 1981), the
temperature excess is larger than in the middle photosphere, and
the temperature excess in the middle photosphere is larger than
in the deep photosphere.

4.5. Spectral line profiles

Figure 8 shows seven profiles of the EB along with average pro-
files of quiet Sun for the 630 nm range (top row) and Stokes /

160

10?

10*

continuum contrast (%)

1080

10° ™1
10° 108
wavelength (nm)

Fig.7. The log-log plot of the continuum contrast vs. wavelength. The
160 nm data, which has contamination from transition region emission
line, was not used for the linear fit (solid line). Numbers next to each
data point show the wavelength in nm. The error bar of Call IR contin-
uum is larger mainly due to uncorrected fringes.

and Stokes V of the SiI and He 11083 nm lines (middle and bot-
tom row). A profile from a neighboring point in the vicinity of
the EB is also shown for comparison (labeled EB-n in the leg-
ends). The increased continuum intensity is conspicuous in all
panels of this figure, especially at 630 nm. The SiT line has a
shallower line depth in the EB than in the average quiet Sun pro-
file (middle row in Fig. 9). This is also clearly seen in the map of
the line-core intensity of the SiI line (bottom row, Fig. 1). There
is strong polarization signal in both the photospheric SiT and the
chromospheric He I line.

The He11083 nm line usually has strong absorption co-
spatial with the location of the EB and often shows its blue com-
ponent. Interestingly, the Stokes V profile of this component in
some cases is well above the noise level. This indicates that the
LOS component of the magnetic field is strong enough at chro-
mospheric heights to form such profiles (middle and bottom row
of Fig. 8). We note, however, that a strong helium line is typi-
cal for active region areas, so it cannot be used as a stand-alone
indicator of an EB.

Figure 9 is similar to Fig. 8 but for Ha (top row), CallH
(middle row), and CaTr IR (bottom row). The emission peaks in
the chromospheric lines are conspicuous in addition to the con-
tinuum contrast. The Ha line has a Stokes Q-like shape: two
elevated wings and a dark core, similar to the ones reported in
the literature (Vissers et al. 2013). The distance of the two emis-
sion features in the wings of He line is about 2.5 A. The blue
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Fig. 8. Line profiles. Each row shows one spectral band. The three panels in each row show individual EB profiles (EB-1..7) along with a neigh-
boring profile (EB-n) and the average quiet Sun profile. From fop to bottom: the Fel line pair at 630 nm, the He11083 nm and Si11082.7 nm
Stokes I profile, and the corresponding Stokes V profile. The profiles are located inside the circle in Fig. 1 which outlines the EB.

emission peak has an amplitude of 1.35 I, well above its contin-
uum. The telluric line at about 6564.4 A modified the shape of
the red emission peak. The depth of the central minimum with
respect to its own continuum is about twice as much as in a quiet
Sun profile (top row, Fig. 9). This hints at the existence of over-
laying fibrils that cause strong absorption in the core of the line
with a patch of embedded hot material below.

The CaIlH line has a strong red peak with an amplitude of
about 60% of the nearby continuum, while the violet peak (in all
EB profiles) does not exceed 40%. The asymmetry of the emis-
sion peaks is consistent with the observed line-core blueshift
in this and other chromospheric lines: the absorbing plasma (in
higher layer) is blueshifted so it reduces the violet peak stronger
than the red peak. Both emission peaks are much wider than the
typical H,y and Hj, emission peaks in a quiet Sun profile, with
a FWHM of about 50-100pm compared to a typical width of
25 pm in the average quiet Sun profile. This is also in contrast to
typical plage profiles (e.g., Linsky & Avrett 1970; Kneer 2010)
where both emission peaks are comparably elevated and the Hs
minimum is shallower than in a quiet Sun profile. The distance
between the H, emission peaks as well as H; minima is much
larger than in a typical quiet Sun profile (rightmost panel of mid-
dle row, Fig. 9). The asymmetry of the two emission peaks is also
seen in a nearby profile (labeled EB-n in Fig. 9). The emission
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peaks of the EB profiles (e.g., EB-1) hints at a velocity gradient
in the atmosphere or an overlap of several components.

The CanIR line shows a blueshifted line core with a large
emission peak on the red side. The amplitude of the maximum
exceeds the nearby continuum. The core of the Cam IR line has a
residual intensity that is two times larger than in a quiet Sun pro-
file. This is similar to the line-core intensity of the Cam H line,
but is in contrast to the He line core behavior. The emission peak
of the CaTl IR line has a FWHM of about 0.7 A, comparable to
the width of the H,, emission peak of the CaI1rH line.

Line profiles in a neighboring pixel: The neighboring profile
has no H3 minimum in CaIlH. Instead, there is a plateau be-
tween the two emission peaks with an intermediate intensity. In
the CaIllR line, it shows very similar behavior to the EB pro-
file. This is in contrast to the Ha line, for example, where the
neighboring profile is like an average quiet Sun profile with an
enhanced continuum level. This pixel also has a distinct helium
profile with two equally strong absorption depths for the blue
and red components of the line (Fig. 8). The EB shows some
spread in area with increasing height in the atmosphere (Figs. 1
and 3), thus also affecting locations in its vicinity in the chromo-
sphere.
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Fig.9. Similar to Fig. 8 but for chromospheric lines. From zop to bottom: the He line profile, the Call H line profile, and the Call IR intensity
profile. We note the enhanced amplitude and width of the red emission peak pf Call lines in the EB compared to the average quiet Sun profiles.

The blueshift is clearly seen in the He line profile.

4.6. Turbulence velocity

Thermal motions of atoms produce a Doppler broadening of
spectral lines with a Gaussian profile. Other unresolved veloc-
ities of a random nature are usually described as a turbulence
broadening with a Gaussian or Lorentzian profile (see Rutten
2003, for a detailed description). The instrumental broadening
encompasses the broadening caused by the finite spectral res-
olution of the instrument and is commonly approximated by a
Gaussian. When other line broadening mechanisms are negligi-
ble, the total line broadening is the convolution of the line broad-
ening profiles for the thermal and turbulence motions as well as
the instrumental profile (Sect. 10.5 in Bohm-Vitense 1989). In
other words, the velocity equivalent of the observed line width,
Wobs = ¢ X A1/ A, at 1/e of the peak intensity results from instru-
mental, Doppler, and turbulence (non-thermal) broadenings by

2
Wmstrumenta

+ W2 (1)

2
1 + WDoppler turbulence?
assuming that all three line broadening components have a
Gaussian profile (Eq. (4.17) of Stix 2002). The POLIS instru-
mental width is less than 2 kms™' (Beck 2006; Rezaei 2008;
Beck et al. 2013a), while that of the Echelle spectrograph is of

the same order. Assuming a generic chromospheric temperature
of 10* K, we estimate a turbulence velocity using Eq. (2),

W2

instrumental

\/2 kB T/m +W, turbulence + (2)

where AA is the observed line width, m is mass of the calcium
atom, ¢ the speed of light, and kg is the Boltzmann constant
(Tandberg-Hanssen 1960). Using the measured width of CaltH
& IR lines of 1.0 and 0.7 A, respectively (Sect. 4), we estimate a
turbulence velocity of about 45 km s~ for Ca1rH and 24 kms™!
for Call IR lines (we also note that the H; minima of the EB pro-
file is about I A wider than in the quiet Sun profile). The width
of the emission peaks on either side of the Ha line (1 A) amounts
to a turbulence velocity of 15 kms~!. Attributing the line width
to the temperature and the instrumental profiles (omitting the tur-
bulence broadening), we get a temperature of about 5 x 105 K,
which is too hot for chromospheric heights. An increased turbu-
lence velocity as a function of height in the chromosphere is part
of standard models, either in the quiet Sun or sunspots (Kneer
& Mattig 1978; Vernazza et al. 1981; Lites & Skumanich 1982).
Our measured values, however, are larger than the turbulence
velocity in an average atmosphere. The estimated turbulence ve-
locity changes from one profile to another, but the general result
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remains the same: the observed width of the emission peaks is
far in excess of any instrumental or thermal Doppler profile and
to the first order has to have a turbulent nature. The Doppler
width of a calcium line at 1-2 x 10* K is only about 2-3 kms~!,

far from the observed widths of >20 kms~!.

4.7. Energy estimate of the EB in the photosphere
and chromosphere

We used two different methods to estimate the energy of the EB.
On the one hand, we converted the intensity profiles to absolute
units and integrated over solid angle and wavelength bands to es-
timate the chromospheric energy in the EB in the three observed
strong lines (CallH, CaIlIR, and Ha). The (quasi-)continuum
of the quiet Sun profile at disk center has an intensity of 45.27,
28.61, and 17.07 kWm™2 nm~!ster! in the 396, 656, and
854 nm wavelength range, respectively (Table 7, Neckel & Labs
1984). We applied a correction for the wavelength-dependent
center-to-limb variation of the continuum intensity for the he-
liocentric angle of 70° according to Neckel & Labs (1994, their
Table 1) to have all profiles in absolute units at disk center.

We then subtracted the EB profiles from the average quiet
Sun profile in the case of each EB profile and for every spectral
line. Then, we restricted the integration wavelength to a band
of 0.4 nm for the Call lines and 1 nm for the He line. The oft-
set in the intensity due to the continuum enhancement of the
profiles (Sect. 4.4) was subtracted prior to the integration over
wavelength. Averaging the result over the area of the EB yielded
an excess radiative flux ® of 11, 4, and 1.5 kW m™2 ster! from
the line cores of Call H, He, and Call IR at the time the slit
passed over the EB. The EB covered an area A of about 7 pix-
els of (0736)? each and persisted for about DT =30 min in the
UV data (Fig. 2). The peak intensity in the UV was about twice
as large as that at 07:56 UTC.

We calculated the total energy radiated during the lifetime of
the EB by

1
EtO[:A-§~DdeQ(2-<D), 3)

1 . . .
where the factor 3 stems from the approximately linear varia-

tion of the intensity (Fig. 2), while the (2 - @) takes the differ-
ence between observed and assumed maximal radiative flux into
account.

This yielded a total energy in the EB radiated away in
Call H, He, and Ca1i IR of about 1.3 x 10'7 J. To have a rough
estimate of the total chromospheric radiation, one can scale the
radiated energy of the other metal lines to the two CalI lines and
assume that the total hydrogen contributions (Balmber lines, H™,
and the Lye line) is a factor of 2—5 of the energy in the He line.
This is a coarse assumption and the result only serves as an
order-of-magnitude estimate for the total chromospheric energy.
With this approximation, the total chromospheric (radiative) en-
ergy in excess of the standard VALC atmosphere (Vernazza et al.
1981)is 4 x 10'7]J.

As a second method, we estimate the thermal energy in a
control volume corresponding to the EB. We used the estimated
temperature increases AT of about 130 K in the photosphere and
400 K at the temperature minimun and the equation for the in-
ternal energy,

RAT

AEzfA'pgaS'm'dh, (4’)
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where R = 8.31Jmol™' K™!, u = 1.3gmol™!, and y = 5/3 are
the gas constant, the specific mass, and the adiabatic coefficient,
respectively, while A denotes the area and / the height in which
the value of AT is valid.

We used & = 500 km and integrated the density pgas(2) in
the HSRA model from z = 0 to 500 km for the photosphere
and from 500 to 1000 km for the chromosphere. This yielded a
total thermal energy in the EB at the time of the spectrograph
observations of 8 X 10'° J in the photosphere and 3 x 10! J in the
chromosphere, respectively.

An order-of-magnitude estimate for the kinetic energy as-
suming a typical velocity of 1 kms™! and 3 kms~! in the photo-
sphere and chromosphere results in 2 x 10!° J in the photosphere
and 4 x 10'8 J in the chromosphere, respectively. These numbers
are approximately the same order of magnitude as the thermal
and radiative energies.

5. Discussion
5.1. Doppler shifts associated with EBs

Socas-Navarro et al. (2006) found strongly redshifted chromo-
spheric lines in EBs. These authors showed such redshifts in the
Cam IR 849.8 nm line whose line core forms slightly deeper than
the Cam IR 854 nm line and has a line-center opacity of about an
order of magnitude less than the Call IR 854 nm line (Linsky
& Avrett 1970). We find a blueshift in simultaneous spectra of
four chromospheric lines. The amount of Doppler shift is up
to 40 kms™! in the Hel line and often exceeds 10 kms™'. We
cannot necessarily attribute these blueshifts to an upflow since
the observed region was far from disk center. A blueshift in
the middle chromosphere is, however, consistent with the ob-
served asymmetry of the CaTl line profiles: the core of the line is
blueshifted so it partially suppresses the violet peak while leav-
ing the red peak unaffected. Matsumoto et al. (2008) found an
upflow in the chromosphere and a downflow in the photosphere,
while Bello Gonzilez et al. (2013) and Vissers et al. (2013) re-
ported up- and downflows associated with EBs.

5.2. Magnetic structure of the EB

From a timeseries of HMI magnetic flux maps (after conversion
to the local reference frame), we see evidence of a magnetic flux
cancellation (Sect. 2.6). Therefore, our results are in agreement
with several authors who proposed a magnetic flux cancellation
as the triggering mechanism of EBs (e.g., Nelson et al. 2013;
Vissers et al. 2013; Bello Gonzélez et al. 2013). The magnetic
flux cancellation and the observed blueshifts compare well with
the cartoon of Matsumoto et al. (2008) and Peter et al. (2014,
their Fig. S7): a magnetic reconnection in the upper photosphere
or around the temperature minimum results in an upflow in the
chromospheric lines and a downflow in the photospheric lines.
When the magnetic field lines are inclined and pointed toward
the observer, the upflow can be seen as a horizontal blue- or
redshift close to the limb. The photospheric redshifts are not as
strong as chromospheric blueshifts since the density is several
orders of magnitude higher in the photosphere so only a mild
redshift can be expected in this scenario. In absence of a chromo-
spheric magnetogram, a discussion of chromospheric reconnec-
tion is speculative. The temperature enhancement and the strong
emission peaks are, however, signatures of an energy deposit in
or energy transfer into the chromosphere. The HMI line forms
in the middle of photosphere so we have only direct evidence
for a photospheric flux cancellation. The magnetic reconnection
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scenario also has support from numerical modeling of resistive
flux emergence in the solar surface (Archontis & Hood 2009).
The magnetic field strength associated with the site of the EB in
our data is comparable to the values reported by Socas-Navarro
et al. (2006) and Bello Gonzdlez et al. (2013) who reported a
field strength on the order of the equipartition value.

5.3. The radiative energy of the EB

The continuum contrast of the EB has a power-law dependency
on the wavelength. The continuum intensity at the four longest
wavelengths (630, 650, 854, and 1080 nm) were estimated from
clear continuum windows in the vicinity of the spectral lines.
Hence, they represent the temperature at the continuum forming
region, even if the continuum at one micron forms at a few tens
of kilometers below the one at the 650 nm wavelength range. In
contrast, the pseudo-continuum at 397 nm is more representative
of the middle or upper photosphere since there are no clear con-
tinuum windows in the UV part of the spectrum. The 170 nm
continuum is mainly formed at the temperature minimum so
these two data points in Fig. 7 are more an indicator of a tem-
perature enhancement in the upper photosphere rather than the
deep photosphere.

Fang et al. (2006) reported a temperature enhancement of
100-300 K when they took into account non-thermal effects
while Georgoulis et al. (2002) found a temperature increase of
2000 K considering only thermal effects. We find an increase of
about 130 K in the continuum forming layers and about 400 K
at the height of the temperature minimum, at the low end of the
values reported in literature, but also referring to slightly lower
heights in the atmosphere. The temperature enhancement at the
continuum level results in an excess emission integrated over
all wavelengths (and the area of the EB) on the order of 10%°],
which is consistent with the results of Georgoulis et al. (2002)
and Fang et al. (2006), while our EB is much more energetic than
the ones reported by Nelson et al. (2013). The chromospheric ra-
diative energy (Sect. 4.7) is on the order of 10'7—10'8 J, which is
much smaller than the corresponding photospheric radiative en-
ergy. Although the EB in our data has distinct similarities to the
cartoon of a hot explosive event observed by Peter et al. (2014),
it does not show any trace of temperatures on the order of 10° K.

5.4. Increased line width associated with the EB

The EB profiles show a clear sign of enhanced line width in all
chromospheric lines (Sect. 4). The increased line widths can be
attributed to a larger temperature or a larger turbulence velocity,
can be explained as a sign of twist (De Pontieu et al. 2014) or
generally a signature of heating processes (Peter 2000). The esti-
mated turbulence velocity in the EB is about twice as large as the
turbulence velocity in a quiet chromosphere. It is not clear which
fraction of the released energy goes into this non-thermal form
instead of radiation. Attributing the observed line width solely
to thermal broadening yields a temperature of a few 103 K. The
mere existence of the HeI 1083 nm and He lines in absorption
suggests that the temperature in the middle and upper chromo-
sphere does not increase to transition-region values of the order
of 10° K. Vissers et al. (2013) did not find traces of EBs in the
He1130.4 nm line or other EUV spectral lines, which is consis-
tent with a typical temperature stratification in the middle and
upper chromosphere resulting in an absorption profile for the
He11083 nm line.

5.5. Formation height range of EBs

The bulk of the energy is released in the photosphere and only
a small fraction is released in the chromosphere. The tempera-
ture excess increases with height in the photosphere. We find the
HeT line at 1083 nm in absorption, which is unlike its appear-
ance in flare-like events (emission profile on disk). It indicates
that most of the energy release happens in the lower chromo-
sphere and deeper layers and does not modify the upper chro-
mospheric part of the atmosphere significantly. At the same time
the SiI line, whose core has contributions from the temperature
minimum and above (Bard & Carlsson 2008), has a shallower
line depth and the EB shows up clearly in its line-core map.

The helium line at 1083 nm might not be a good tracer of
EBs because the EBs presumably happen in a lower atmospheric
layer than the source region of the helium line. It is basically the
same reason why the EBs are not seen as extreme bright sources
in the very core of the Ha line. The helium line can, however,
be used to reject the identification of an event as an EB. In case
of flare events, this line on the solar disk shows an emission pro-
file. This requires a substantial temperature rise in the middle
and upper chromosphere, which does not seem to be the case
for EBs. The core intensity of the Call lines are larger than the
average quiet Sun profile in contrast to the Ha and helium lines.
The height range of the energy release should thus have some
influence on the height range in which the core of the Call lines
form (~1 Mm).

We do not find the observed EB to be a purely photospheric
phenomenon since it alters the lower chromospheric lines sig-
nificantly while it does not create a temperature reversal in the
photosphere. A substantial temperature rise in the photosphere
results in spectral lines to be partially in emission. Stokes V
profiles of such events are distinctly different from normal anti-
symmetric profiles (Steiner 2000; Rezaei et al. 2007b). The
simultaneous observation of the EB in multiple spectral lines
presented in this paper strongly suggests that EBs have a min-
imum height range of a few pressure scale heights since they
are seen from the deep photosphere in the continuum to the low
chromosphere in the core of strong lines. Therefore, the site of
the energy release should be higher than an altitude, which af-
fects the Fe1630 nm line pair, but low enough to modify the
Si11082.7 nm line. This strongly suggests the temperature min-
imum as the probable location of the energy release, although
the EB affects the temperature stratification over several pres-
sure scale heights above and below the temperature minimum.
The pressure scale height, kg T/u g, increases with height in the
chromosphere since both the temperature increases and the ion-
ization of hydrogen increases the number density of particles,
which consequently decreases the mean molecular weight (u). It
has a value of about 100 km in the photosphere and increases
above 200 km in the chromosphere. This means the EB spans a
height range of less than 1000 km centered at about log 7 = —4.
This is consistent with strong emission peaks in Call lines, a
dark core in Ha line profile, large contrast in UV continuum,
and a mild temperature enhancement in the deep photosphere.

We ran the CAlcium Inversion using a Spectral ARchive
code (CAISAR, Beck et al. 2013b,c, 2015) over the region con-
taining the EB for a visualization of the 3D structure. Figure 10
shows a 3D rendering of the corresponding region in the in-
version results. The quantity that is displayed is the differ-
ence between the measured temperature in each pixel and the
temperature stratification in a quiet Sun reference region, i.e.,
T(x,y,7)—(Tqs(7)). The reason for selecting the relative instead
of the absolute temperature was to extend the displayed volume
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Fig.10. 3D rendering of the EB in relative temperature (7 — (Tqs)).
The z-axis is in units of log 7sponm- The location of the EB is indicated
by a blue square. A patch of magnetic network is marked with a white
rectangle. The panels at the top show maps of the temperature at a few
levels in optical depth.

down to the continuum-forming layers. The ray tracing selects
the highest value along each ray to set the location and value
of the displayed intensity, so the absolute photospheric tempera-
ture would otherwise dominate the 3D structure. The sunspot is
towards the left in the image. The EB structure inside the blue
square is seen to connect from the chromosphere down to the
photosphere. It shows a slight lateral expansion in the low atmo-
sphere and a somewhat more extended area in the chromosphere.
The network region inside the white rectangle lacks the direct
connection to the photosphere, i.e., there is no strong tempera-
ture enhancement in the low atmosphere in the network.

Our results are in agreement with Payne (1993) and Harvey
(1963) who characterized the formation height of EBs at the
temperature minimum. The formation height range of the EB
in our data is also consistent with Bello Gonzalez et al. (2013),
Matsumoto et al. (2008), and Fang et al. (2006) who attributed
EBs to a height range around the temperature minimum. We do
not find EBs to be purely photospheric phenomena, even if the
driving forces could be located in the photosphere (Watanabe
etal. 2011; Vissers et al. 2013). The He line profile of our EB is
similar to the one reported by Vissers et al. (2013), but we note
that the simultaneous CallIR line profiles in our observations
are significantly different from the ones they reported. This per-
haps suggests that the two events are not quite the same and have
a different formation height. We also note that the CaIl IR line
profile of an EB presented by Socas-Navarro et al. (2006) has
almost no continuum enhancement compared to a quiet Sun pro-
file, which is in contrast to the behavior of our profiles (bottom
row, Fig. 9).
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5.6. CallH line: an ideal tracer of EBs

Ellerman bombs have been observed in the CallH line by
Hashimoto et al. (2010). We probe the diagnostic potential of
the CatmH line profile to identify and study EBs. The shape of
the wing and core of this line makes it an ideal tool with which
to study EBs and distinguish them from network bright points,
for example. Unlike the He line, which has contributions from a
large height range in the atmosphere, the CaIl H line has a for-
mation height which gradually increases from the lower photo-
sphere (the far wing) up to the middle and upper photosphere
(the middle and inner wings) and to the lower chromosphere
where the core of the line forms (Fig. 5 in Rezaei et al. 2008). In
addition, it is easier to interpret the wing intensity maps of the
Ca1H line (Fig. 1) than the ones from the He line (Fig. 3).

6. Conclusion

We present for the first time a simultaneous observations of an
EB in the CantH, CallIR 854 nm, Ho and He11083 nm lines.
Our observations of an energetic event has similarities with the
typical properties of an EB: it shows the blue and red wings of
the He line in emission and has enhanced emission in the UV
continuum. The magnetic flux cancellation in the EB area also
exhibits a similarity to the general picture of an EB. We estimate
the radiative energy content of the EB to be about 10?°J in the
photosphere and about 10'® J in the chromosphere. We find the
CamH line to be an ideal tool with which to study EBs since
the contribution function of different parts of the wing and core
of the line span the whole photosphere up to the lower chromo-
sphere. The HeT line at 1083 nm, on the other hand, seems un-
suitable for the detection of EBs, but could serve to reject false
identifications by showing emission profiles.

Ellerman bombs release their energy at a height span of sev-
eral pressure scale heights around the temperature minimum.
They are not located at the middle and upper chromosphere, nor
can they be placed deep in the photosphere.
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