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Abstract

Ellerman bombs (EBs) are the transient brightening always found in

the far wings of the Balmer lines. It is thought to be a signature of the

magnetic reconnection, but it’s mechanism is not fully understood. In this

dissertation, we investigate the photospheric features, magnetic features,

and chromospheric features associated with the Ellerman bombs using the

1.6 meter New Solar Telescope at Big Bear Solar Observatory. The main

achievements of this thesis are as follows. First, we presented a comprehen-

sive picture of the total evolution of an EB. We found a granular cell expand-

ing in two opposite directions prior to the EB. When one end of this granule

reached the EB site, the transverse speed of the tip of the expanding granule

rapidly decreased and the EB is brightened. We also found upflows of the

internal mass of the EB, and we found a surge after the occurrence of the

EB. Second, we investigated the elongated granule-like features (EGFs) that

show transverse motions with an average speed of about 3.8 km s�1 prior to

the EBs. The EGFs were found to be accompanied by emerging fluxes (EFs)

or moving magnetic features (MMFs). Third, we reported a surge consisting

of multiple shock features. The shock features were overlapped with one an-

other with the time inverval of 110 s. We found the signature of the magnetic

flux cancelations at the base of the surge. Our results provide comprehen-

sive understanding of the cause and effect of EBs. The EBs might result

from the magnetic reconnection forced by EFs or MMFs that are frequently

i



manifested by EGFs. Furthermore, it is found that the EBs may lead to the

multiple shock waves in charge of the surge.

Keywords : Chromosphere, active; active regions, velocity field; magnetic

reconnection, observational signatures; spectrum, visible; velocity fields,

photosphere
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tensity peak at Ha�1.3 Å rasters (two left columns),

and the d-t plots derived from TiO, Ha�1.3 Å, NIRIS
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Chapter 1

Introduction

Ninty nine years ago, Ellerman (1917) reported a “hydrogen bomb”

with a description, “there suddenly appeared a very brilliant and very nar-

row band extending four or five angstroms on either side of the line, but not

crossing it. In a couple of minutes it faded away and was not seen again.”

The spectrum that Ellerman used to make this statement is shown in Fig-

ure 1. This first pioneering work was done using the spectrograph at the

Mount Wilson Solar Observatory 1. It was also reported as “moustaches”

by Severny (1956) because of its profile shapes. Sometimes they were called

“points” because it has the small size and usually circular shape of the phe-

nomenon (Lyot, 1944; Mohler & Dodson, 1958). Recently the phenomena

was named “Ellerman Bombs” (EBs) after Ferdinand Ellerman.

Following the definition of Ellerman (1917), EBs are 100-size brighten-

ings at the far wings of the Ha line. They have a short lifetime of about

10 min (Kurokawa et al., 1982). They frequently occur in an emerging flux

region or near a sunspot. They usually have internal mass motions and often

accompany surges (Georgoulis et al., 2002).

1Many papers mention that Ellerman (1917) is the first report of EBs, but it is likely
that Mitchell (1909) firstly reported an EB in limb observation even though he did not use a
word “bomb”. He provided a exact drawing of the Ha profile in his paper. The work was
mentioned in Ellerman (1917).

1



Figure 1: The figures show the spectrum obtained by Ellerman (1917). a
and b show the appearance of the EBs at the Ha line in an active sunspot
region. c shows an EB spectrum superposed on the spectrum of faculae.
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Chapter 1. Introduction

1.1 General Characteristics of Ellerman Bombs

The main spectral characteristics of the EBs are the broad emission at

the wings and its narrow absorption at the center of the chromospheric lines

as shown in Figure 2. The emission reaches its maximum in the spectral

range from 0.75 to 2.0 Å on either side of the line center and gradually de-

creases further away, until about 7�10 Å from the line center (Zachariadis

et al., 1987; Severnyi, 1957; Engvold & Maltby, 1968). The broad emission

wings of EBs are also observed in other chromospheric lines such as Ca II

IR 8542 Å, Ca II K lines as well as Ha (Kitai & Kawaguchi, 1975).

The broad emission wings tend to show the blue asymmetry (Koval &

Severny, 1970; Bruzek, 1972; Kitai, 1983; Kurokawa et al., 1982; Dara et

al., 1997). The blue asymmetry was firstly reported by Koval & Severny

(1970) and Bruzek (1972). Bruzek (1972) thought that the blue asymme-

try is due to the redshifted absorption cores. On the contrary, Kitai (1983)

detected that the emission wings show Gaussian distribution. The center

of the emission wings are blue-shifted by the amount of about 5.8 km s�1.

They interpreted it as a mass motion in the chromospheric level. Bruzek

(1972) and Dara et al. (1997) also derived the similar results. Hashimoto et

al. (2010) found that the blue asymmetry of Ca II H line is associated with

the appearance or the re-brightening of a subcomponent of EBs seen in Ca

II H filtergram.

For decades, the morphology of the EBs was unknown because the

spatial resolution of the telescopes was not high enough to resolve them.
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1.1. General Characteristics of Ellerman Bombs

Figure 2: The Ha (top) and Ca II 8542 Å line (bottom) spectra of an EB
obtained from the Fast Imaging Solar Spectrograph installed at the 1.6 meter
New Solar Telescope, Big Bear Solar Observatory. The EB is located at
around the 25th pixel.
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Chapter 1. Introduction

Figure 3: Evolution of an EB at Dl = �1.1 Å from the Ha line center ob-
tained with the CRISP installed at 1 meter Swedish Solar Telescope by
Watanabe et al. (2011). The EB migrates along the network away from
the spot and it shows the consecutive flaring with apparently near-vertical
orientation. It seems to have small-scale “inverse-Y” morphology. Image
reproduced with permission, copyright by AAS.
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1.1. General Characteristics of Ellerman Bombs

Previous studies merely reported that EBs have the elongated and spike-like

shape (Kurokawa et al., 1982). A mean length of 100 � 100.8 has been re-

ported by Kurokawa et al. (1982), Nindos & Zirin (1998), and Georgoulis

et al. (2002). Very recently, thanks to the improvement of the adaptive op-

tics, Watanabe et al. (2011) were able to find that the EBs have small-scale

“inverse-Y” morphology and move along the inter-granular lanes using the

Swedish Solar Telescope as shown in Figure 3. The observed “inverse-Y”

morphology, or often called “chromospheric anemone jet”, is well explained

with the magnetic reconnection model (Yokoyama & Shibata, 1995; Can-

field et al., 1996; Shibata et al., 2007). The model suggests that magnetic

reconnection between emerging flux and pre-existing field drives the micro-

flare and surges with a shape of “inverse-Y”.

One of the most interesting properties of the EBs is that they appear to

migrate along the dark intergranular lanes (Denker et al., 1995; Watanabe et

al., 2011). In this regard, Denker et al. (1995) insisted that the appearance of

EBs might be associated with the converging downflow at the intergranular

lanes, and the granular flows may guide the small-scale magnetic field lines

that are responsible for EBs. Another aspect of EBs is that they recur in

the adjacent sites. In the context of the idea that magnetic reconnection is

responsible for EBs, the recurrence might be the different phases of a bursty

mode of reconnection (Pariat et al., 2007). This bursty mode of reconnec-

tion can be understood as the successive ejection of plasmoids in the current

sheet (Karpen et al., 1995; Fan et al., 2003), or stimulated by p-mode oscilla-

tions (Chen & Priest, 2006). In fact, Ning et al. (2004) reported the recurring

6



Chapter 1. Introduction

explosive events in Si IV 1393 Å, and the explosive events are separated by

3�5 min, which is similar to the period of chromospheric oscillations.

In the photospheric level, EBs might be associated with the photo-

spheric downflows. Kitai & Kawaguchi (1975) reported that EB may occur

at the location where the photospheric LOS velocity changes, but Geor-

goulis et al. (2002) found that 80% of the EBs have downward flow of about

0.1 to 0.3 km s�1 at the photospheric level. Other studies such as Watan-

abe et al. (2008); Yang et al. (2013), reported downflows at the site of EBs.

Moreover, EBs seem to be related with the photospheric horizontal flows.

Georgoulis et al. (2002) found the transverse motion around the EBs with

a speed of about 1 km s�1. Recent studies have reported the bi-directional

diversing motions at the site of EBs (Guglielmino et al., 2010; Yang et al.,

2013; Kim et al., 2015; Yang et al., 2016). The motions might be interpreted

as the signature of the emerging magnetic fluxes.

1.2 Energetics of EBs

The broad emission wings of the EBs can be explained with a model

of a locally heated (T ⇠ 500� 3000 K) low atmosphere (Kitai, 1983; Fang

et al., 2006; Socas-Navarro et al., 2006; Berlicki & Heinzel, 2014; Bello

González et al., 2013). Kitai (1983) reproduced the EB profiles using a

Non-LTE calcuation and suggested a local heating of about T = 1500 K and

local density increase of about r/r0 = 5. Fang et al. (2006) performed a

Non-LTE computation of the Ha and Ca II 8542 Å line. They derived about
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1.2. Energetics of EBs

600� 1300 K temperature increase near the temperature minimum region.

They also suggested that brighter EBs have larger temperature increase and

larger energies. Berlicki & Heinzel (2014) analysed Ha and Ca II H pro-

files by adopting 243 Non-LTE semi-empirical models and showed similar

results. Recently, Hong et al. (2014) tried to adopt the two cloud model

fitting to obtain the physical parameters of the EBs. He suggested that the

enhancement of EB profiles corresponds to local temperature increase by

about 400�1000 K.

Adopting this amount of temperature increase, Georgoulis et al. (2002)

estimated that the total energy of EBs ranges from 1027 to 1028 ergs. Fang

et al. (2006) also predicted that the total energy of the EBs is about 1026 to

5⇥ 1027 ergs and that the energy of the brighter EB is larger than that of

the fainter EB. These total energies of EBs are comparable to the subflaring

energy (Aschwanden et al., 2000).

1.2.1 Magnetic Reconnection Model of Ellerman Bombs

Now it is widely accepted that the magnetic reconnection between

neighboring loops in the low atmosphere is responsible for EBs (Henoux

et al., 1998; Ding et al., 1998; Georgoulis et al., 2002; Pariat et al., 2004,

2007; Fang et al., 2006; Isobe et al., 2007; Watanabe et al., 2008, 2011;

Yang et al., 2013; Rutten et al., 2013; Vissers et al., 2015). Figure 5 shows

the schematic illustration of the magnetic reconnection model of Solar X-

ray jet. Figure 6 shows the extended version of this model for magnetic

reconnection that occurs at various altitudes. EBs can be a similar case if
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Figure 4: Temperature distribution in the thermal semi-empirical model of
the EBs, compared to those for a plage model (P) and for the quiet-Sun
model (VALC). The computed line profiles (solid lines) vs. the observed
ones (dotted lines) for Ha (middle) and Ca II 8542 Å (bottom) are also
shown. Image reproduced with permission, copyright by AAS.
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Figure 5: The model of Solar X-ray Jet based on magnetic reconnection.
Image reproduced with permission, copyright by AAS (Yokoyama & Shi-
bata, 1996).
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Figure 6: (A to C) Schematic illustration of magnetic reconnection that oc-
curs at various altitudes. (D and E) A model of jets. (D) shows the three-
dimensional magnetic-field configuration, and the hatched area in (E) shows
the heated plasmas in the jet and bright point. (F) A typical example of an
observed jet observed using the Ca II H filter. Image reproduced with per-
mission, copyright by AAAS (Shibata et al., 2007).
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we consider their morphology reminiscent of “chromospheric anemone jet”,

or “inverse-Y shape”. The magnetic reconnection scenario is as follow: A

magnetic bipole emerges in the active region and a fragment of the bipole

approaches to the adjacent pre-existing field line, and to be reconnected with

it. Following the magnetic reconnection, highly energetic particles might be

generated at the reconnection X-point, but they will loose energy rapidly

because of the high density at the region. The plasma is heated as a result

not only of energy transfer from high energy particles, but also of evapo-

ration, shocks, and magnetic twist induced by magnetic reconnection. The

hot plasma flows along the open field to form hot jets, and the plasma also

flows along the lower W-shaped loop to form a hot loop. Then we may see

the brightenings in the shape of inverse-Y, such as EBs. Besides, the tension

force of the reconnected field lines might generate the cool jets, identified

as surges.

This magnetic reconnection model explains most of the phenomena as-

sociated with the EBs. First, EBs are associated with the specific field con-

figurations, such as magnetic dips of the U-loops or the magnetic inversion

lines (Qiu et al., 2000; Georgoulis et al., 2002; Pariat et al., 2004) around

sunspots or emerging flux regions. This is expected by the simulation of

Isobe et al. (2007). Second, the magnetic reconnection model could explain

the observed mass motions in the photosphere and the chromosphere in-

cluding surges (Matsumoto et al., 2008). Third, the morphology of the EBs

is expected to be an elongated shape of inverse-Y (Watanabe et al., 2011).

Fourth, the model can explain the extensive local heating of the EBs in the
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range of DT ⇡ 500� 2000 K (Kitai, 1983; Fang et al., 2006; Georgoulis et

al., 2002; Hong et al., 2014).

Even though most of the phenomena of EBs can be explained with

the model, there remain several questions. The intensity time profiles of

the EBs are almost symmetric about the flat maximum plateau consisting

of many spikes. This is quite different from those of flare or sub-flares,

which exhibit a fast rise and a gradual decay (Qiu et al., 2000). Besides,

the broad emission wings of the Ha line in the EB can be reproduced by

the nonthermal process such as an energetic particles beam from the corona

(Ding et al., 1998; Fang et al., 2006).

1.3 Importance of the Ellerman Bomb Study

It is necessary to study EBs because they are thought to be a signature

of the magnetic reconnection in the chromosphere that is not fully under-

stood. Recent studies suggest that EBs are associated with IRIS bombs

(Kim et al., 2015; Tian et al., 2016), that is pocket-like hot explosions in

the photosphere visible in multiple UV lines (Peter et al., 2014). This may

indicate that the magnetic reconnection of EBs can heat the local region ex-

tensively. This also suggests that EBs are more complex than conventionally

thought. Still we do not fully understand how the energy conversion occurs

in the chromosphere via the process of magnetic reconnection.

EBs are therefore important in the context of chromospheric heating.

EBs have subflaring energy in the range of about 1026�1028 erg (Georgoulis
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et al., 2002; Fang et al., 2006). As EBs occur frequently in the active region,

they contribute significantly to the heating of the low chromosphere in the

active region.

EBs may be associated with the emergence of the flux tubes from the

convection zone to the corona (see Figure 7). According to the dynamo the-

ory, the magnetic flux tubes formed in the bottom of the convection zone

rise up due to the buoyancy force. The flux tubes can approach the photo-

sphere from below with the granular convection motions. But they can not

rise further and stack in the photospheric base because the buoyancy force

is balanced by the gravity in there. So they may flatten into a sheet-like

structures (Spruit et al., 1987).

To penetrate the stably balanced layer between the convection zone and

photosphere, the stacked flux tubes may undergo the kink instability and

rises up to the corona. However the mass content inside the flux tubes is so

heavy that it is necessary to remove the mass from the flux tubes (Cheung &

Isobe, 2014). The magnetic reconnection manifested by EBs is the efficient

way to remove the plasma inside the flux tubes rising to the corona. This

scenario is well matched with the observational evidence that EBs occur in

the bald patch, where the magnetic dip of the U-loop shapes of the flux tubes

(Pariat et al., 2004).

14



Chapter 1. Introduction

Figure 7: Sketch of the emergence of magnetic flux through the lower layers
of the solar atmosphere and related phenomenae, such as EBs (Schmieder
& Pariat, 2007).
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1.4. Association with Surge

1.4 Association with Surge

EBs are often accompanied by surges. Surges are the violent ejections

of cool and dense plasma with the speed exceeding several tens of km s�1 in

the solar chromosphere (Roy, 1973; Tandberg-Hanssen, 1995). It is nec-

essary to study the chromospheric jets such as surges, fibrils, or spicules

because they are thought to be associated with the heating of the corona

to multi-million Kelvin temperature. It is also important that jets might be

the shock phenomena in the upper chromosphere. De Pontieu et al. (2007)

suggested that fibrils are likely formed by upward propagating shock waves

when the power of convective flows and global oscillations leak into the

chromosphere along the field lines of magnetic flux concentrations. They

suggested that these shocks may influence the heating of the corona.

Many previous studies on surges have shown that they are triggered

by the magnetic reconnection (Canfield et al., 1996). But the acceleration

mechanism is still under debate. Canfield et al. (1996) suggested that the

surges are cool plasma jets caused by the slingshot process that is triggered

by the tension force of the reconnected field lines. The possibility of the

slingshot process is demonstrated by the simulation of Yokoyama & Shi-

bata (1996). Shibata et al. (1982) showed that sudden pressure increase

in the low atmosphere can generate shock waves that produce jets using

hydrodynamic simulations. Following his concept, Takasao et al. (2013)

demonstrated that magnetic reconnection in the chromosphere or the pho-

tosphere can generate slow waves that move upward along field lines and

develop into slow shock waves. They insist that the slow shock waves play
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key roles in the acceleration of chromospheric jets like surges. But this idea

of reconnection-generated shock waves as the driver of surges has not yet

been observationally verified.

1.5 Recent Progress of Ellerman Bombs Study

Despite many studies on EBs carried out for the few decades, obser-

vations have added little to Ellerman’s original description because of the

limitation in spatial and temporal resolution. Even the best seeing site has

seeing, at least, bigger than 100 due to the atmospheric turbulence of the

earth. This is comparable with the size of EBs of about 1�1.800 (Georgoulis

et al., 2002). Because EBs occur almost randomly, it was hard to observe

using a slit. The spectral coverage is also restricted in a few visible lines.

For the reason, our understanding on EBs had lingered for decades.

Recently, our understanding on EBs has been much improved thanks

to the new instruments and technics. With adaptive optics and fast Charged

Coupled Devices (CCDs), the ground-based telescopes provide diffraction

limited images with high temporal resolution. Current high-resolution stud-

ies with the adaptive optics and large aperture telescopes, such as 1.6 meter

New Solar Telescope and 1 meter Swedish Solar Telescope (SST), enable

the diffraction-limited observation as well as high temporal resolution. The

space-borne observatories such as HINODE, the Solar Dynamic Observa-

tory, and Interface Region Imaging Spectrograph (IRIS) also provide multi-

wavelength information about EBs. They unveil the detailed morphology
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and motions inside and around the EBs.

The observations conducted using CRisp Imaging SpectroPolarimeter

(CRISP) installed at SST unveiled that the EBs are the upright flame in the

photosphere (Watanabe et al., 2011). Follow-up study from Vissers et al.

(2013) showed that EBs mark the magnetic reconnection of strong opposite

polarity fields in the low photosphere and discussed their appearance in At-

mospheric Imaging Assembly 1700 Å images. Nelson et al. (2015) reported

detailed structure of the EBs and the plasma motions inside the EBs.

Besides, the line spectrum observation using FISS provides a detailed

information on EBs. Yang et al. (2013) (see, Chapter 2) measured the ve-

locities and temperatures associated with EBs. Hong et al. (2014) analysed

the Ha and Ca II profiles of an EB by adopting two cloud model to deduce

400� 1000 K temperature increase in the EB. The observations with FISS

also showed that the EB are accompanied by photospheric motions (Yang et

al., 2016) and surges (Yang et al., 2013, 2014).

IRIS space-borne observatory provides the information of UV emis-

sions. Peter et al. (2014) proposed IRIS bombs that is pocket-like explosions

in the photosphere visible in multiple UV line. Some of IRIS bombs appear

to be associated with the EBs (Kim et al., 2015; Tian et al., 2016), meaning

that the EBs are heated much hotter (⇠ 8⇥104 K) than previous predictions

from various modelings. This may indicate that broad wing enhancement of

Ha line might be an outer envelope of the pocket-like explosions.
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1.6 Unsolved Problem of Ellerman Bombs

Even though our knowledge in EBs has been much improved with re-

cent studies, we still do not fully understand the nature of EBs. Through

this dissertation, we would like to address the questions: 1) what are EBs?

and 2) what is the consequence of the EBs?

The first question is directed toward the cause of the EBs. So far EBs

are thought to be a magnetic reconnection phenomenon in the low chromo-

sphere or right above the photosphere. But still it is necessary to confirm

the exact location. For this question, we focus on the Moving Magnetic

Features (MMFs) and Emerging Fluxes (EFs).

The second question is about the effect of the EBs. EBs release a large

amount of energy into the low atmosphere throughout their total occurrence

(Georgoulis et al., 2002). It is therefore of new interest what are the con-

sequences of EB’s energy release into the chromosphere by the magnetic

reconnection process. In this dissertation, we focus on the surges for study-

ing the consequence of the EBs. First we verify the association between an

EB and a surge. We then search for the observational evidence for the shock

waves that might drive the surges.

1.7 Instruments

To address this questions, we used data mainly obtained from the New

Solar Telescope (NST) at the Big Bear Solar Observatory (BBSO).
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1.7.1 The 1.6 meter New Solar Telscope at Big Bear
Solar Observatory

Most of the current major solar telescopes have apertures of about 1

meter, that show a diffraction limit equivalent with about 0.1400at 0.55 µm.

In the near-infrared regime, it is poorer than about 0.400at 1.6 µm. The spa-

tial resolution of these telescopes is not sufficient to resolve the detailed

structure of EBs in the solar photospheric and chromospehric layers.

In 2009, BBSO launched the NST, that is currently the biggest solar

telescope in the world. NST has a clear aperture of 1.6 meter off-axis pri-

mary mirror with spatial resolutions of 0.0600 at 0.5 µm and 0.200 at 1.6 µm.

The off-axis mirror has a benefit in reducing stray light caused by the sec-

ondary mirror in front of the primary mirror. The active optics and the

adaptive optics was installed on the telescope. The first adaptive optics

system of the telescope was characterized by about 76 sub-apertures (AO-

76), that could not provide a diffraction limited spatial resolution in visible.

The adaptive optics system was upgraded to 308 sub-apertures (AO-308) in

2014. AO-308 achieved strehl ratio of about 0.3 in detector plane in visi-

ble, that is minimum requirement for the diffraction-limited imaging. The

detailed specification of the telescope is described in Table 1.

NST provides the highest resolution images with a post-focus instru-

ments listed below :

• Broadband Filter Imager (BFI) : BFI provides continuum images us-

ing a high speed 2048⇥ 2048 CCD camera. Three bands - G-band
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Table 1: NST Specification

Parameters Values
Clear aperture 1.6 meter

Effective focal length 83.2 meter
Wavelength range 0.39 ⇠ 1.6 µm

Mount Equatorial mount with friction-based slew
Field of view 7000 ⇥7000

Diffraction limit 0.0600 at 500 nm
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(430.5 nm, 5 Å bandpass), red continuum (668.4 nm, 4 Å bandpass)

TiO (705.7 nm, 10 Å bandpass) - are available, but TiO band is com-

monly used. In TiO band, the 100 short-exposure (1.2 ms) images in

each burst were taken in every 15 s. Then the Kiepenheuer-Institut

Speckle Interferometry Package (Wöger et al., 2008) code is applied

to each burst to achieve consistent, near-diffraction limited resolution.

The field-of-view (FOV) of the speckle reconstructed images of TiO

band is 69.8 00 ⇥69.8 00.

• Visible Imaging Spectrometer (VIS) : VIS is a single Fabry-Pérot

etalon tunable filter of 550� 700 nm. The bandpass is 0.07 Å, and

the FOV is 7000 ⇥7000. The speckle reconstruction method can be also

adaptable for the data sets.

• Near InfraRed Imaging Polarimeter (NIRIS) : NIRIS is dual Fabry-

Pérot etalon tunable filter that provides the imaging polarimetry data

at Fe I 1565 nm doublet band. The bandpass of the filter is 0.1 Å.

NIRIS provides full stokes I, Q, U and V spectroscopic data. The

Milne-Eddington inversion of the data is now available. But I adopted

the weak field approximation only for stokes V values in my disserta-

tion.

• Cryogenic Infrared Spectrograph (CYRA) : CYRA is now under de-

velopment. When complete, it will provide imaging full Stokes spec-

tropolarimetry data in the 1-5 µmregime.

• Fast Imaging Solar Spectrograph (FISS) : See the next subsection.
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1.7.2 Fast Imaging Solar Spectrograph

FISS is an imaging spectrograph installed in a vertical table in the

Coudé Lab of the NST. FISS is developed by Korean solar physics society

- Korean Astronomy and Space Science Institute and solar physics group at

Seoul National University. FISS uses echelle grating to disperse the light,

and the slit width is 32 µm, which corresponds to a spatial sampling of 0.1600.

FISS takes a series of spectrograms using a spectrograph with changing

the slit position across the FOV. The incident beam across the slit is shifted

by using the field scanner. The field scanner consists of a fine-controlled

linear motor and two flat mirrors, and it is attached in front of the slit. The

field scanner moves within 1 µm error accuracy in every 70 ms. The scan-

ning system of the FISS is well described in Ahn (2010).

A pair of two spectral bands can be observed simultaneously using a

dual-camera system. Camera A that is often used for Ha band has a back-

illuminated 14-bit CCD with a dimension of 512⇥512. The camera is used

with a binning by a factor of 1⇥2 so that camera A effectively has 512⇥256

pixels. The spectral sampling at Ha band is typically 0.019 Å. Camera B

for Ca II IR band has a front-illuminated 14-bit CCD that has high quantum

efficiency in near infrared range with a dimension of 1004⇥ 1000. This

camera is used with a binning as well by a factor of 2⇥4 so that the camera

effectively has 502⇥ 250 pixels. The spectral sampling at Ca II 8542 Å IR

band is typically 0.025 Å. Both cameras take images scimultaneously with

typically 30 ms exposure time and 30 ms readout time. Each CCD takes a

shot in every 70 ms, synchronous with the positioning of the field scanner.
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Overall system of the FISS is well described in Chae et al. (2013) and Park

(2011).

The FOV in slit direction is 4000 and the FOV in scan direction can be

changed arbitrarily from 0.1600 to about 7200. It takes about 16 seconds for

a raster scan of 100 steps, which corresponds to the FOV of 1800 ⇥4000, and

33 seconds for a raster scan of 256 steps, the FOV of 4000 ⇥ 4000. Table 2

presents the specification of the FISS.

In the studies presented in this dissertation, we chose the normal setup

of the Ha and Ca II 8542 Å lines. These two lines are formed in the chro-

mosphere and do not differ much in the formation height, so that they can

serve as a useful tool for the investigation of the chromospheric dynamics

(Vernazza et al., 1981).

Of two lines, the Ha line is much dominated by the radiative processes

such as radiative excitation/deexcitation and photo-ionization/radiative re-

combination, and hence is insensitive to the local kinetic temperature. In

contrast, Ca II 8542 Å line is strongly affected by the collisional effect be-

cause the line shares the upper level population with the collisionally excited

line, and hence reflects the temperature of the line formation region (Cauzzi

et al., 2009; Chae et al., 2013).

One of the merits of the FISS is that the band coverage is wide enough

to include the whole portion of the chromospheric line: 9.7 Å in Ha band

and 12.9 Å in Ca II band. These wide bands provide two benefits. First, FISS

are quite suitable for EBs that have wide wing brightenings and surges that

have fast line-of-sight velocity reaching 100 km s�1. Second, these wide
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Table 2: FISS Specification

Parameter Value
Focal ratio of the beam 26
Slit width 32 µm
Collimater/Image focal length 1500 mm
Grating grooove density 79 mm�1

Grating blaze angle 63.4°
Broadband filter (656.23 nm) bandwidth 10 nm
Braodband filter (854.2 nm) bandwidth 25 nm

Camera A deflection angle 0.93°
Camera A format 512⇥256
Camera A pixel size 16µm⇥32µm
Camera A quantum efficiency at 656.3 nm 0.9

Camera B deflection angle 1.92°
Camera B format 502⇥251
Camera B pixel size 16µm⇥32µm
Camera B quantum efficiency at 854.2nm 0.35

Scanner step size 32 µm
Scanner stepping time 70 ms
Scanner returning time 5 s
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Figure 8: FISS on the vertical optical table in the Coudé lab.
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bands contain the various photospheric lines and telluric lines as well as the

main chromospheric lines. The telluric lines are useful in calibrating the

data, and the photospheric lines can be used to infer the photospheric phys-

ical parameters. For the studies presented in this dissertation, we mainly

used Ti II 6559Å line in Ha band of the FISS to infer the photospheric line-

of-sight (LOS) Doppler velocity. Moreover, FISS also has a high temporal

resolution, that is suitable for studying the transient features such as EBs.

1.8 Outline of This Dissertation

This dissertation presents the studies of the EBs and associated surges

to develop a framework for understanding the cause-and-effect of EBs. In

Chapter 2, we investigate the velocities and temperatures of the plasmas in

an EB and a surge. We also investigate the temporal variation of various

features associated with the EB : the velocity field inside the EB, the mag-

netic field configuration around the EB, and other physical parameters of

the EB-associated surge. Chapter 3 presents particulary the photospheric

motions associated with the EBs. We show the physical connection among

EBs, EGFs, and EFs or MMFs. In Chapter 4, we report the multiple shock

features inside the surge that is triggered by the magnetic reconnection. Fi-

nally, we summarize the results of these studies in Chapter 5.

27



1.8. Outline of This Dissertation

28



Chapter 2

Velocities and Temperatures of an
Ellerman Bomb and its Associated
Features

2.1 Introduction

An Ellerman bomb (EB) is a small feature in an active region that ap-

pears bright at the far wings of the Ha line (Ellerman, 1917). It has a short

lifetime of about 10 min, and a size of about 100 (Kurokawa et al., 1982). It

frequently occurs in an emerging flux region or near a sunspot. It usually

has internal mass motions that often accompany a surge (Georgoulis et al.,

2002).

At the site of EBs, two kinds of internal mass motions were reported

earlier: downflows in the photosphere and upflows in the low chromosphere.

Georgoulis et al. (2002) found that 80% of the EBs have downward flows of

about 0.1 to 0.3 km s�1 at the photospheric level. In the low chromosphere,

Most of the contents in this chapter was published in Solar physics, 288, 39. in 2013,
entitled “Velocities and Temperatures of an Ellerman Bomb and its Associated Features” by
Yang, H., Chae, J., Lim, E.-K., Park, H., Cho, K., Maurya, R.-A., Song, D., Kim Y., and
Goode, P..
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Kitai (1983) and Kurokawa et al. (1982) detected upflows with a speed of 6

to 8 km s�1 from the far blue wings of the Ha line. In addition, transverse

motions associated with EBs were observed in the photosphere (Jess et al.,

2010; Payne, 1993; Georgoulis et al., 2002).

Some previous studies have reported EBs accompanying surges (Altschuler

et al., 1968; Rust, 1968; Roy, 1973; Dara et al., 1997; Matsumoto et al.,

2008; Watanabe et al., 2011; Canfield et al., 1996). Matsumoto et al. (2008)

found the ejection of Ha-absorbing material from an EB with a speed of

5 km s�1in the plane of the sky. Watanabe et al. (2011) also found similar

events in images taken at several wavelengths of the Ha line with a Fabry-

Perot interferometer. They examined 11 EBs and found that two among

them were associated with surges. One of them initially appeared as upflows

with a line-of-sight (LOS) velocity of about 40 km s�1, and then changed

to downflows. They recurred a few times during the observations.

Previous studies suggested that EBs occur in specific field configura-

tions. Roy (1973) and Dara et al. (1997) showed that EBs are located near

the boundaries of magnetic features. Georgoulis et al. (2002) showed that

70% of the EBs were associated with bald-patch field lines, which represent

magnetic dips of the U-loops in the photosphere, and the remaining 30%

of the EBs were associated with the quasi-separatrix layers in apparently

monopole regions. This pattern was confirmed by other studies (Pariat et

al., 2004; Fang et al., 2006; Pariat et al., 2007).

It is now widely accepted that the driving mechanism of EBs is mag-

netic reconnection in the temperature minimum region or in the low chro-
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mosphere (Pariat et al., 2004; Georgoulis et al., 2002; Pariat et al., 2007;

Isobe et al., 2007). Magnetic reconnection could explain the observed mass

motions in the photosphere and chromosphere including surges (Matsumoto

et al., 2008), a typical elongated shape of the “inverse-Y shape” (Watanabe

et al., 2011), and the local heating of the EBs with DT ⇡ 500� 2000 K

(Kitai, 1983; Fang et al., 2006; Georgoulis et al., 2002).

In this chapter, we investigate the velocities and temperatures of plas-

mas of an EB and its associated features. We are interested in a variety of

processes related to the same EB: the photospheric transverse motion and

downflow at the site of the EB, the EB itself as a jet-like feature in the

chromospheric level, and an intensely heated surge. The paper proceeds as

follows. In Section 2.2 we introduce the observation and data processing.

Section 2.3 contains the results, particularly on the velocity field inside the

EB, the magnetic field configuration around the EB, and the parameters of

the EB-associated surge. Finally, we interpret and discuss our results in

Section 2.4.

2.2 Observations and Data Processing

We observed a series of EBs near the pores in AR 11271 on 19 August

2011 using the Fast Imaging Solar Spectrograph (FISS) and a TiO broad-

band filter of the 1.6 m New Solar Telescope at Big Bear Solar Observatory

with the aid of adaptive optics. The FISS is an echelle spectrograph that

produces spatial and spectral information of the Ha and Ca II 8542 Å lines
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simultaneously using fast scan of the slit across the field of view (Chae et

al., 2013). The spectral sampling is 19 mÅ in the Ha line and 26 mÅ in

the Ca II line, and the spectral coverage is 9.7 Å in the Ha line and 12.9 Å

in the Ca II line, which are big enough to cover the lines. The region was

located at 44700 eastward and 14600 northward of the disk center. The field

of view (FOV) was 19.200 in the scan direction, and 4000 in the slit direction.

The step size is 0.1600, which is the same as the sampling along the slit. The

observation was done for 2 h from 18:54:31 UT to 21:01:10 UT every 20 s.

We did the basic processing of the FISS data – flat fielding, dark sub-

traction, and distortion correction – following Chae et al. (2013). The spa-

tially averaged profiles of the Ha line and Ti II 6559.580 Å photospheric

line were used for the wavelength calibration of the Ha band. With this

calibration, the spatial average of the Ha Doppler shift becomes zero. In

the same way, the spatial averages of the Ca II line and Kr I 8537.93 Å line

were used for the calibration of the Ca II band. The measured standard error

in the profile was 0.15 km s�1 for Ha and 0.21 km s�1 for the Ca II line in

the quiet region.

The region was observed with the TiO broadband filter as well, which

is centered at a wavelength of 7057 Å and has a band width of 10 Å (Cao et

al., 2010). The best 70 images among 100 short-exposure (1.2 ms) images

in each burst were saved during the observation. After the dark subtraction

and flat fielding, we applied the Kiepenheuer-Institut Speckle Interferome-

try Package (Wöger et al., 2008) code to each burst. The FOV of the speckle

reconstructed images was 69.800⇥69.800. Bursts of images were taken repeat-
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edly and the interval between two successive bursts was about 15 s.

Figure 9 shows a few raster images of the observed region constructed

from the FISS data at several wavelengths and a speckle-reconstructed im-

age through the TiO broadband filter. The spatial resolution of the FISS

images is poorer than that of the TiO image partly because the initial focus-

ing of the FISS was not set to the optimal one (Chae et al., 2013) and the

atmospheric seeing is not well corrected by the current adaptive optics as

yet.

The EB of our interest is well identified in the 6562.8 Å + 1.4 Å im-

age. It is located at 43700 eastward and 14600 northward of the disk center,

about 1000 away from the pores. The angle between the LOS and the radial

direction, µ, is about 30 �. The surge appeared beside and seems to have

originated from the EB (see the Ha and Ca II line center images of Figure

9). In the TiO filter image, we see many tiny bright points corresponding to

the footpoints of magnetic flux tubes on the boundaries of granules.

2.3 Results

We observed three EBs and two surges during 2 h of observations. Our

analysis is focused on the second EB. This event first appeared at 19:26:49

UT, which is taken to be the epoch of time t, and its-associated surge because

the data quality is better than the others. Before the EB occurred, an oval-

shaped granular cell expanded in the TiO photospheric images. When the

lane of the granular cell reached the magnetic neutral line, the expansion
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Figure 9: The raster images of the Ha line center(top left), the Ca II 8542 Å
line center(top right), and off-band(bottom left) of the FISS and TiO broad-
band filter image(bottom right) at 19:32:48 UT, 359 s after the occurrence
of the EB.
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stopped. Then the EB brightened and persisted for about 10 min. About

260 s after the EB brightening, we observed the surge ejected beside the

EB.

The dataset of the first and third EBs is incomplete because of the poor

atmospheric conditions. The third EB appeared at t = 820 s. We found

transverse motions in the TiO images before the brightening. Another surge

was observed in the blue wing of the Ha and Ca II lines at t = 920 s.

In the next section, we explain the events related with the second EB

in detail.

2.3.1 Expending Granular Cell

We found an oval-shaped granular cell expanding in two opposite di-

rections near the site of the EB (see Figure 10). During this expansion period

from �800 s to 200 s, new dark lanes showed up inside the cell, resulting in

the cell splitting into four sub-cells. One end of this expanding granule,

surrounded by the dark lanes, reached the site where the EB occurred. As

this approached the EB region, a small sub-cell appeared at the tip of this

lane and then brightened. A set of 45-s cadence magnetograms of the Helio-

seismic and Magnetic Imager (HMI; Schou et al., 2012) onboard the Solar

Dynamics Observatory (SDO) suggests that the EB was located above the

region where the magnetic flux gradient was steep. A weak positive polarity

region approached the EB site together with the expanding granule. At the

other side of the granular cell, the steep-gradient magnetic polarity region

also moved together with the expanding granule.
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Figure 10: Time series of TiO 7057 Å filter images. The blue arrows indicate
the position of the EB. The time after the occurrence of the EB is presented
at each image. White dashed ovals indicate the expanding granular cell of
interest. The solid curves represent the levels of vertical magnetic field in
the HMI magnetograms.
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We measured the transverse speed, vTiO, of the edge of the expanding

granule in the direction toward the EB using the nonlinear affine velocity

estimator (NAVE; Chae and Sakurai, 2008). We chose 13⇥13 pixels in the

TiO image as the window size, comparable with the size of the small sub-

cell (0.500), which appeared at the tip of the lane. As a result, we found that

vTiO increased from 1 km s�1 up to 5.5 km s�1 in 350 s (see Figure 18 (d));

this is three times faster than the typical granular flow speed, implying that

this motion was not driven by photospheric granulation. After reaching its

peak, the speed rapidly decreased to about 1 km s�1 within 100 s.

2.3.2 Photospheric Doppler Velocity

The LOS velocities in the photosphere of the EB were inferred from the

photospheric line at 6559.580 Å in the Ha-band spectra by fitting a Gaussian

profile to the line. The measured velocities looked somewhat noisy partly

because the line is weak and they are subject to solar oscillation. Despite

these problems, we found a persistent downflow of about 1 km s�1 at the

EB location. The downflow started at �100 s, and lasted for about 300 s.

This value is larger than the standard error of 0.11 km s�1.

2.3.3 Spectral Characteristics of the EB

Figure 11 shows the spectral characteristics of the EB seen in the Ha

and Ca II line profiles. As is well-known, the Ha line profile displays a

broad emission profile at the wings and a narrow absorption at the center.

The intensity monotonically increases in the emission wings as the wave-
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length approaches the line center and peaks at around ±1.0 Å. The Ca II line

profile of the EB appears in emission at every wavelength when compared

with the reference profile of the surrounding area. Unlike the Ha profile,

the intensity of the Ca II line decreases as the wavelength approaches the

line center from the wings.

The variation of intensity over wavelength at the wings reflects the

height variation of the source function in the radiative transfer. The wings of

the Ca II profile originate from the photosphere where local thermodynamic

equilibrium (LTE) holds fairly well. The brightness temperature TB of the

photosphere where the EB is observed can be identified with the temperature

T of the formation region. Figure 11 hence indicates that the photosphere

of the EB is characterized by the temperature excess DTB ⇡ 200 K over the

unperturbed one. This increase in the photospheric temperature is consis-

tent with the brightening in the TiO images, and with the brightening in the

SDO/AIA 1600 Å and 1700 Å images that took place simultaneously with

those of the Ha and Ca II lines.

The Ha profile of the EB itself is decomposed into a few components:

central absorption, emission in the near wings, and “power-law emission

in the far wings” (Kitai, 1983). We infer the LOS velocity of the plasma

responsible for the Ha emission in the near wings, vwing, with the “lamb-

dameter” method. In this method, vwing is determined from

vwing = c
lm �l0

l0
(2.1)
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Figure 11: The intensity profiles of the Ha line (left) and the Ca II line
(right) of the EB taken at 199 s (top) and 319 s (bottom) after the occurrence
of EB. The solid lines represent the profile of the EB, and the dotted lines
represent the reference profiles of the surrounding area.
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where lm is a measure of the Doppler shift and l0 is the central wave-

length of the line. The quantity lm is defined by

C(lm � dl

2
) =C(lm +

dl

2
) =C1. (2.2)

where C(l) is the contrast profile defined in Equation (2.3). The wave-

length difference of the lambdameter, dl, is set to 2.8 Å, which represents

the emission characteristics well, and C1 is obtained as a by-product of the

method. We apply this lambdameter method to the contrast profiles rather

than to the spectral profiles because the characteristics of the EB may be

better manifested in the contrast profiles.

Figure 12 shows the temporal variation of the contrast profiles of the

EB. The emission wings of the EB lasted for about 500 s. During this period,

they are blueshifted, and the resulting velocity vwing gradually changed from

1 km s�1 to 7 km s�1 with an acceleration of 14 m s�2.

2.3.4 Surge

The raster images of the small region presented in Figure 13 show the

second and third EBs and the accompanying surges among three EBs. The

second EB is located at the bottom-left of every off-band raster image. After

the second EB appeared, it brightened slowly with time and reached a peak

at t = 298 s, and after then, it darkened. The surge was visible from about

t = 259 s in the blue wings of the two lines. Later, the surge disappeared

in the blue wings, but showed up in the red wings, indicating the gradual

transition of the Doppler shift from blueshift to redshift.
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Figure 12: Temporal variation of the Ha contrast profiles of the EB. The
contrast profiles are stacked vertically in the order of time. Black horizontal
lines and diamond symbols represent the line widths of dl (2.8 Å) and the
values of lm of the emission wings. Red axis and red diamond symbols
represent the calculated LOS velocities, vwing.
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Figure 13: The time sequence of the Ha(top) and Ca II 8542 Å (bottom)
lines in the red-wing, center, and blue-wing. The x-axis represents time in
seconds from the first brightening of the EB. The field-of-view is 10⇥1000.
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Figure 14: The intensity (top) and contrast (bottom) profiles of the surge in
the Ha (left) and Ca II 8542 Å lines (right) at t = 741 s. The black dashed
lines represent the intensity profiles of the background radiation (Iin

l

), and
the black solid lines are the data. The red solid lines are the cloud model
fitting results. The obtained LOS velocities for the Ha and the Ca II lines are
vHa

= 6.93 km s�1, and vCa II = 6.79 km s�1, respectively. The temperature
and the nonthermal velocity are 24,700 K and 6.72 km s�1, respectively.

43



2.3. Results

Figure 14 shows the spectral profiles of the Ha (left panel) and Ca II

8542 Å lines (right panel) taken from a spatial point inside the surge at t =

741 s. The spectral profiles were normalized with respect to the far wings

(|l| > 2 Å) of the Jungfraujoch atlas (Delbouille & Roland, 1995). Both

contrast profiles appear in absorption, and are redshifted. It is very likely

that the observed surge was located much above the mean chromosphere.

Thus, it could be considered as a cloud illuminated from below. For the

derivation of physical parameters of the surge, we applied the classical cloud

model of radiative transfer (Beckers, 1964). Note that the cloud model is

applicable for the absorption feature. In this case, the surge is appropriate

to analyze using the model. According to the model, the contrast of the

observed intensity profile Iout
l

against its background intensity profile Iin
l

is

described as

C
l

⌘
Iout
l

� Iin
l

Iin
l

=

 
S
Iin
l

�1

!
�
1� e�t

l

�
, (2.3)

where S is the source function and t

l

is the optical depth. We adopt t

l

of

the form

t

l

= t0,l exp

"
�
✓

l�l0

DlD

◆2
#
, (2.4)

where l0 is the central wavelength of the absorption profile, DlD is the

Doppler width of the line, and t0,l is the optical depth at the line center.

Note that l0 represents the LOS velocity v0. The average over ten profiles

taken at different times at the same location before the appearance of the

surge was used for the background Iin
l

.
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The cloud model fitting was applied in the Ha and Ca II lines. Then

l0, t0,l, S, and DlD were derived in two lines individually. The Doppler

broadening DlD contains the thermal contribution and the nonthermal con-

tribution. Then DlD is expressed as

DlD =
l

c

r
2kT
M

+x

2, (2.5)

where, l, T , M, x are the wavelength at rest, kinetic temperature, mass of

the atom, and speed of nonthermal motion(traditionally called micro turbu-

lence), respectively. If the Ha and Ca II lines form in the same material, we

can separately determine the values of T and x in the region from the two

DlD-values of the lines because the mass of the H I atom is different from

that of the Ca II ion.

Figure 14 shows that both profiles are fairly well fitted by the model.

We find that the Ha contrast profile has a higher absorption contrast and

broader width than the Ca II profile. Nevertheless, they have similar LOS

velocity (about 6.8 km s�1), which strongly supports our expectation that

the two contrast profiles originate from the same material.

Figure 15 shows the time sequence maps of the LOS velocities, T , and

x in each data set, at the same FOV shown in Figure 13. We manually

masked the area of the surge by examining images. After we applied the fit-

ting to the pixels inside the masked area, we discarded the points where

the velocity difference between the Ha and Ca II lines was bigger than

5 km s�1. As shown in the figure, the surge was obviously blueshifted in
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the early phase, then it changed to the redshift. Ha and Ca II lines show

the same LOS velocities. The LOS velocity started to vary in the eastern

part of the surge first, while the western part of the surge followed the vari-

ation. At the early phase of the surge, temperature T near the EB seems to

be higher than the other part. Later, T at the middle of the surge increased

to about 40,000 K. The value of x was higher than 15 km s�1 initially, but it

decreased to about 5 km s�1 later.

We examined the temporal variation of physical parameters at 20 po-

sitions (about 3.600) on the white curve marked in Figure 13. This curve is

directed along the direction of the surge. At every position, we analyzed

50 profiles taken at different times during t = 200 s – 1200 s. Figure 16

shows the time-slice maps of the LOS velocities of the surge determined

along the curve. We displayed values only at positions where the velocity

difference between the Ha and Ca II lines was smaller than 5 km s�1. The

correlation between the chosen values of Ha and Ca II is 0.99, and the stan-

dard deviation of vHa

� vCa II is 1.4 km s�1. The velocity at t = 200 s was

about 20 km s�1 upward. This blueshift simultaneously appeared at all the

positions, then they gradually changed to the redshift. The estimated ac-

celeration was almost constant (⇡�70 m s�2 downward) during the event,

which is much smaller than the free-fall acceleration (�274 m s�2) on the

solar surface.

Figure 17 shows that the distributions of T and x vary over time. As

seen in the figure, T ranged from 20,000 K to 40,000 K, and x from 5 km s�1 to

15 km s�1. The mean and 1-s values were found to be around 29,000±
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Figure 15: The time sequence maps of the LOS velocities of Ha and Ca II
8542 Å lines, temperature and nonthermal velocity.
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Figure 16: The time-slice maps of the LOS velocity of the surge calculated
using the non-linear square fitting of the cloud model, in the Ha (left panel)
and Ca II 8542 Å (right panel) lines. The positive value represents the up-
ward motion.
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4700 K and 11.2±1.9 km s�1, respectively. Higher T values are found near

the middle of the surge and higher x near its bottom. We found that T and

x are moderately anti-correlated with a coefficient of �0.46 near the EB.

Furthermore, we found a tendency for T to be as high as 40,000 K before

t = 800 s, and then T dropped to 20,000 K later. We also found a similar

tendency that x decreased from 15 km s�1 to 5 km s�1.

2.3.5 Summary of Time Variation

The time variations of the velocities as well as the EB brightness are

shown in Figure 18. It is evident that the speed of the photospheric trans-

verse motion (vTiO) steadily increased, and then decreased in a short time.

The time of the transition from acceleration to deceleration coincides with

the beginning of the EB, suggesting that they were physically related. The

low-chromosphere velocity measured from the emission wings (vwing) in-

creased during the EB event, with an indication of a superposed oscillatory

pattern at around t = 400 s. This is a little prior to the instant when the surge

was first visible, moving at a high speed of about 20 km s�1. The LOS ve-

locity of the surge (v0,Ha

) monotonically decreased with an almost uniform

deceleration of ⇡ 70 m s�2.

2.4 Discussion

We have measured different kinds of velocity fields in relation to the

EB as a function of time: the downflow and the transverse motion at the
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Figure 17: The time-slice maps of temperature (left panel) and nonthermal
velocity (right panel) of the surge.
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Figure 18: Temporal variation of (a) the LOS velocity of the surge at
3.100distance from the EB, (b) the intensity at 6562.8� 1.4 Å, (c) LOS ve-
locity of emission wings of the EB, and (d) the transverse velocity under the
EB. The LOS velocity of the surge is measured at 3.100far from the EB. The
transverse velocity is measured following the lane of the expanding granular
cell. The red arrows in (b) represent the second and third EBs.
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photospheric level, the upflow in the chromosphere, and the surge in the

upper chromosphere or in the low corona. Moreover, we have obtained some

results related to the heating process of the EB. We observed a brightening

in the TiO images at the location of the EB. The intensity enhancement of

the wings of the Ca II line indicates that the EB had a temperature excess

of 200 K in the photosphere. The average temperature of the surge that

originated from the EB was estimated to be about 29000 K.

Our results help us to infer a comprehensive and detailed picture of

various phenomena associated with the EB in the widely accepted frame of

magnetic reconnection. In the photosphere, we observed events of bright-

ening and downflow at the time of EB, and we also observed the upflow in

the chromosphere. It is likely that these resulted from magnetic reconnec-

tion which was responsible for the EB. If so, our observations suggest that

the magnetic reconnection occurred between the upflow and the downflow

regions – probably right above the photosphere, in agreement with previous

studies (Georgoulis et al., 2002; Pariat et al., 2004; Watanabe et al., 2011).

The observed magnetograms suggest that a magnetic bipole existed

across the granular cell, even though the negative polarity was buried in the

background positive pole (the resolution of the HMI is 0.9100 (Schou et al.,

2012)), and expanded together with the cell (see Figure 10). Therefore, the

transverse bi-directional motions of the lanes might represent an emerging

bipole, and the ends of the expanding granule might be the footpoints of

the bipole. It is very likely that the EB was located above the photospheric

magnetic neutral line, and was driven by the collision of the emerging neg-
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ative flux with the pre-existing positive flux. The event looks similar to the

emergence of an W-shaped flux loop observed by (Lim et al., 2011).

Our observations indicate what drove the reconnection; it may be the

small-scale flux emergence manifesting in an expanding granule. One end

point of the granule – supposedly one footpoint of the emerging field –

moved at a fast speed and eventually reached a point that was very close

to the EB site, suggesting that the reconnection process responsible for this

EB may have been driven by this flux emergence. The small distance be-

tween the end point of the granule and the EB site also suggests that the

reconnection occurred at a low altitude. The observed motion toward the

site of the EB was as fast as 6 km s�1 and hence is quite different from the

previously reported continuous, wide horizontal flows with a speed of 0.1 –

0.3 km s�1 which were suspected to be inflows to the EB site (Georgoulis

et al., 2002). Rapid converging flows of 4 – 6 km s�1 have been observed

in recent high spatial resolution observations (Jess et al., 2010; Lim et al.,

2011; Chae et al., 2010). It is surprising that the speeds are as fast as the

sound speed of the photospheric level. The transverse motion changed from

acceleration to deceleration when the one end point of the granule reached

the EB site. This rapid change may result from the high magnetic pressure

of the flux pile-up site, which resists against further convergence of the mag-

netic elements and frozen-in plasma. At any rate, the fact that the EB started

after the end point of the granule reached the site strongly suggests that the

transverse motion may have driven the process of magnetic reconnection,

even though flux emergence is not seen in our data.
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We also found a systematic difference in the profile shape of the EB

between the Ha line and Ca II line. Unlike the Ha line, the spectral char-

acteristics of the broad wing emission are not clear in Ca II. The Ca II

8542 Å line is strongly affected by the collisional effect because the line

shares the upper level with the collisionally excited line, and hence reflects

the temperature of the line formation region. In contrast, the Ha line is

dominated by radiative processes such as radiative excitation/deexcitation

and photoionization/radiative recombination, and hence is insensitive to the

local kinetic temperature in the chromosphere (Cauzzi et al., 2009; Chae et

al., 2013). Therefore, the above spectral characteristics strongly suggest that

the broad emission wings of the Ha line in the EB may have a nonthermal

origin such as an energetic particle beam (Ding et al., 1998).

Even though we could not resolve the EB in our observations, the re-

cent high resolution observations such as Watanabe et al. (2011) indicated

that the EB has a shape of the anemone jet. The speeds of the upflow in

the EB we observed and those of the previous measurements (Kitai, 1983;

Kurokawa et al., 1982) are consistent with this new picture. If the material

moves upward for 500 s with the speed of 1� 7 km s�1 as shown in Figure

18, it can reach a height of about 2500 km, which is larger than the typical

EB size of 1.800 (1300 km).

Our results may contribute to better understanding of the dynamics and

energetics of the surge originating from the EB. Note that the surge had a

speed of 20 km s�1 from the first instant it showed up as a clear dark fea-

ture. The speed of the surge at the earlier times may have been even higher
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than this value because it was already decelerating at the instant of the ob-

servation. Choosing Dt = 200 s for the duration of the initial acceleration,

and v = 25 km s�1 for the peak speed, we obtained �125 m s�2 as an esti-

mate of the average deceleration. The temperature and speed of the surge

we obtained appear to be consistent with the results by the observation of

(Tziotziou et al., 2005) that yielded a temperature of 104 � 105 K, and the

simulation of (Yokoyama & Shibata, 1996) yielded a speed of a few tens of

km s�1.

Our finding that the surge has temperatures ranging from 20000 to

40000 K raises an important question to be addressed; how can the surge

at such high temperatures be seen in the Ha and Ca II absorption? First,

why in absorption, not in emission? This is because the scattering process

dominate in the source functions of the lines in the low-density, high-lying

features. Temperature is not that important in this system governed by scat-

tering processes. Second, how can neutral hydrogen exists at such high

temperatures? This is a serious problem. It is well-known that in LTE, most

hydrogen atoms are ionized at temperatures above 20000 K. This behavior

appears to hold even in non-LTE as we find that temperatures inside fil-

aments/prominences are measured to be lower than 20000 K (Park et al.,

2013). One possible explanation for this discrepancy is that the surge mate-

rial may not be in ionization equilibrium. This kind of deviation from equi-

librium results when the ionization/recombination time scales (103 � 105 s

in the chromosphere according to (Carlsson & Stein, 2002)) are longer than

the dynamic time scales, such as in the surge in which the dynamic time

55



2.4. Discussion

scale is a few hundred seconds as we observed.

In conclusion, our observations support the picture that an EB and its

associated surge is a response of the atmosphere to the process of magnetic

reconnection that is driven by small-scale flux emergence and occurs in the

low chromosphere.
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Chapter 3

Fine-Scale Photospheric Connection of
Ellerman bombs

3.1 Introduction

Ellerman bombs (EBs) are short lived energy release events that show

as bright feature in the far wings of the Balmer lines, especially the Ha line

(Ellerman, 1917). Even though the intensity of their wings increase, the line

core is usually not affected by the event, suggesting that they occur below

the formation height of the line core. They are often called “moustache”

due to the profile shape of the Ha line. Their typical size is 100 and their

lifetime is a few minutes (Kurokawa et al., 1982). The EBs tend to recur,

and sometimes are accompanied by surges (Yang et al., 2013).

It is widely accepted that magnetic reconnection in the low chromo-

sphere or right above the photosphere is responsible for EBs (Georgoulis et

al., 2002; Watanabe et al., 2008, 2011; Yang et al., 2013; Rutten et al., 2013;

Vissers et al., 2015). The magnetic reconnection scenario is supported by

Most of the contents in this chapter is to be published in Astrophysical Journal in 2016,
entitled “Fine-Scale Photospheric Connections of Ellerman bombs” by Yang, H., Chae, J.,
Lim, E.-K., Song, D., Cho, K., Kwak, H., Yurchyshyn, V., B., and Kim, Y.-H.
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the occurrence of EBs near the magnetic neutral line (Roy, 1973; Dara et

al., 1997; Georgoulis et al., 2002; Fang et al., 2006), and by their associa-

tion with cancelling magnetic features (Georgoulis et al., 2002; Watanabe et

al., 2008; Nelson et al., 2015; Vissers et al., 2015). However, the intensity

profiles of the EBs are rather symmetric, which is different from those found

for sub-flares (Qiu et al., 2000).

It is important to study the magnetic field configuration of EBs in or-

der to understand the specific processes leading to magnetic reconnection

that drives them. One of the well accepted magnetic field configurations

suggested for EBs is the concave emerging parts (U-shaped loops or bald-

patches) of an undulatory magnetic field lines (Pariat et al., 2004; Isobe

et al., 2007; Watanabe et al., 2008). These undulatory fields are known

to be developed due to the magnetic buoyancy instability (Acheson, 1979;

Pariat et al., 2004; Isobe et al., 2007). The development of W-shaped and

U-shaped loops of a serpentine field may result in the appearance of a series

of bipoles with their subsequent convergence and cancellation. Many ob-

servational studies showed that EBs are often detected in association with

bipolar emerging fluxes (EFs) (Zachariadis et al., 1987), moving magnetic

features (MMFs) (Nindos & Zirin, 1998), in areas of new flux emergence

into strong magnetic fields (Georgoulis et al., 2002), and more specifically

near the polarity inversion line of longitudinal fields with bald-patch shape

(Pariat et al., 2004).

Recent studies indicate that the EBs are accompanied by the elongated

granule-like features (EGFs) displaying transverse motions (Guglielmino et
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al., 2010; Yang et al., 2013, 2014; Kim et al., 2015). Guglielmino et al.

(2010) identified the EGFs moving with a speed of about 3 km s�1. Yang et

al. (2013) also reported that the features moving with magnetic fragments

were accelerated up to about 6 km s�1 prior to the EB occurrence. Mean-

while, some authors reported that the EGFs might be associated with the

EFs and MMFs (Otsuji et al., 2007; Guglielmino et al., 2010; Lim et al.,

2011, 2012; Ortiz et al., 2014). Most of these studies, however, highlignted

either the connection between magnetic elements and photospheric features,

or between magnetic elements and EBs. Therefore, a comprehensive study

of the association between these three phenomena is necessary along with

detailed analysis of various EBs.

In this paper, we report that all of the nine studied EBs were accom-

panied by transverse motions driven by EGFs. The average speed of the

transverse motions is about 3.8 km s�1. We also report that while some

EGFs expanded in both directions, others showed rapid displacement only

of one end of the EGF. Each group of the EGFs were likely to be associated

with the EFs or MMFs, respectively. Our results showed that a connection

exists between the above-mentioned observed features.

In Section 3.2, we describe the observations and the data reduction.

The overall findings for nine EBs and three case studies are described in

Section 3.3. Finally, we discuss our results in Section 3.4.
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3.2 Observations

We observed nine EBs using the Fast Imaging Solar Spectrograph (FISS),

the TiO broadband filter, and the Near InfraRed Imaging Spectropolarime-

ter (NIRIS) installed on the 1.6 meter New Solar Telescope at the Big Bear

Solar Observatory.

The FISS is an Echelle spectrograph that provides spatial and spectral

information using two arbitrary lines simultaneously (Chae et al., 2013).

We chose the typical setup that includes the Ha and Ca II 8542 Å chro-

mospheric lines. The spatial sampling along the 4000 tall slit was 0.1600 and

the spectral sampling was 0.019 Å in the Ha band and 0.026 Å in the Ca

II band. We analysed the data taken on 2014 June 5 and 6, and 2014 July

31. The June data covered the scan area of 1800 ⇥ 4000 with the cadence of

16 seconds, while the July data covered 4000 ⇥ 4000 with the cadence of 33

seconds.

The dark current subtraction, flat fielding, and distortion correction of

the FISS data was done following the methods described in Chae et al.

(2013). The wavelength calibration was carried out using the methods pre-

sented in Yang et al. (2013). The data have been de-rotated and co-aligned.

The FISS spectral profiles were normalized by comparing the average spec-

tra of the area with the Jungfraujoch atlas (Delbouille & Roland, 1995).

In this study, Ti II 6559Å line present in the Ha band was used to infer

the photospheric line-of-sight (LOS) Doppler velocities. The line shift was

measured using the Gaussian fitting to the line. We subtracted the mean
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LOS photospheric velocity of each dataset from the measured velocity to

compensate for the solar rotation.

The TiO filter with 10 Å band width was centered at the wavelength of

7057 Å (Cao et al., 2010). Each burst of 70 TiO images was taken every 15 s

with exposure time of 0.8 milli-seconds. The acquired TiO data were dark

current corrected and flat-fielded and then the Kiepenheuer-Institute Speckle

Interferometry Package (Wöger et al., 2008) code was applied to each burst

to produce one speckle reconstructed image with the FOV of 6900.8⇥6900.8.

The NIRIS offers high resolution spectroscopic and polarimetric imag-

ing data of the photosphere. The FOV of NIRIS is 8500 ⇥ 42.500, and the

cadence was set to be 194 s on 2014 June 5, 314 s on 2014 June 6, and 74 s

on 2014 July 31. We used the Fe I 1565 nm doublet that has already proven

to be the most sensitive to Zeeman effect spectral line (Cao et al., 2012).

We inferred the longitudinal magnetic flux Bl by integrating the Stokes

V (l) over wavelength using the following relationship:

Bl = a

R
l0

lb
V (l)dl�

R
lr

l0
V (l)dl

Ic
R

lr
lb

dl

(3.1)

where Ic is the continuum intensity, lb, lr and l0 are the wavelength of

the blue and red end of the spectral range and the center of the Fe I 1565

nm line, respectively. We set lb and lr to be l0 ± 1.6 Å. We found the

calibration coefficient a by comparing the net flux of the region with that of

the Helioseismic and Magnetic Imager (HMI; Schou et al., 2012) on board

the Solar Dynamic Observatory (SDO). This calibration yields reasonable
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values of magnetic fields in relatively weak field regions (< 1500 G), such

as our region of interest (Lites et al., 2008; Ishikawa & Tsuneta, 2011; Song

et al., 2015).

3.3 Result

Figure 19 shows three regions of our interest as seen in the Ha �

1.3 Å and TiO band. The first region is NOAA AR 12080 located at (�52000,

�20000), which consisted of two sunspots and only the leading part was ob-

served by the NST. This sunspot had only a partial penumbral structure in its

southern part. We identified four EBs around the sunspot, and labeled each

of them as EB1, EB2, EB5, and EB6. Note that we labeled the EBs in an or-

der that will be explained below in Section 3.3.1. EB1 occurred near a pore.

EB5 and EB6 occurred near the edge of the penumbra, while EB2 occurred

at the north side of the sunspot, where no penumbra had developed. The sec-

ond region of our interest is the emerging NOAA AR 12085 and the images

in the second row show a pore located at (�39000, �33000) in the leading part

of this AR on 2014 June 6. The EB3 was detected at the east side of the pore

where the flux emergence took place. The observed pore developed into a

sunspot the next day. The third region of our interest is NOAA AR 12127

with a well developed sunspot at (�37000, �22000) observed on 2014 July

31. The sunspot later split into a group of small sunspots in four days. The

other observed EBs (EB4, EB7, EB8, and EB9), were located near the outer

boundary of the penumbra.
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Figure 19: The regions observed in Ha� 1.3 Å and TiO broadband filter.
The white diamonds mark the locations where the EBs appeared.
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Figure 20: The profiles of the nine EBs under study (thick solid lines). The
profiles are plotted for the locations where the ration of Ha�1.3 Å intensity
in and Ha � 4.0 Å intensity is maximal. Thin solid lines represent the
background profiles.
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To remove the obscurity, we only selected these EBs that were suffi-

ciently bright in Ha� 1.3 Å raster images and had the contrast profiles of

the well defined moustache shape. Figure 20 shows the profiles of nine se-

lected EBs. The thin solid lines represent the background profiles used for

the construction of the EB contrast profiles. The background profiles are

obtained by taking an average of all profiles from a quiet Sun region within

the FOV. Even though the contrast profiles of all the EBs are consistent with

the known characteristics of a moustache, their details differ from one EB to

another, particularly the maximum contrast and the asymmetry. Parameters

of some selected properties are summarized in Table 1: date and time, posi-

tion, the transverse speed of the associated EGFs vtr, the maximum contrast

of the EBs in Ha and Ca II profiles (CHa

and CCaII), respectively.
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The two Left columns in Figures 21 and 22 show FISS raster images

taken at Ha � 1.3 Å and the TiO band image. The size of EBs seen in

Ha�1.3 Å raster images ranges from 100 to 300 and all the EBs, except EB6,

display associated bright jet-like structures. The EB1, EB3, EB4, and EB7

recurred several times during our observations, and EB2, EB3, EB4, EB9

were accompanied by surges.

3.3.1 EGFs

We found that each of the EBs was associated with a photospheric EGF.

The moving front of an EGF usually approached the site of the EB just be-

fore the EB onset. We measured the transverse speed of each EGF following

the intensity maximum in the TiO filter distance-time (d-t) plots shown in

Figure 21 and 22. We excluded the EB9 from the speed measurement be-

cause several moving features that appeared near the EB9 site and made it

difficult to accurately determine which of the features was associated with

the EB. The average speed of the transverse motions is found to be about

3.8 km s�1. Interestingly, most of EGFs moved along the inter-granular

lanes.

The associated EGFs usually showed a brightening at the tip of their

moving front as shown in the TiO filter d-t plots in Figures 21 and 22. The

size of the brightening is less than 0.500. The brightening is also observed in

the Ha and Ca II 8542 Å spectral lines as an intensity enhancement. We also

find that the brightening in TiO images is preceded by a weak darkening.

We classified eight events (excluding EB9) into two groups. Group 1
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Figure 21: Ha�1.3 Å raster and TiO broadband filter images of four EBs
shown during the intensity peak (two left columns), and the d-t plots derived
from TiO, Ha�1.3 Å, NIRIS longitudinal magnetic field, and LOS velocity
data (four right columns). The d-t plots are made along the white arrows
shown in the raster images. The black and white solid lines in the d-t plots
indicate the transverse motions of the EGFs approaching the site of the EBs.
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Figure 22: The raster images of the five EBs shown during the intensity peak
at Ha�1.3 Å rasters (two left columns), and the d-t plots derived from TiO,
Ha�1.3 Å, NIRIS longitudinal magnetic field and LOS velocity data (four
right columns).
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Table 3: Characteristics of Each Event

Date Event Start time Position vtr CHa

CCaII

EB1 2014 June 5 16:47:32 (-527.5, -209.5) 3.4 0.47 0.53
EB2 2014 June 5 17:49:30 (-526.9, -187.3) 2.9 0.76 0.95
EB3 2014 June 6 18:54:02 (-396.5, -329.5) 3.2 0.86 0.91
EB4 2014 July 31 21:31:09 (-364.1, -209.3) 0 1.04 0.83
EB5 2014 June 5 17:24:26 (-207.1, -213.4) 2.2 0.37 0.43
EB6 2014 June 5 18:01:33 (-519.1, -212.7) 5.5 0.54 0.19
EB7 2014 July 31 21:00:07 (-375.2, -231.8) 3.5 0.26 0.45
EB8 2014 July 31 20:31:59 (-387.5, -224.5) 4.6 0.53 0.43
EB9 2014 July 31 20:49:56 (-376.0, -237.8) - 0.77 0.68
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included EB1, EB2, EB3, and EB4 that were accompanied by EGFs with

bi-directional expanding motions, and Group 2 with EB5, EB6, EB7, and

EB8 accompanied the EGFs with uni-directional motions observed in the

TiO band image.

In Group 1, the bi-directional expanding motion of each EGF was iden-

tified from the chevron shape (<) in the TiO filter d-t plots (two black solid

lines in Figure 21). The motion is a manifestation of the emergence of a

bipolar magnetic elements with its footpoints moving apart since a pair of

positive and negative magnetic elements appeared in the NIRIS V d-t plots

along with every EGF. We also observed a photospheric upflow at the mid-

point of the EGF, and photospheric downflows at the tips of it (see LOS ve-

locity d-t plots). The associated EB took place when the motion of the EGF

decelerated sharply. In the case of the EB2, a new granular cell emerged.

But the EB1 and EB3 deceleration was not linked to any changes in the

granular structure (see Figure 23 and Section 3.3.2). The EB4 showed the

presence of a dark penumbral-like structure at the site of the EB. The maxi-

mum distance between two tips of each EGF ranged from 3 to 5 arcseconds

(2 Mm to 3.6 Mm).

In contrast, the EGFs in Group 2 (EB5, EB6, EB7 and EB8), split off

from the edge of the penumbra. The EGF in this case can be identified as a

diagonal line in the TiO filter d-t plot in Figure 22. It moved together with

a pair of positive and negative magnetic elements traveling in the sunspot’s

radial direction. In the case of EB5, EB7, and EB8, the pair of magnetic

elements collided with the pre-existing strong magnetic field. The magnetic
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element that has the same polarity as the pre-existing magnetic field was

followed by the opposite polarity element. Then the same polarity magnetic

element appears to infiltrate into the pre-existing magnetic field. The asso-

ciated EB took place abruptly when the motion of the EGF decelerated. We

suspect that the EB might occur due to the magnetic cancellation between

this opposite polarity element and the pre-existing field line. On the other

hand, EB6 brightened gradually, and then its Ha profile turned into mous-

tache shape during its constant transverse motion. After then the profile

gradually returned to the normal shape. The LOS velocity d-t plots of EB7

and EB8 showed the strong downflows associated with the EGF, whereas

those of EB5 showed weak downflow right behind the bright features of

TiO filter images.

In the following sections, we describe in detail two EBs belonging to

Group 1 and Group 2, respectively.

3.3.2 EB3 in Group 1

The EB3 was associated with a bi-directional expanding EGF, and

hence belongs to Group 1. The EB3 was observed on 2014 June 6 in the

emerging flux region near a pore.

Figure 23 shows the time sequence of the intensity maps, Doppler-

grams, and magnetograms. Prior to the EB brightening, a bright loop-like

structure was identified in the Ca II raster images (black dotted curve at t =

�19 s). One foot of the loop was rooted in the EB site, while the loop was

extended for about three arcseconds to the south-west direction. At t = 44 s,
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Figure 23: The time sequence of the Ca II�0.05 Å (1st row), Ha �
1.3 Å (2nd row), TiO broadband filter intensity (3rd row), photospheric LOS
velocity measured at Ti II 6559 Å line (4th row) and longitudinal magnetic
flux (5th low) of the EB3. The rasters of the longitudinal magnetic field at
t =�325,�10,90 s were produced from HMI/SDO data.
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one can identify the EB onset with a bright jet structure ejected to south-east

direction and marked with black dotted line in Ca II�0.05 Å raster images.

The height of the jet is about 200.

The time sequence of TiO images in Figure 23 shows the bi-directional

expanding motion of the EGF of the EB3. This EGF first appeared as a dark

elongated structure between the regular granular cells (t = �341 s), then

both tips of the EGF moved apart from each other developing into dumbbell

shape (t = �13 s and t = 47 s). Because of its narrowness, the EGF now

looks like an intergranular lane, rather than a granular cell (t = 47,107 s).

The two black arrows are pointing to the two moving fronts of the EGF. The

bright tips and the thin dark lanes appeared at the moving fronts in the TiO

filter images at t = �13 s. The distance between the bright feature tips and

the dark lane is about 0.2 00, that is marginally resolvable with the 1.6 meter

telescope. The bi-directional expanding motion of the EGF in here looks

similar with the report of Yurchyshyn et al. (2012).

The observed behavior of the EGF is quite similar to what we expect

to see when a bipolar flux emerges through the photosphere. One can eas-

ily identify photospheric upflows in the middle of the black slit that corre-

sponds to the center of the EGF in the raster at t = �19 s. Moreover, the

NIRIS longitudinal magnetic field maps at t = �224 s and 90 s show that a

negative magnetic element appeared at the tip of the EGF. This element is

not resolved in HMI because of its limited spatial resolution. We also find a

diffuse and very weak positive magnetic element at the other tip of the EGF

in the d-t plot for the EB3 (Figure 21).
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3.3.3 EB7 in Group 2

The EB7 was included in Group 2 and it was associated with an uni-

directional expanding EGF. The EB was first observed at 21:00:07 UT in

2014 July 31 at a certain distance from the penumbra.

Figure 24 shows the raster images of the EB7. In TiO images, a small

pore was located at (-37500, -23200) near the outer edge of the penumbra, and

the EB7 was detected at the north-west side of this pore (Ha�1.3 Å image

at t = 91 s). As indicated by the black arrows in the TiO images, an EGF

first appeared as a part of the penumbral filament t = 316 s before the EB

occurred, then the tip of the EGF moved toward and collided with the pore

at the time of the EB occurrence. The tip of EGF included a bright core

surrounded by a thin dark lane similarly to the EB3. The core is also clearly

distinguishable in the TiO d-t plot. The transverse speed of the EGF is about

3.4 km s�1.

A pair of a negative and positive magnetic elements emerged at about

t = �800 s and co-spatially moved with the corresponding EGF (see red

dotted circles in the NIRIS V images). The transverse motion of this pair

is also prominent in the d-t plot of longitudinal magnetic flux in Figure 22.

When the pair approached to the pore, the positive element appeared to in-

filtrate into the pore of the same positive polarity, while the negative element

following behind the positive one might remain around, and then it might

cancel out with the positive pore flux. Such magnetic behavior is similar to

emerging of a concave part of an undulating magnetic fields, in other words

U-shaped loop. This magnetic configuration is often adopted to explain
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Figure 24: The time sequence of Ca II�0.05 Å (1st row), Ha� 1.3 Å (2nd
row), TiO intensity (3rd row), photospheric LOS velocity measured at Ti II
6559 Å line (4th row) and NIRIS V �1 Å intensity (5th row) of the EB7.
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bipolar MMFs (Shine & Title , 2001; Lim et al., 2011). We found persistent

downflows of about 1 km s�1 associated with the EGF. The downflows may

be explained as the plasma draining along the field lines.

3.3.4 Time variations of the Ha and Ca II profiles

Figure 25 shows time variations of the Ha and Ca II line profiles at the

tip of the EGFs. In the case of the EB3, the initial Ha spectrum marked as 1

(black solid line) appeared as a usual Ha absorption line profile, however the

intensity at every wavelength except the line core was higher than that of the

comparison profile. The 2nd profile (red solid line) was enhanced as well.

The 3rd plotted profile (blue solid line) taken right after the EB maximum

was of higher intensity than the 1st and 2nd ones in the far wings and even

much higher intensity in the near wings. The core intensity, however, little

changed, that is known as moustache shape. The Ca II spectrum shows a

similar pattern.

The enhancement of the far wings (> ±2.5Å) of 2nd line profile are

characterized by the brightness temperature excesses of about 72 K and

121 K in the Ha and Ca II over the comparison profile, while the TiO in-

tensity are characterized by 288 K temperature excess. The far wings of

the 3rd profile are also characterized by about 144 K and 294 K temperature

increases, respectively.

In the case of the EB7, we observe higher intensity at the far wings of

the 2nd (right before the EB occurrence) and the 3rd (right after the EB)

Ha profiles than the 1st profile that is similar to the EB3. The line core
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Figure 25: Ha (left) and the Ca II (right) line profiles taken at the position
and time marked 1–3 inn the Ha� 1.3 Å d-t plot of the EB3 in Figure 21
(two upper plots) and the EB7 in Figure 22 (two lower plots). The black
dashed lines are the normalized averaged profiles plotted for comparison.
The 1st profile (black solid line) was measured at the initial phase of the
EGF. The 2nd profile (red solid line) was measured right before the EB
onset. The 3rd profile (blue solid line) was taken at the peak of the EB.

77



3.4. Summary and Discussion

intensity also remained the same. Note that the 1st spectrum appeared dark

in their far wings of both lines as compared to the comparison profile (black

dashed lines), because they darkened due to the penumbra-like features in

the photosphere.

In this case, the intensity increase of the far blue wings (>±2.5 Å) of

2nd spectra in both lines is characterized by the temperature excess about

99 K and 165 K over the 1st one, respectively. The TiO filter intensity in-

crease corresponds to 288 K for 2nd point, and 252 K for the 3rd point,

respectively.

3.4 Summary and Discussion

We report on the photospheric transverse motions of the EGFs associ-

ated with the EBs. The average speed of the motions is about 3.8 km s�1.

Even though our study does not sample a large number of EBs, it suggests

that a majority of the EBs are probably accompanied by the EGFs. The aver-

age speed of the EGFs is consistent with the previous studies (Guglielmino

et al., 2010; Yang et al., 2013; Kim et al., 2015). It is interesting that the

EGFs show much faster motions than a typical granular motion of about

1 km s�1.

The observed events were classified into two groups. The events of

Group 1 were accompanied bi-directionally expanding EGFs, while the events

of Group 2 were accompanied by uni-directionally expanding EGFs. In

Group 1, EGFs appear to result from the emergence of flux which is evident
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Emerging Flux

(-)
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Pore
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(-)(-) (+)
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Figure 26: The models of two Groups. Group 1 shows that the EBs can be
triggered by the magnetic reconnection between EFs and the pre-existing
fields (up). Group 2 shows that the EBs can triggered by the magnetic re-
connection between MMFs and pre-existing fields (bottom).
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from the bi-directional motion, the upflows at its middle point, downflows

at the tips, and the bipolar magnetic elements. The EBs developed abruptly

at the tip of the EGF reached and stopped at the site. The EBs are likely to

be caused by magnetic reconnection between the emerging flux and the pre-

existing fields as suggested by Yokoyama & Shibata (1995). Meanwhile,

the events in Group 2 seem to be associated with bipolar MMFs character-

ized by a pair of magnetic elements and uni-directionally expanding EGFs.

The MMFs are likely to be a part of a serpentine field, that is an extended

penumbral field carrying the Evershed flow (Lim et al., 2011). The MMFs

may move radially as a result of rising of the penumbra into the upper at-

mosphere. Then EBs took place when the tip of the EGFs approached and

stopped at the site of them. We summarize two models in Figure 26

Our results of Group 1 support the idea that magnetic reconnection

manifested by EBs occurs at the bald-patch when the flux tube emerges into

the low atmosphere (Pariat et al., 2004; Isobe et al., 2007). The EF might be

subjected to the magnetic buoyancy instability considering the scale of the

observed EF of about 3� 5 arcseconds, that is longer than the scale of the

Parker unstable wavelength of about 2 Mm (Pariat et al., 2004). In addition,

the blueshift in the middle and the redshift at the foot of the flux tube also

show good agreement with the simulation result of Isobe et al. (2007). The

fast transverse motions of the EGFs reported here indicate that the flux tube

may emerges abruptly.

One of the important results is that the EBs are associated with bipo-

lar MMFs. In our observational data for Group 2, three out of four MMFs
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approached small pores that had the same polarity as the main sunspot. Pre-

vious studies showed that the pore-satellites and MMFs usually have this

type of polarity configuration (Harvey & Harvey, 1973). This result indi-

cates that magnetic reconnection takes place between the trailing magnetic

element of MMFs and the pre-existing field lines, at the location of the U-

shaped loops. We note that Nindos & Zirin (1998) reported the association

between EBs and unipolar MMFs. Most of the MMFs are likely to have the

bipolar polarity such as our results (Harvey & Harvey, 1973; Yurchyshyn et

al., 2001). Our findings also differ from those by Bernasconi et al. (2002),

who found dipolar MMFs flowing into a sunspot, then EBs took place at the

foot of an W-shaped loop.

The fast transverse motion of EGFs is interesting because their speed

is comparable to the sound speed of the photosphere (cs ⇠ 8.5 km s�1; Cox

(2000)). The transverse motion of the magnetic elements will leave a trace

as EGFs in the photosphere. In that regard, the local magnetic pressure

dominates the plasma pressure at the base of the flux tubes even though

plasma b is much higher than unity in the photosphere (Gary, 2001). We

conjecture that this motion of the magnetic elements, or abrupt emergence

of the flux tubes, forces the magnetic reconnection that are identified as the

EBs.

We report brightenings at the tip of the EGFs seen in TiO filtergrams

as well as at far wing of the Ha and Ca II lines prior to the EBs. These

brightenings have been reported in previous studies (Lim et al., 2011, 2012;

Yang et al., 2013). Lim et al. (2011) detected a slight brightening in the
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TiO and Ha filtergrams. Yang et al. (2013) characterised the temperature

excess DT ⇠ 200 K in the far wings of Ca II line when an EB developed.

Here we measured temperature increase of a few of hundred Kelvins in TiO

filter images. The far wings of the Ha and Ca II lines also showed uniform

enhancement, that differs from the near wing (< ±2.5 Å) enhancements of

moustache shapes of EBs. These brightenings and the far wing enhance-

ments might be small-scale magnetic concentrations (MCs) with lower den-

sity associated with continuum enhancements due to the radiative hot wall

heating in the absence of convective heating (Spruit, 1974). MCs are also

manifested as an strikingly intense small-scale brightenings in the blue wing

of Ha line at the location of the intergranular lanes (Leenaarts et al., 2005).

Our study also suggests that one has to be cautious in distinguishing

between EBs and MCs. Recent studies using filtergrams have introduced an

ambiguity in defining the EBs because the brightenings seen at a specific

wavelength such as Ha�0.7 Å or Ha�1.4 Å appear similar to MCs (Rut-

ten et al., 2013; Nelson et al., 2013). We find that a line profile may have a

constant enhancement at every wavelength even prior to the occurrence of

EBs. This enhancement does not indicate an EB, but an intensity enhance-

ment in a MC. We suggest that observations at at least three spectral ranges

are necessary to confirm the presence of an EB : the far wings (> ±2.5 Å),

the near wings (<±2.5 Å) and the core (0 Å) of a spectral line.

One interesting result of our study is that bi-directional and uni-directional

photospheric motions of EGFs seem to emerge in the intergrnular lanes. It

seems that the EFs or MMFs prefer to travel in the intergranular lanes (Ot-
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suji et al., 2007; Reid et al., 2015; Kim et al., 2015). Moreover, Watanabe

et al. (2011) reported that an EB moved along the intergranular lanes. We

suspect that the granular convection motions may guide the motion of the

flux tubes along the granular lanes.

In conclusion, we showed the fine-scale connections among the photo-

spheric features, EFs, MMFs, and the EBs. Our result suggests the picture

where an EB is a response of the atmosphere to the process of magnetic

reconnection forced by the EFs or MMFs manifested by the EGFs.
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Chapter 4

Magnetic-Reconnection Generated
Shock Waves as a Driver of Solar
Surges

4.1 Introduction

Surges are the violent ejections of cool and dense plasma in the solar

chromosphere, mostly in active regions. They are ejected with the speed ex-

ceeding several tens of km s�1 along either a straight trajectory or a slightly

curved one. They reach up to 10,000 – 100,000 km, and then fall down

along the same trajectory (Tandberg-Hanssen, 1995).

Previous observations produced results supporting that surges are re-

lated to magnetic reconnection occurring in the atmosphere. Roy (1973)

first found that surges tend to grow from small bright knots, either Ellerman

bombs (EBs) or subflares. It was also found that the surges occur in regions

of parasitic satellite polarity or evolving magnetic features, which provides

Most of the contents in this chapter was published in Astrophysical Journal , 790, L4.
in 2014, entitled “Magnetic-Reconnection Generated Shock Waves as a Driver of Solar
Surges” by Yang, H., Chae, J., Lim, E.-K., Lee, K.-S., Park, H., Cho, K., and Song, D.
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a magnetic environment suited for magnetic reconnection. The subsequent

observational studies of EBs have supported the low-atmosphere reconnec-

tion origin of EBs (e.g. Dara et al., 1997; Georgoulis et al., 2002; Watanabe

et al., 2011). The recent case study of an EB and its associated features —

velocity field and magnetic field in the photosphere, motion of the EB, and

the motion and temperature of its associated surge (Yang et al., 2013) pro-

duced detailed results quite compatible with this idea. Meanwhile, Canfield

et al. (1996) found that many surges occur at places adjacent to X-ray jets

and suggested that X-ray jets represent hot plasma jets coming out of mag-

netic reconnection while surges are cool plasma jets driven by the slingshot

process as seen in the simulation of Yokoyama & Shibata (1996). A similar

relationship was later found among EUV jets — a miniature of X-ray jets,

small surges, and emergence and subsequent cancellation of magnetic flux

(Chae et al., 1999), which also supports the magnetic reconnection origin of

surges.

Very recently, Takasao et al. (2013) found from numerical simulations

that slow shock waves generated by magnetic reconnection in the chro-

mosphere and the photosphere play key roles in the acceleration mecha-

nisms of chromospheric jets. The idea of slow shock wave-driven surge

itself was first proposed by Shibata et al. (1982), who found from hydrody-

namic simulations that sudden pressure increase at a low height generates

shock waves which produce jets. Takasao et al. (2013) demonstrated that

magnetic reconnection taking place near the photosphere can generate slow

waves that move upwards along magnetic field lines and develop into slow
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shock waves. This idea of reconnection-generated shock waves as the driver

of surges is very interesting, but has not been observationally verified yet.

In this study we present observational evidence for this idea for the first

time. Specifically, we report the unexpected existence of multiple shock

features comprising the surges. Our result support the idea that the energy

released by the magnetic reconnection in the low atmosphere is transported

upward in the form of the shock waves, and drives the surges.

4.2 Observation

We focus on the Doppler velocity variation in a series of recurring

surges. The data were obtained using the Fast Imaging Solar Spectrograph

(FISS) and the TiO broadband filter installed at the 1.6 m New Solar Tele-

scope (NST) at Big Bear Solar Observatory. The FISS is an Echelle spec-

trograph that provides spatial and spectral information of the two lines, Ha

and Ca II 8542 Å, simultaneously. As the adaptive optics of the NST was

upgraded from the 76-segment system to the 308-segment system recently,

FISS has provided unprecedented imaging-spectrographic data with high

temporal resolution. One can find the detailed instrument information from

Chae et al. (2013). Basic image processing of the FISS data, such as flat

fielding, dark subtraction and distortion correction was carried out using the

methods described in Chae et al. (2013) and the wavelength calibration was

done following Yang et al. (2013). The rotation and alignment of the data

were also corrected.

87



4.2. Observation

On 2013 August 16, our observation was done with the FOV of 19.2 00⇥40 00

in steps of 20 s for 80 min from 19:41:11 UT to 20:56:06 UT (hereafter the

time 19:41:11 UT is taken as the epoch of time t) using FISS. The step size

in the scan was set to 0.16 00 that is equal to the sampling interval along the

slit. There are some missing data due to the temporary failure of the adaptive

optics.

The TiO filter was centered at a wavelength of 7057 Å with 10 Å band

width (Cao et al., 2010). Each burst consisting of 70 TiO images was taken

in 15 s with exposure time of 0.8 ms. The data were dark subtracted, flat-

fielded, and then applied the Kiepenheuer-Institut Speckle Interferometry

Package (Wöger et al., 2008) code to each burst. The FOV of the speckle-

reconstructed images was 69.8 00⇥ 69.8 00.

A series of surges were repeatedly ejected from its base located at

(226 00, -207 00) southward, following the same curved trajectory. Two surges

of projected sizes >10 00 occurred during the observation, one during the

time interval 300 s – 1100 s (hereafter surge I) and another during the time

interval 1760 s – 3542 s (hereafter surge II). The other smaller surges oc-

curred between these two surges. Figure 27 shows the temporal evolution

of surge I. It was first visible in absorption at about t = 300 s at the blue

wings of the Ha and Ca II 8542 Å lines. After then, the absorption feature

gradually moved toward the red wings in both the spectral lines.

In order to clearly show the spatial behavior of the absorption features,

we made contrast profile C
l

, defines as C
l

= (Iobs � Iref)/Iref. Figure 28 and

Figure 30 are drawn with the contrast profiles. We identified Iref with the
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averaged profiles of about 180 profiles obtained at the same position during

the observation.

4.3 Result

The most striking result is that a surge appears as a group of diagonal

dark components in the Ca II wavelength-time (l-t) plots in Figure 28. We

computed the l-t plots from 6 spatial positions marked by the white dots in

Figure 27. In the Ca II l-t plots, surge I is identified as the group of 4 – 5

diagonal dark components (white dotted lines on the third panel in Figure

28), and surge II also consists of more than 3 diagonal dark components.

In the lower part of the surge I (panel 1 – 3 in Figure 28), each component

suddenly appeared with the large blueshift of about 70 km s�1, and then the

speed decreased with an deceleration of about 0.19 km s�2. In the upper

part of the surge I (panel 4 – 6 in Figure 28), it appeared with the blueshift

of about 20 km s�1 and a deceleration of about 0.29 km s�2.

What is important is that a surge is resolved into several dark compo-

nents that successively occurred with the 110 s time interval, which is much

shorter than the duration of each feature, 300 – 400 s. These overlapped fea-

tures were found in the lower part of the surge, but only one or two diagonal

components were left in the upper part. Interestingly, the amplitude of the

first diagonal components was smaller than the amplitude of the next one in

the surge.

Note that the overlapped diagonal dark components differ from the re-
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4.3. Result

Figure 27: Temporal evolution of surge I at the blue wings and red wings of
the Ha (top) and Ca II 8542 Å (bottom) lines. The white dots and the curve
indicate the selected positions for analysis in Figure 28 and 30. The white
arrow represents the direction of the surge ejection.
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currence of surges. The recurrence is the repeated occurrence of individual

surge ejections at the same location at different times. However, these com-

ponents coexist at the same time in each surge. The overlapped features are

not resolvable in the Ha l-t plots (right 3 panels in Figure 28) because the

Doppler width of the Ha is so broad that the features are smeared out.

The dark diagonal components are also identified in the Ca II wavelength-

distance (l-dist) plots of Figure 30. Each diagonal component appeared at

the blue wings of the contrast spectral profiles. The trailing part of each

component is redshifted compared to the front part. Every diagonal com-

ponent stretched upward (white dotted lines in Figure 30). When the fea-

tures reached the peak height, it started falling down as absorption at the red

wings. This spatiotemporal pattern of Doppler shift is similar to that of the

early study of Tamenaga et al. (1973) as presented in their Figure 6.

In Figure 28 and 30, each diagonal component suddenly appeared with

large blueshift followed by the gradual drift to large redshift. This disconti-

nuity of the physical quantities in space and time is the typical characteristic

of a shock wave (Kalkofen et al., 2010). In this regard, we suppose that each

diagonal component represents the shocked gas behind a shock front. The

shock waves may be generated at the base of the surge and propagate into

the corona.

Figure 31 (a) shows the variation of the line-of-sight speed (LOS) of the

shocked gas at the front over distance. The speed and distance of the front at

each instant is marked by a white dot in Figure 28. The figure shows that the

shocks first appeared with the speed of about 70 km s�1 in the low atmo-
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Figure 28: The wavelength-time plots in Ca II 8542 Å (left 6 plots) and Ha

(right 3 plots) lines at 6 spatial positions marked by the white dots in Figure
27. The numbers in parentheses represent the distance from the brightening
positions in the SDO / AIA 1600 Å images. Two big surges appeared during
the time interval of 300 – 1100 s and 1760 – 3542 s. The white dots are
the positions where the largest amplitude shock features were first shown in
each plot.
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Figure 29: The enlarged wavelength-distance plots of the surge I at 3 (8.200)
of Figure 28.
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Figure 30: The wavelength-distance plots at different times (titles in the
individual plots) in Ca II 8542 Å (left 6 plots) and Ha (right 3 plots) lines.
The distance was measured from the brightening positions in the SDO / AIA
1600 Å images (see Figure 32) along the white curve marked in Figure 27.
The white arrow represents the direction of the surge ejection, as the same
with the direction of the arrow in Figure 27. The white dotted lines represent
that the diagonal components show at the blue wings first, then stretched and
redshifted with time.
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Figure 31: (a) Spatial evolution of the LOS speed of the shocked gas and
(b) the temporal evolution of the projected propagation of the shock front.
The positive value represents the upward motion.
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sphere. This is much faster than the sound speed of the order 10 km s�1 in

the chromosphere, suggesting a high value of the initial Mach number > 7.

The speed of the front then significantly decreased with distance, becoming

as low as 20 km s�1, which indicates that the shock got weakened much as

it propagated. Figure 31 (b) shows the arrival time of of the same front as

a function of distance. The slope of the straight line fit means the inverse

of the projected propagation speed of the shock, which is found to be about

17 km s�1. This speed is much lower than the initial LOS speeds of the

front shown in Figure 31 (a), implying that only a small portion of the full

propagation velocity may have been projected onto the plane of the sky and

hence the direction of the surge may be highly inclined to the line of sight.

We found magnetic flux canceling features and brightening events at

the base of the surge. The LOS magnetogram (in Figure 32) taken by the

Helioseismic and Magnetic Imager (HMI; Schou et al., 2012) of the Solar

Dynamic Observatory (SDO) reveals the parasitic magnetic element of pos-

itive polarity located at the base of the surge. It emerged at a region about

3 00 south from the base and approached it. After then it canceled with its

surrounding negative polarities. Two photospheric elongated granule-like

features (GLF), which may be regarded as the indication of small-scale flux

emergence (Lim et al., 2011; Yang et al., 2013), were seen in the TiO im-

ages as shown in Figure 32 (c). They reached the base of the surges just

before the ejections of the corresponding surges. It emerged and moved to-

gether with the parasitic positive polarity. The UV images at 1600 Å and

1700 Å taken by the Atmospheric Imaging Assembly (AIA; Lemen et al.,
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2012) of SDO display brightening events on the edge of the parasitic polar-

ity. They took place simultaneously with the ejections of surges at the base

of them. They last longer until the surges fell back. In addition, flare-like

EUV brightenings occurred for short time in the SDO / AIA 304 Å images

at the same place as the highly blueshifted features of the surge II at 1700 s

and 2000 s. We also found a mustache-shaped spectra of the Ha line, that

is typical shape of the EB spectra, at the base of the surges. These results

indicate that an abrupt energy release in the low atmosphere like magnetic

reconnection may be responsible for the surges.

4.4 Discussion

We found multiple shock features in the surges that have not been dis-

covered earlier. These kind of features can not be observed without high

spectral resolution and high temporal resolution. Note that because the

Doppler width of the Ha line is too broad for these features to be spectrally

resolved. We also found the observational signatures of magnetic reconnec-

tion at the base of the surge. These findings suggest that the shock waves

generated by the energy release through magnetic reconnection in the low

atmosphere propagate into the chromosphere and appear as surges.

It is well known that the compressional waves steepen to form shocks

in a gravitationally stratified medium like the solar chromosphere (Carls-

son & Stein, 1997). For instance, dynamic fibrils (DFs) are considered to

be shock waves with an interval of 3 minutes that originate from the pho-
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Figure 32: (a) The FISS Ha-1 Å raster image taken at t = 485 s (b) the
SDO / AIA 1600 Å filter image at t = 473 s and (c) the TiO filter image
at t = 105 s. The contours represent the LOS magnetic field in the SDO /
HMI magnetogram. The white arrow in the panel (c) points to the elongated
granule-like feature.
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tosphere and propagate along inclined field lines (De Pontieu et al., 2007;

Langangen et al., 2008), and 3-minute oscillations in the chromosphere are

found to be the LOS velocity variations of the saw-tooth shape, or N-shape,

which represent the shock waves. These shock waves are most likely to

be developed from the waves originating from the photospheric oscillation.

In contrast, surges seem to be driven by the shock waves produced by the

abrupt energy release, such as magnetic reconnections, occurring in the low

atmosphere. The slow mode waves may easily develop into shocks, and then

the shocks propagate along the field lines. Our finding of the shock patterns

inside the surge is in good agreement with the simulation results of Shibata

et al. (2007) and Takasao et al. (2013). Table 4 summarizes the comparison

among the shock phenomena written above.

The shocks comprising the surges differ from the shocks of the DFs or

the chromospheric oscillations in the way how multiple shocks arrive (see

Figure 34). In the latter case, the time interval between the consecutive

shocks is about 3 minutes, which is the same as the duration of each shock.

This means that the shocks develop from a single train of sinusoidal waves.

In the surge, however, the time interval is 110 s, that is shorter than the

duration time of each shock 300 – 400 s. Thus it is not likely that the mul-

tiple shock waves we observed originate from the single train of sinusoidal

waves unlike the case of DFs. If that is the case, how should we understand

the train of shocks with 110 s time interval? One possibility is that we may

be simultaneously observing several slow mode shocks originating from the

same source, but propagating along different magnetic flux tubes at different
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Figure 33: Sketch of the shock features of the dynamic fibril and the surge
in wavelength-time plots.
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phases. The numerical simulations indicated that the fast mode shocks gen-

erated in the outflow region of the magnetic reconnection can be converted

to the slow mode waves along the multiple flux tubes (Yokoyama & Shibata,

1996; Takasao et al., 2013). Another plausible scenario is that the multiple

shocks of short time interval may be due to multiple magnetic reconnection

or multiple plasmoid ejections in the reconnection site (Nishizuka & Shi-

bata, 2013). In any case it seems to be the fine-scale structure of magnetic

field and magnetic reconnection in the low atmosphere that are responsible

for the observed multi shock structures of the surges.
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Figure 34: The model of multi shock structures of the surge.
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Chapter 5

Summary and Concluding Remarks

It is almost a century ago that Ferdinand Ellerman first reported EBs,

but many questions remained unsolved. As a main reason the atmospheric

turbulence makes it difficult to resolve the small solar features like EBs. But

recent improvement of the instruments and technics including adaptive op-

tics, CCD, and fast motion controls opened the new era of the EB study.

Nowadays, it is widely accepted that EBs are the magnetic reconnection

phenomena in the low atmosphere. But it is still elusive and fine-scale ob-

servation is necessary in revealing their detailed process.

5.1 Summary

In this dissertation, we have focused on investigating the cause and

the effect of the EBs. We drew a comprehensive picture of EBs in Chapter

2. The temporal evolution of the EB is studied to understand the cause

and effect of the EB. We focused on the fine-scale photospheric motions in

Chapter 3. In Chapter 4, we studied the shock features of the surge caused

by the small scale magnetic reconnection.

In Chapter 2, we investigated the velocity and temperature characteris-

tics of an EB and its associated features. In the photospheric level, we found
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a granular cell expanding in two opposite directions near the site of the EB.

When one end of this granule reached the EB site, the transverse speed of

the tip of the expanding granule rapidly decreased and the EB brightened up.

The wings of the Ha profile of the EB indicated that the motion inside the

EB was blueshifted up to 7 km s�1. About 260 s after the EB brightening, a

surge was seen in absorption and varied from a blueshift of 20 km s�1 to a

redshift of 40 km s�1 according to the Ha and Ca II 8542 Å lines. From the

Doppler absorption width of the two lines determined by applying the cloud

model, we estimated the mean temperature of the surge material to be about

29,000 K and the mean speed of non-thermal motion to be about 11 km s�1.

These results helped us to infer a comprehensive and detailed picture of the

various phenomena associated with the EBs, which agrees to the widely ac-

cepted framework of magnetic reconnection. The EB could be driven by a

small-scale flux emergence that manifested itself in an expanding granule.

In Chapter 3, we focused on the photospheric features and magnetic

structure associated with the EBs. The observed nine EBs were accompa-

nied by the elongated granule-like features (EGFs) that show transverse mo-

tions with an average speed of about 3.8 km s�1 prior to the EBs. Each EGF

showed a sub-arcsecond bright feature surrounded by a dark lane around its

moving front. The bright feature appeared in the TiO broadband filter im-

ages and in the far wings of Ha and Ca II 8542 Å lines. In four EBs, the

bi-directional expanding motion of the EGF was identified in the TiO im-

ages. In this case, the EGF should be accompanied by the emerging fluxes

(EFs). The other four EBs developed at the edge of a penumbra and travels
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in the sunspot’s radial direction. The EGFs in this case were identified as

moving magnetic features (MMFs). Our results showed a clear connection

among the MMFs, photospheric features, and EBs. It is suggested that the

EBs result from the magnetic reconnection forced by EFs or MMFs that are

frequently manifested by EGFs.

In Chapter 4, we reported that a surge consists of multiple shock fea-

tures. In our high resolution spatiotemporal and spectroscopic observation

of the surge, each shock is identified the sudden appearance of an absorption

feature at the blue wings of the Ca II 8542 Å line and Ha line that gradually

shifts to the red wings. The shock features are overlapped with one another

with the time interval of 110 s, which is much shorter than the duration of

each shock feature amounting to 300 – 400 s. This finding suggests that the

multiple shocks may not have originated from a train of sinusoidal waves

generated by oscillations and flows in the photosphere. Since the signature

of the magnetic flux cancellations was found at the base of the surge, we

concluded that the multiple shock waves in charge of the surge were gen-

erated by the magnetic reconnection that occurred in the low atmosphere in

association with the flux cancellation.

Finally we present a summary of our main results in Figure 35 as il-

lustrations. According to our results, the following scenarios are plausible

:

• A magnetic element such as EF or MMF emerges in the solar active

region. They are accompanied by the bi-directional or uni-directional

EGF, respectively.
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• When the magnetic element approaches the pre-existing strong field

line, magnetic reconnection takes place. The magnetic element moves

rapidly (⇠ 3.8 km s�1) so that the motion of magnetic element can

result in forced magnetic reconnection.

• Then the mass inside the EB shows up as upflows. Moreover, the

upflows tend to be subject to on oscillation. This may indicate that

the acoustic wave can be generated by the magnetic reconnection.

• The acoustic waves can develop into shock waves as they propagate

upward. The shock waves may be responsible for the multiple shock

features of the surge.

5.2 Merit of This Study

This dissertation provides a comprehensive view of the EBs, in which

the magnetic reconnection triggered by EFs or MMFs, manifested by EGFs,

dumps a large amount of energy in the low atmosphere, and then the energy

is transported upward in the form of the shock waves to drive surges.

This study contributes to the current understanding of the flux transport

from the photosphere through the chromosphere to the corona. Thanks to

the diffraction limited images from the TiO filter, we were able to identify

the EGFs and measure the exact velocities of EBs about 3.8 km s�1 that

represents the motions of the emerging flux by the kink instability. This

may be associated with the inflow speed of magnetic reconnection.

One of the merits of our study is that we have identified the EBs based
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on their spectral profiles using the FISS. This is a unique and the almost

viable method, because other Fabry-Perot filter-based instruments instrinsi-

cally provide only smoothed spectral profiles under limited spectral resolu-

tion. This lack of the spectral information may cause the mis-identification

of EBs (Rutten et al., 2013). In Chapter 3, we discussed the risk identifying

EBs using few filtergram images.

With the capability of the high temporal resolution, FISS also helped

measuring the temporal variations of EB profiles. The blue asymmetry of

the EB profiles have been reported by many authors. But it is the first time

that the acceleration of the blue asymmetry feature is reported. Moreover,

the high temporal resolution of FISS was helpful in observing the shock

features inside the surge in detail.

5.3 Future Studies

Our results show that the EBs are associated with the motion of the

magnetic elements, especially, the cancellation of the magnetic elements.

It is, however, uncertain how a large amount of magnetic energy could be

released around EBs. We expect that the calibrated Stokes IQUV data set

from NIRIS will provide further information regarding this question.

Recent studies suggest that EBs are associated with IRIS bombs. We

also identified the multiple AIA 304 Å brightenings in the EBs. Tian et al.

(2016) suggested that half of the IRIS bombs associated with the EBs. Sev-

eral questions then arise: how many EBs are associated with IRIS bombs?
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What is the difference between EB-associted IRIS bombs and other IRIS

bombs not associated with EBs? To address this question, it is necessary to

carry out a coordinated observation with FISS, IRIS and NIRIS.

We finally note that the multiple shock features comprising the surges

are reported in this dissertation. The shock features might be common in

every surge (see Figure 36). The features differ from the shock features

of other chromospheric phenomena such as dynamic fibrils. To understand

the train of shocks of 110 s interval, we suggested a few possibilities in

Chapter 4. More studies are, however, needed in order to solve the problem.

Maybe numerical modeling in future help understanding the multiple shock

features.
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ÿÏ< Ìƒ ⌅¡(EB)@ ‹ëX ⌧8 X †⌧–⌧ |‹�<\ �

D¿î⌅¡t‰. t⌅¡@‹ëXÆ@�0–⌧⌧›Xîê0¨∞

⌅¡t|‡›�⇠¿Ã¯8Ä0ë@D¡òL$¿¿JX‰. òît

�¨Y⌅|8–⌧E†¥‹ëú8�X 1.6¯0‹ë›–ΩDt©XÏ

EB¸�⌧⌘l–⌧X¿¡Ñ¸ê0lp‰,D5⌅¡‰Dlà‰.

´à¯ l–⌧ òî EB¸ �(⌧ ⌅¡‰X ‹⌅– 0x ¿T| î�

à‰. EBt ⌧›X0 ⌅– ⌘l–⌧X �L4¨� πtXå ==Xî

ÉD ⌧¨à‰. ⇣\ EB ¥Ä �§� ⌫Ω<\ ülX‡ à»<p EB

⌧›¸�XÏ⌧⌧¿�⌧›à‰. Pà¯l–⌧î^ l–⌧

Ù‡\⌘lXπtXå�¯Ïƒ�L⇡@�‹ (Elongated Granule-like

Feature, EGF)�Ù∏�ÑD�‰. tÏ\ EGFî EBt⌧›X0⌅–

Ò•t⌧ …‡ 3.8 km s�1
X çƒ\ EBt ⌧›Xî Û<\ ¿¡�‰.

tÏ\ EGFîÄ¡êç(emerging flux, EF)tòtŸê0�¥ (moving

magnetic feature, MMF)@⇡@ê0lp@�⇠¥à»‰. 8à¯

l–⌧ òî ê0¨∞⌅¡– Xt⌧ ⌧›\ ⌧¿� ¨‰@ ÏÏ⌧X

©©�  �D �¿‡ àLD >D»‰. tÏ\ ©©�  �@ 110�

⌅©<\⌧\π–à»<p⇠Ñ⌅¿ç⇠»‰. ∞¨ît∞¸\Ä0

EBX⌧›–x¸∞¸|Öi�x‹�–⌧tt`⇠à‰. EBî EFò

MMF@ ⇡@ ê01Ñ‰– Xt ⌧›Xî ê0¨∞ ⌅¡– Xt⌧

⌧›XîÉ⇡‰. ⇣\tÏ\ EBsî⌧¿|l1XîÏÏ⌧X©©�
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