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ABSTRACT

Context. Our study investigates a mini-filament eruption associated with cancelling magnetic fluxes. The eruption originates from a
small-scale loop complex commonly known as a coronal bright point (CBP). The event is uniquely recorded in both the imaging and
spectroscopic data taken with the Interface Region Imaging Spectrograph (IRIS).
Aims. The investigation aims to gain a better understanding of the physical processes driving these ubiquitous small-scale eruptions.
Methods. We analysed IRIS spectroscopic and slit-jaw imaging observations as well as images taken in the extreme-ultraviolet
channels of the Atmospheric Imaging Assembly (AIA) and line-of-sight magnetic-field data from the Helioseismic Magnetic Imager
(HMI) on board the Solar Dynamics Observatory. As the observations can only indicate the possible physical processes at play, we
also employed a non-linear force-free field (NLFFF) relaxation approach based on the HMI magnetogram time series. This allowed
us to further investigate the evolution of the magnetic-field structures involved in the eruption process.
Results. We identified a strong small-scale brightening as a micro-flare in a CBP, recorded in emission from chromospheric to flaring
plasmas. The mini-eruption is manifested via the ejection of hot (CBP loops) and cool (mini-filament) plasma recorded in both the
imaging and spectroscopic data. The micro-flare is preceded by the appearance of an elongated bright feature in the IRIS slit-jaw
1400 Å images, located above the polarity inversion line. The micro-flare starts with an IRIS pixel size brightening and propagates
bi-directionally along the elongated feature. We detected, in both the spectral and imaging IRIS data and AIA data, strong flows along
and at the edges of the elongated feature; we believe that these represent reconnection outflows. Both edges of the elongated feature
that wrap around the edges of the erupting MF evolve into a J-type shape, creating a sigmoid appearance. A quasi-separatrix layer
(QSL) is identified in the vicinity of the polarity inversion line by computing the squashing factor, Q, in different horizontal planes of
the NLFFF model.
Conclusions. This CBP spectro-imaging study provides further evidence that CBPs represent downscaled active regions and, as such,
they may make a significant contribution to the mass and energy balance of the solar atmosphere. They are the sources of all range of
typical active-region features, including magnetic reconnection along QSLs, (mini-)filament eruptions, (micro-)flaring, reconnection
outflows, etc. The QSL reconnection site has the same spectral appearance as the so-called explosive events identified by strong blue-
and red-shifted emission, thus providing an answer to an outstanding question regarding the true nature of this spectral phenomenon.

Key words. Sun: filaments, prominences – Sun: activity – Sun: chromosphere – Sun: corona – methods: data analysis –
methods: numerical

1. Introduction

Over the past few years, we reported three studies on eruptions
from small-scale loop systems known as coronal bright points
(CBPs) by Mou et al. (2018, hereafter Paper I), Galsgaard et al.
(2018, hereafter Paper II), and Madjarska et al. (2018, here-
after Paper III). These eruptions have been labelled as jets in
extreme-ultraviolet (EUV) and X-ray data (e.g. Madjarska et al.
2020, and references therein) when detected in coronal holes
and mini coronal mass ejections (mini-CMEs, Innes et al. 2009;
Mou et al. 2018) observed in the quiet Sun. The term mini-CME
is used to describe the observation of small-scale eruptions that
do not evolve as collimated flows, namely, as jets that are typ-
ically ejected from CBPs in coronal holes. Rather, these events

? Movies associated to Figs. A.1 and A.2 are available at
https://www.aanda.org

develop as expanding bubbles due to the closed magnetic-field
structure of the quiet Sun. Whether these eruptions are fully con-
fined or some of the ejected material reaches the interplanetary
space remains an open question. We refer hereafter to this phe-
nomenon simply as ‘mini-eruptions’. The CBPs are composed of
a set of small-scale coronal loops seen with enhanced emission
in EUV and X-rays linking photospheric magnetic-flux concen-
trations of opposite polarity (for review see Madjarska 2019).

Here, we briefly review the main results on the eruptions
from Papers I, II, and III. Firstly, Paper I shows that 76% of
the analysed CBPs (31 out of 42) were the source region of one
or more eruptions. The eruptions generally occurred during the
late stage in the life of the CBPs, which is when magnetic-flux
convergence and cancellation are typically occurring. The CBP
eruptions commonly evolve with the ejection of cool and hot
plasma. The cool plasma appears in absorption in the coronal

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Open Access funding provided by Max Planck Society.

A45, page 1 of 13



A&A 656, A86 (2021)
https://doi.org/10.1051/0004-6361/202141500
c© ESO 2021

Astronomy
&Astrophysics

Investigation of the subsurface structure of a sunspot based on
the spatial distribution of oscillation centers inferred from umbral

flashes?

Kyuhyoun Cho1, Jongchul Chae1, and Maria S. Madjarska2,1

1 Astronomy Program, Department of Physics and Astronomy, Seoul National University, Seoul 08826, Republic of Korea
e-mail: chokh@astro.snu.ac.kr

2 Max Planck Institute for Solar System Research, Justus-von-Liebig-Weg 3, 37077 Göttingen, Germany

Received 9 June 2021 / Accepted 13 September 2021

ABSTRACT

The subsurface structure of a solar sunspot is important for the stability of the sunspot and the energy transport therein. Two sub-
surface structure models have been proposed, the monolithic and cluster models, but no clear observational evidence supporting a
particular model has been found to date. To obtain clues about the subsurface structure of sunspots, we analyzed umbral flashes in
merging sunspots registered by IRIS Mg ii 2796 Å slit-jaw images. Umbral flashes are regarded as an observational manifestation of
magnetohydrodynamic shock waves originating from convection cells below the photosphere. By tracking the motion of individual
umbral flashes, we determined the position of the convection cells that are the oscillation centers located below the umbra. We found
that the oscillation centers are preferentially located at dark nuclei in the umbral cores rather than in bright regions such as light
bridges or umbral dots. Moreover, the oscillation centers tend to deviate from the convergent interface of the merging sunspots where
vigorous convection is expected to occur. We also found that the inferred depths of the convection cells have no noticeable regional
dependence. These results suggest that the subsurface of the umbra is an environment where convection can occur more easily than
the convergent interface, and hence support the cluster model. For more concrete results, further studies based on umbral velocity
oscillations in the lower atmosphere are required.

Key words. sunspots – Sun: chromosphere – Sun: oscillations – Sun: helioseismology

1. Introduction

The subsurface structure of sunspots is an important topic in
solar physics. This veiled structure situated below the photo-
sphere should be interacting with convective flows, playing a
key role in the formation, evolution, and dissipation of the
sunspots. The subsurface structure of sunspots is also impor-
tant in thermal energy transfer. It determines the intensity of
the umbrae and gives an indication of the formation mechanism
of the inhomogeneous small-scale structures inside sunspots
(Borrero & Ichimoto 2011).

Previous studies have proposed two representative models of
the sunspot subsurface structure: the monolithic model (Hoyle
1949) and the cluster model (Parker 1979). The monolithic
model treats a sunspot as a single magnetic flux tube. By con-
trast, in the cluster model, also known as the jellyfish or spaghetti
model, a sunspot is considered to be an assembly of small flux
tubes. There are several observational and theoretical works to
verify each model, but they remain inconclusive.

The early magnetic field measurements of sunspots seemed
to support the monolithic model. It is well known that a sunspot
has a systematic magnetic field structure (Hoyle 1949) that is
characterized by monotonically decreasing field strength and
increasing field inclination from the sunspot center toward its
boundary; this favors the monolithic model. However, it is
reported that the power of the magnetic field strength oscilla-

? Movie is available at https://www.aanda.org

tions has isolated multiple peaks inside sunspots (Rueedi et al.
1998; Balthasar 1999). Each penumbral fibril regarded as a mag-
netic flux tube shows independent behavior, which is referred to
as uncombed penumbra (Thomas & Weiss 2004). These findings
hint toward the cluster model rather than the monolithic model.

High resolution observations revealed the existence of sub-
arcsecond structures inside sunspot umbrae that are repre-
sented by umbral dots and light bridges. These structures
are closely related to convective motions (Ortiz et al. 2010;
Watanabe et al. 2012). Initially, it was suggested that they can-
not be formed in the strong magnetic field environment due
to the inhibition of horizontal motions in plasma convec-
tion. They were naturally regarded as a tip of the field-free
hot gases between magnetic flux tubes in the cluster models
(Parker 1979; Choudhuri 1986). Contrary to this expectation,
recent magnetohydrodynamic (MHD) simulations based on the
monolithic model have successfully reproduced realistic umbral
dots (Schüssler & Vögler 2006) or even the sunspots’ overall
fine structures (Rempel 2011). It implies that the magneto-
convection, which is the convection of magnetized plasma, can
produce tiny field-free regions inside large flux tubes. Accord-
ingly, it still remains debatable whether these small-scale struc-
tures are intrusions between small magnetic flux tubes or internal
structures of large flux tubes caused by magneto-convection (see
Borrero & Ichimoto 2011 and references therein).

Local helioseismology provides information about the phys-
ical quantities below the photosphere. One of these quantities
is the subsurface converging flow, which is required for the
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Abstract

Many scientists use coronal hole (CH) detections to infer open magnetic flux. Detection techniques differ in the
areas that they assign as open, and may obtain different values for the open magnetic flux. We characterize the
uncertainties of these methods, by applying six different detection methods to deduce the area and open flux of a
near-disk center CH observed on 2010 September 19, and applying a single method to five different EUV
filtergrams for this CH. Open flux was calculated using five different magnetic maps. The standard deviation
(interpreted as the uncertainty) in the open flux estimate for this CH≈ 26%. However, including the variability of
different magnetic data sources, this uncertainty almost doubles to 45%. We use two of the methods to characterize
the area and open flux for all CHs in this time period. We find that the open flux is greatly underestimated
compared to values inferred from in situ measurements (by 2.2–4 times). We also test our detection techniques on
simulated emission images from a thermodynamic MHD model of the solar corona. We find that the methods
overestimate the area and open flux in the simulated CH, but the average error in the flux is only about 7%. The
full-Sun detections on the simulated corona underestimate the model open flux, but by factors well below what is
needed to account for the missing flux in the observations. Under-detection of open flux in coronal holes likely
contributes to the recognized deficit in solar open flux, but is unlikely to resolve it.

Unified Astronomy Thesaurus concepts: Solar coronal holes (1484); Solar magnetic fields (1503); Interplanetary
magnetic fields (824)

1. Introduction

The solar wind is a magnetized plasma that expands outward
from the solar corona to fill the interplanetary space. It plays a key
role in heliophysics, providing the medium by which solar-
originating space weather-driving phenomena, such as coronal
mass ejections and solar energetic particles, produce effects/
impacts on Earth and on the surrounding space environment. The
solar wind is approximately structured into two types: slow and
fast with different sources (Schwenn et al. 1981). Fast solar wind
streams are associated with recurrent geomagnetic activity
(Neupert & Pizzo 1974) and are therefore of increased research
interest. They have been identified to originate from deep within
coronal holes (Krieger et al. 1973), where the predominantly open
magnetic field allows plasma to escape easily (Altschuler et al.
1972). Along these open magnetic field lines, the density and
temperature of the outflowing plasma falls rapidly with height,

causing a relatively low intensity emission of coronal holes
(hereafter, CHs) in EUV and X-ray images, or correspondingly
bright in He I 10830 absorption (Bohlin 1977). The bulk of the
Sun’s open magnetic flux that is measured in interplanetary space
is therefore expected to originate from CH regions. However,
recent investigations have shown that the open magnetic flux
identified in CHs underestimates the open magnetic flux in the
heliosphere deduced from in situ measurements by a factor of two
or more, referred to as the “Open Flux Problem” (Linker et al.
2017; Lowder et al. 2017; Wallace et al. 2019). While the fast
wind is associated with the CHs themselves, the more variable
slow solar wind is associated with the CH boundaries. In one class
of theories, the slow wind arises quasi-statically from regions of
large expansion factor near the boundaries (Wang& Sheeley 1990;
Cranmer et al. 2007). Interchange reconnection (reconnection
between open and closed fields; Crooker et al. 2002) has been
suggested as the source of a dynamic slow solar wind (Fisk et al.
1998; Antiochos et al. 2011) and would most easily occur near
CH boundaries. Fisk & Kasper (2020) argue that recent
measurements from Parker Solar Probe (PSP; Fox et al. 2016)
show that open magnetic flux is transported by interchange
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Abstract

The propagating intensity disturbances (PIDs) in plumes are still poorly understood, and their identity
(magnetoacoustic waves or flows) remains an open question. We investigate PIDs in five plumes located in the
northern polar coronal hole observed during the 2017 total solar eclipse. Three plumes are associated with coronal
bright points, jets, and macrospicules at their base (active plumes), and the other two plumes are not (quiet plumes).
The electron temperature at the base of the plumes is obtained from the filter ratio of images taken with the X-ray
Telescope on board Hinode and the passband ratio around 400 nm from an eclipse instrument, the Diagnostic
Coronagraph Experiment. The phase speed (vr), frequency (ω), and wavenumber (k) of the PIDs in the plumes are
obtained by applying a Fourier transformation to the spacetime (r− t plane) plots in images taken with the
Atmospheric Imaging Assembly (AIA) in three different wavelength channels (171, 193, and 211Å). We found
that the PIDs in the higher-temperature AIA channels, 193 and 211Å, are faster than that of the cooler AIA 171Å
channel. This tendency is more significant for the active plumes than the quiet ones. The observed speed ratio
(∼1.3) between the AIA 171 and 193Å channels is similar to the theoretical value (1.25) of a slow
magnetoacoustic wave. Our results support the idea that PIDs in plumes represent a superposition of slow
magnetoacoustic waves and plasma outflows that consist of dense cool flows and hot coronal jets.

Unified Astronomy Thesaurus concepts: Solar coronal waves (1995); Solar coronal plumes (2039); X-ray bright
point (1812); Solar eclipses (1489); Fast solar wind (1872); Solar coronal holes (1484); Solar coronal
heating (1989)

Supporting material: animation

1. Introduction

Polar plumes are long-lasting, dense, raylike, and relatively
bright solar corona structures, usually observed in the extreme
UV (EUV), X-ray, and white light. They are magnetically open
linear structures extending from the Sun’s surface to about 30
Re and known to be a source of the fast solar wind
(Poletto 2015; Zangrilli & Giordano 2020, and references
therein). Raouafi et al. (2008) suggested that low-rate magnetic
reconnection is responsible for the formation and sustainability
of plumes. Plumes are thought to be associated with coronal
bright points (CBPs; Madjarska 2019) that form at the
boundaries of supergranulation cells. Several observations
support the idea that polar plumes are associated with CBPs,
X-ray jets, or EUV jets in the network regions (Raouafi &
Stenborg 2014). Wang & Sheeley (1995) suggested that the
properties of a few hours’ long and hazy plume structure can be
adequately explained by the quasi-static upward evaporation of
material heated by conduction during magnetic reconnection
at the boundary of the supergranular cells. This suggestion
was supported by the observations of a particularly bright
plume taken with the Solar Heliospheric Observatory/Coronal
Diagnostic Spectrometer (SOHO/CDS). Young et al. (1999)
investigated a plume above the limb and the plume base visible
on the solar disk. They reported that the temperature of the
plume above the limb is about 1 MK, and the temperature

remains constant with height. They found a strong brightening
lying directly below the plume’s main body with a high
temperature of 2 MK, i.e., a CBP. They suggested that the
footpoint morphology is similar to an emerging bipole in a
region of unipolar magnetic flux, which is typical for CBPs
(Madjarska 2019).
Due to the open magnetic configuration in polar coronal holes,

polar plumes could be waveguides for magnetohydrodynamic
(MHD) waves (e.g., Nakariakov 2006; Poletto 2015). The
existence of waves in plumes has been demonstrated by
observations taken with the UltraViolet Coronagraph Spectro-
meter (Ofman et al. 1997), Extreme ultraviolet Imaging Telescope
(DeForest & Gurman 1998), CDS (Banerjee et al. 2000), Solar
Ultraviolet Measurements of Emitted Radiation (Gupta et al.
2012) on board SOHO, and a theoretical model for the
propagation of magnetoacoustic waves in polar plumes by Ofman
et al. (1999).
Propagating intensity disturbances (PIDs) in plumes have

been interpreted as compressible magnetoacoustic waves, as
their intensity enhancement coincides with the blueshift of the
O V 629Å line profile taken with CDS (Banerjee et al. 2000).
Banerjee et al. (2009) observed intensity oscillations with a
period of 10–30 minutes and propagation velocity from 75 to
125 km s−1, depending on the line formation temperature. They
concluded that the most likely cause for PIDs is slow
magnetoacoustic waves. This conclusion was supported by
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ABSTRACT

Context. We investigate the chromospheric counterpart of small-scale coronal loops constituting a coronal bright point (CBP) and its
response to a photospheric magnetic-flux increase accompanied by co-temporal CBP heating.
Aims. The aim of this study is to simultaneously investigate the chromospheric and coronal layers associated with a CBP, and in so
doing, provide further understanding on the heating of plasmas confined in small-scale loops.
Methods. We used co-observations from the Atmospheric Imaging Assembly and Helioseismic Magnetic Imager on board the Solar
Dynamics Observatory, together with data from the Fast Imaging Solar Spectrograph taken in the Hα and Ca ii 8542.1 Å lines. We
also employed both linear force-free and potential field extrapolation models to investigate the magnetic topology of the CBP loops
and the overlying corona, respectively. We used a new multi-layer spectral inversion technique to derive the temporal variations of the
temperature of the Hα loops (HLs).
Results. We find that the counterpart of the CBP, as seen at chromospheric temperatures, is composed of a bundle of dark elongated
features named in this work Hα loops, which constitute an integral part of the CBP loop magnetic structure. An increase in the
photospheric magnetic flux due to flux emergence is accompanied by a rise of the coronal emission of the CBP loops, that is a heating
episode. We also observe enhanced chromospheric activity associated with the occurrence of new HLs and mottles. While the coronal
emission and magnetic flux increases appear to be co-temporal, the response of the Hα counterpart of the CBP occurs with a small
delay of less than 3 min. A sharp temperature increase is found in one of the HLs and in one of the CBP footpoints estimated at 46%
and 55% with respect to the pre-event values, also starting with a delay of less than 3 min following the coronal heating episode.
The low-lying CBP loop structure remains non-potential for the entire observing period. The magnetic topological analysis of the
overlying corona reveals the presence of a coronal null point at the beginning and towards the end of the heating episode.
Conclusions. The delay in the response of the chromospheric counterpart of the CBP suggests that the heating may have occurred at
coronal heights.

Key words. Sun: chromosphere – Sun: corona – Sun: activity – Sun: magnetic fields – methods: observational –
methods: data analysis

1. Introduction

Coronal bright points (CBPs) have been intensively studied for
almost five decades. The CBPs are constituted by a set of small-
scale coronal loops with an average height of 6500 km that
connect photospheric magnetic-flux concentrations of opposite
polarity. As the plasma confined in these loops is heated to a
million degrees, they are seen with enhanced emission in the
extreme-ultraviolet (EUV) and X-ray wavelengths. The CBPs
are found to be uniformly distributed in the quiet Sun and coro-
nal holes and also appear in the vicinity of active regions. For a
review of CBPs, see Madjarska (2019).

? Movies are available at https://www.aanda.org

The CBP emission throughout EUV and X-ray wavelengths
shows conspicuous spatial and temporal variabilities (for a
review, see Sect. 5.1 in Madjarska 2019). The first simultaneous
observations of CBPs in spectral lines formed at chromospheric,
transition region, and coronal temperatures were reported by
Habbal & Withbroe (1981). The study revealed that the EUV
emission from CBPs varies dynamically on short timescales.
The emission enhancements in coronal lines were found to
have a counter-response in chromospheric and transition-region
lines. The analysed spectroheliograms were taken with the Har-
vard EUV experiment on Skylab/ATM at a 5′′ spatial reso-
lution and 5.5 min cadence in the C ii 1335 Å, Ly-α 1216 Å,
O iv 554 Å, Ovi 1032 Å, C iii 977 Å, and Mgx 625 Å lines.
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Abstract

Light bridges (LBs) are relatively bright structures that divide sunspot umbrae into two or more parts.
Chromospheric LBs are known to be associated with various activities including fan-shaped jet-like ejections and
brightenings. Although magnetic reconnection is frequently suggested to be responsible for such activities, not
many studies present firm evidence to support the scenario. We carry out magnetic field measurements and
imaging spectroscopy of an LB where fan-shaped jet-like ejections occur with co-spatial brightenings at their
footpoints. We study LB fine structure and magnetic field changes using TiO images, Near-InfraRed Imaging
Spectropolarimeter, and Hα data taken by the 1.6m Goode Solar Telescope. We detect magnetic flux emergence
in the LB that is of opposite polarity to that of the sunspot. The new magnetic flux cancels with the pre-existing
flux at a rate of 5.6×1018 Mxhr−1. Both the recurrent jet-like ejections and their base brightenings are initiated at
the vicinity of the magnetic flux cancellation, and show apparent horizontal extension along the LB at a projected
speed of up to 18.4 kms−1 to form a fan-shaped appearance. Based on these observations, we suggest that the fan-
shaped ejections may have resulted from slipping reconnection between the new flux emerging in the LB and the
ambient sunspot field.

Unified Astronomy Thesaurus concepts: Solar activity (1475); Solar photosphere (1518); Solar chromosphere
(1479); Solar magnetic fields (1503)

Supporting material: animations

1. Introduction

Sunspot light bridges (LBs) are relatively bright and
elongated structures that either protrude from one side of the
penumbra into the umbra or completely divide a sunspot umbra
into two or more parts. They are formed by the coalescence of
umbrae in complex active regions or during the final stage of
the active region evolution (Bray & Loughhead 1964; García
de la Rosa 1987). Among various ways to classify LBs, their
brightness and morphological properties are often used to
separate LBs into two categories, strong or faint LBs. Strong
LBs fully separate umbral cores and have brightness compar-
able to that of the penumbra (Sobotka et al. 1993, 1994; Jurčák
et al. 2006; Rimmele 2008). They very often display a granular
structure with granules that are slightly smaller than the quiet-
Sun granules (Sobotka et al. 1994), and their formation is
closely related to the sunspot decay (Vázquez 1974). Faint
LBs, composed of elongated bright grains, penetrate the umbra
(Lites et al. 1991; Sobotka et al. 1993). The size of these grains
is comparable to those of umbral dots. Strong LBs can be
further classified into two types: (i) penumbral LBs that show a
fine filamentary structure and (ii) photospheric or granular LBs
that show a fine structure similar to the photospheric
granulation (Rimmele 1997; Lagg et al. 2014).

Compared to the magnetic field of the surrounding umbra,
magnetic fields in LBs were found to be of the same polarity as
the host umbra but of lower strength and more inclined
(Beckers & Schröter 1969; Lites & Skumanich 1990; Lites
et al. 1991; Rueedi et al. 1995; Leka 1997; Jurčák et al. 2006;
Toriumi et al. 2015b), supporting the idea of the field-free

plasma intrusion into the sunspot umbra (Spruit & Scharmer
2006). The azimuth of the LB magnetic field shows a tendency
to be aligned with the LB orientation (Jurčák et al. 2006; Leka
1997). Leka (1997) suggested a magnetic canopy structure above
an LB based on the analysis of inverted vector magnetograms.
Later, Jurčák et al. (2006) reported a stratification of the magnetic
field strength and temperature above LBs, which is consistent with
the idea of magnetic canopy.
The presence of inclined LB magnetic fields embedded in

more a vertical umbral field provides a favorable environment
for magnetic reconnection to proceed at locations of strong
discontinuity of the magnetic field. High resolution observa-
tions of strong LBs carried out by Berger & Berdyugina (2003)
revealed an enhanced brightness in TRACE 1600Å images,
which indicates a magnetically heated LB chromosphere. The
detection of persistent or transient brightness enhancements in
the chromosphere above LBs suggests chromospheric heating
in the LBs (Louis et al. 2008, 2009; Toriumi et al. 2015b).
In addition to brightness enhancement, several studies

reported jet-like plasma ejections of LBs seen in various
chromospheric (Roy 1973; Asai et al. 2001; Shimizu et al.
2009; Robustini et al. 2016) and UV spectral lines (Toriumi
et al. 2015b; Tian et al. 2018). A typical property of the LB
ejections is their intermittency. Asai et al. (2001) reported the
repetitive occurrence of Hα surges with a mean lifetime of
about 10minutes. The surges showed a maximum apparent
length of 20Mm and a projection-corrected mean velocity of
40 kms−1. LB jets often display a fan-shaped appearance and
their tips follow a parabolic trajectory indicating an impulsive
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ABSTRACT

Context. We report on the third part of a series of studies on eruptions associated with small-scale loop complexes named coronal
bright points (CBPs).
Aims. A single case study of a CBP in an equatorial coronal hole with an exceptionally large size is investigated to expand on our
understanding of the formation of mini-filaments, their destabilisation, and the origin of the eruption triggering the formation of jet-
like features recorded in extreme ultraviolet (EUV) and X-ray emission. We aim to explore the nature of the so-called micro-flares in
CBPs associated with jets in coronal holes and mini coronal mass ejections in the quiet Sun.
Methods. Co-observations from the Atmospheric Imaging Assembly (AIA) and Helioseismic Magnetic Imager (HMI) on board the
Solar Dynamics Observatory as well as GONG Hα images are used together with a non-linear force free field (NLFFF) relaxation
approach, where the latter is based on a time series of HMI line-of-sight magnetograms.
Results. A mini-filament (MF) that formed beneath the CBP arcade about 3−4 h before the eruption is seen in the Hα and EUV
AIA images to lift up and erupt triggering the formation of an X-ray jet. No significant photospheric magnetic flux concentration
displacement (convergence) is observed and neither is magnetic flux cancellation between the two main magnetic polarities forming
the CBP in the time period leading to MF lift-off. The CBP micro-flare is associated with three flare kernels that formed shortly
after the MF lift-off. No observational signature is found for magnetic reconnection beneath the erupting MF. The applied NLFFF
modelling successfully reproduces both the CBP loop complex as well as the magnetic flux rope that hosts the MF during the build-up
to the eruption.
Conclusions. The applied NLFFF modelling is able to clearly show that an initial potential field can be evolved into a non-potential
magnetic field configuration that contains free magnetic energy in the region that observationally hosts the eruption. The comparison
of the magnetic field structure shows that the magnetic NLFFF model contains many of the features that can explain the different
observational signatures found in the evolution and eruption of the CBP. In the future, it may eventually indicate the location of
destabilisation that results in the eruptions of flux ropes.

Key words. Sun: activity – Sun: corona – Sun: filaments, prominences – Sun: magnetic fields – methods: numerical –
methods: observational

1. Introduction

Coronal bright points (CBPs) have been intensively studied for
almost five decades. They represent a set of small-scale coro-
nal loops that connect magnetic flux concentrations of an oppo-
site polarity. As the plasma confined in these loops is heated to
over a million degrees, they are seen with enhanced emission
in the extreme ultraviolet (EUV) and X-ray. CBPs are found to
be uniformly distributed in the solar corona of the quiet Sun,
coronal holes, and in the vicinity of active regions. This paper
is the third of a series of studies that investigate the eruptive
behaviour of CBPs. Mou et al. (2018, hereafter Paper I) explored
the morphological and dynamical evolution of eruptions associ-
ated with CBPs in the context of their full lifetime evolution. The
follow-up study by Galsgaard et al. (2019, hereafter Paper II)

? Movies associated to Figs. 9 and B.2 are available at
https://www.aanda.org

employed data-driven modelling based on a non-linear force-
free field (NLFFF) relaxation code in order to reproduce the
time evolution of the magnetic field of these eruptions; addition-
ally, they provide insight into the possible causes for destabilisa-
tion and eruption. An overview of the observational findings and
modelling of CBPs and related phenomena are given in Papers I
and II. Madjarska (2019) provides a detailed review on CBPs.

Here, we briefly summarise the main findings on the erup-
tions from quiet Sun CBPs from Papers I and II. Paper I reports
that 76% of the studied CBPs (31 out of 42) hosted at least one
eruption during their lifetime. The study then explored the obser-
vational properties of 21 eruptions associated with 11 quiet Sun
CBPs. The eruptions occurred, on average, ∼17 h after the CBP
formation, where the typical lifetime of CBPs in images taken
with the Atmospheric Imaging Assembly (AIA) on board the
Solar Dynamics Observatory (SDO) in the Fexii 193 Å channel
(hereafter AIA 193) was found to be ∼21 h. Convergence and

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
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ABSTRACT

It is not yet fully understood how magnetohydrodynamic waves in the interior and atmosphere of the Sun are excited. Traditionally,
turbulent convection in the interior is considered to be the source of wave excitation in the quiet Sun. Over the last few decades,
acoustic events observed in the intergranular lanes in the photosphere have emerged as a strong candidate for a wave excitation
source. Here we report our observations of wave excitation by a new type of event: rapidly changing granules. Our observations were
carried out with the Fast Imaging Solar Spectrograph in the Hα and Ca ii 8542 Å lines and the TiO 7057 Å broadband filter imager
of the 1.6 m Goode Solar Telescope at the Big Bear Solar Observatory. We identify granules in the internetwork region that undergo
rapid dynamic changes such as collapse (event 1), fragmentation (event 2), or submergence (event 3). In the photospheric images,
these granules become significantly darker than neighboring granules. Following the granules’ rapid changes, transient oscillations
are detected in the photospheric and chromospheric layers. In the case of event 1, the dominant period of the oscillations is close
to 4.2 min in the photosphere and 3.8 min in the chromosphere. Moreover, in the Ca ii–0.5 Å raster image, we observe repetitive
brightenings in the location of the rapidly changing granules that are considered the manifestation of shock waves. Based on our
results, we suggest that dynamic changes of granules can generate upward-propagating acoustic waves in the quiet Sun that ultimately
develop into shocks.

Key words. Sun: photosphere – Sun: chromosphere – Sun: oscillations – methods: observational

1. Introduction

A wide range of observations have revealed that oscillations and
waves are abundant in the solar atmosphere. They are clearly
observed in the umbral and penumbral regions of sunspots (e.g.,
Beckers & Schultz 1972) and the network and internetwork
regions of the quiet Sun (e.g., Orrall 1966; Deubner & Fleck
1990). It is not yet known how waves are generated in the
solar atmosphere. Theoretical studies suggest that solar acoustic
waves can be produced by impulsive disturbances in a gravita-
tionally stratified medium (Kalkofen et al. 1994; Chae & Goode
2015). Chae & Goode (2015) report that when a region is dis-
turbed by an impulsive event, acoustic waves with an acous-
tic cutoff frequency naturally arise in a medium. In terms of
global p-mode oscillations, it is now generally accepted that p-
modes are excited by turbulent convection (Goldreich & Kumar
1990). Nigam & Kosovichev (1999) found that a wave excitation
source is located at a depth of 75± 25 km below the photosphere
by comparing theoretical and observed p-mode power spectra.
Since turbulent convection occurs ubiquitously, the observed
oscillations show the superposition of oscillation signals coming
from different sources. In this regard, investigating an individual
wave excitation event that is well-separated in time and space
could facilitate the establishment of the wave excitation process.

The wave excitation process appears to be related to
localized disturbances below the photosphere. Using one-
dimensional simulations, Goode et al. (1992) showed that acous-
tic waves are excited by individual wave excitation events

? Movie attached to Fig. A.1 is available at
https://www.aanda.org

occurring less than 200 km below the base of the photo-
sphere. Rimmele et al. (1995) found a spatially localized tran-
sient wave energy flux that arises due to the excitation of waves
beneath the photosphere. These phenomena are termed acous-
tic events and they are generally found in the intergranular lanes
(Rimmele et al. 1995; Bello González et al. 2010). On a much
larger scale, they are found in intergranular lanes located in or
near the boundaries of regions with predominant downward ver-
tical motions and horizontal converging flows on a mesogranular
scale (Malherbe et al. 2015). Before the acoustic events occur,
darkening of intergranular lanes is observed at the photospheric
level, and the darkening is interpreted as catastrophic cooling
that occurs in the intergranular lanes below the photosphere
(Rimmele et al. 1995). Similarly, theoretical studies suggest that
localized cooling events and subsequent downflows could be
related to a wave excitation process (Rast 1999; Skartlien et al.
2000).

Furthermore, the waves generated beneath the photosphere
propagate upward and affect the upper atmosphere. In the
internetwork region, small intermittent brightenings have been
observed in Ca iiH and K filtergrams and time series of spec-
tra (e.g., Bappu & Sivaraman 1971; Zirin 1974; Cram & Dame
1983). These brightenings are called Ca ii bright grains or inter-
network grains, and several studies have suggested that they are
closely related to wave phenomena due to their recurrent behav-
ior (for a review, see Rutten & Uitenbroek 1991). Based on one-
dimensional non-local thermodynamic equilibrium (non-LTE)
radiation-hydrodynamic simulations, Carlsson & Stein (1997)
asserted that the bright grains are produced by waves com-
ing from below the photosphere that subsequently develop
into acoustic shocks in the mid-chromosphere (∼1 Mm above
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ABSTRACT

The solar chromosphere can be observed well through strong absorption lines. We infer the physical parameters of chromospheric
plasmas from these lines using a multilayer spectral inversion. This is a new technique of spectral inversion. We assume that the
atmosphere consists of a finite number of layers. In each layer the absorption profile is constant and the source function varies
with optical depth with a constant gradient. Specifically, we consider a three-layer model of radiative transfer where the lowest
layer is identified with the photosphere and the two upper layers are identified with the chromosphere. The absorption profile in the
photosphere is described by a Voigt function, and the profile in the chromosphere by a Gaussian function. This three-layer model
is fully specified by 13 parameters. Four parameters can be fixed to prescribed values, and one parameter can be determined from
the analysis of a satellite photospheric line. The remaining 8 parameters are determined from a constrained least-squares fitting. We
applied the multilayer spectral inversion to the spectral data of the Hα and the Ca ii 854.21 nm lines taken in a quiet region by the
Fast Imaging Solar Spectrograph (FISS) of the Goode Solar Telescope (GST). We find that our model successfully fits most of the
observed profiles and produces regular maps of the model parameters. The combination of the inferred Doppler widths of the two lines
yields reasonable estimates of temperature and nonthermal speed in the chromosphere. We conclude that our multilayer inversion is
useful to infer chromospheric plasma parameters on the Sun.

Key words. Sun: atmosphere – Sun: photosphere – Sun: chromosphere – methods: data analysis – radiative transfer – line: profiles

1. Introduction

Strong absorption lines in the visible and infrared wavelengths are
important spectral windows into the solar chromosphere. These
lines are observable from the ground and contain useful infor-
mation of chromospheric plasmas. The Hα line of hydrogen has
been the most popular of these windows. This line is favored
because it is strong, and broad enough for filtergraph observa-
tions. The Hα filter images of solar regions display a great variety
of intensity structures (Rutten 2008; Leenaarts et al. 2012). Even
though the image data of the intensity directly provide much use-
ful (mostly morphological) information of the underlying plasma
structures, they do not provide estimates of plasma parameters,
which are crucial for understanding the physical conditions. The
inference of plasma parameters requires the spectral data of the
strong absorption lines and a successful spectral inversion.

Spectral inversion is the process of inferring the plasma
parameters from the observed profile of a spectral line. Two
types of spectral inversion have been popular in solar obser-
vations that assume the constancy of physical parameters. One
is the Milne-Eddington inversion, and the other is the cloud
model inversion (Beckers 1964). The Milne-Eddington inversion
is based on the assumption that the spectral line is formed in a
plasma layer of infinite optical thickness where the absorption
profile is constant over optical depth and the source function
varies with a constant gradient. This inversion has been used
mainly to model spectral lines formed in the photosphere and to
infer the magnetic fields from their Stokes profiles (Unno 1956;
Skumanich & Lites 1987).

The cloud model inversion, on the other hand, assumes that
the line is formed in a plasma layer of finite optical depth where
the source function as well as the absorption profile is constant
over optical depth. This model has been used mostly to infer the
physical parameters of cloud-like features lying far above the
solar surface (Tziotziou 2007), as was well illustrated in Fig. 1
of Heinzel et al. (1999). A number of variants have been pro-
posed to generalize the original cloud model of Beckers (1964)
by incorporating the varying source function (Mein et al. 1996;
Heinzel et al. 1999; Tsiropoula et al. 1999), the presence of mul-
tiple clouds (Gu et al. 1996), the concept of the embedded cloud
(Steinitz et al. 1977; Chae 2014), etc. Despite these variants, the
usage of the cloud model inversion is still limited, and is often
hampered by the difficulty of choosing the incident intensity pro-
file. Because the incident intensity below the feature of interest
cannot be determined from observations, it has to be assumed to
be the same as that in its neighborhood, for instance.

Here we present a multilayer inversion for modeling the
spectral profiles of strong absorption lines. This represents a
combined generalization of the two types of spectral inver-
sion. A strong line is formed over a wide height range of the
atmosphere from the photosphere to the chromosphere. The for-
mation of the line in the photosphere can be modeled by the
Milne-Eddington model, and the formation in the chromosphere
can be modeled by the cloud model inversion. When the source
function is allowed to vary with optical depth, there is no fun-
damental difference between the two types of inversion. Thus
we expect that the formation of a strong line can be modeled by
the radiative transfer across a finite number of layers in each of

Article published by EDP Sciences A45, page 1 of 10
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Abstract
Coronal bright points (CBPs) are a fundamental class of solar activity. They represent a
set of low-corona small-scale loops with enhanced emission in the extreme-ultraviolet
and X-ray spectrum that connect magnetic flux concentrations of opposite polarities.
CBPs are one of the main building blocks of the solar atmosphere outside active
regions uniformly populating the solar atmosphere including active region latitudes
and coronal holes. Their plasma properties classify them as downscaled active regions.
Most importantly, their simple structure and short lifetimes of less than 20 h that
allow to follow their full lifetime evolution present a unique opportunity to investigate
outstanding questions in solar physics including coronal heating. The present Living
Review is the first review of this essential class of solar phenomena and aims to give
an overview of the current knowledge about the CBP general, plasma and magnetic
properties. Several transient dynamic phenomena associatedwithCBPs are also briefly
introduced. The observationally derived energetics and the theoretical modelling that
aims at explaining the CBP formation and eruptive behaviour are reviewed.

Keywords Sun: coronal loops · Sun: activity · Sun: corona
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ABSTRACT

Context. Our recent observational study shows that the majority of coronal bright points (CBPs) in the quiet Sun are sources of one
or more eruptions during their lifetime.
Aims. Here, we investigate the non-potential time-dependent structure of the magnetic field of the CBP regions with special emphasis
on the time-evolving magnetic structure at the spatial locations where the eruptions are initiated.
Methods. The magnetic structure is evolved in time using a non-linear force-free field (NLFFF) relaxation approach based on a time
series of helioseismic and magnetic imager (HMI) longitudinal magnetograms. This results in a continuous time series of NLFFFs.
The time series is initiated with a potential field extrapolation based on a magnetogram taken well before the time of the eruptions.
This initial field is then evolved in time in response to the observed changes in the magnetic field distribution at the photosphere. The
local and global magnetic field structures from the time series of NLFFF field solutions are analysed in the vicinity of the eruption
sites at the approximate times of the eruptions.
Results. The analysis shows that many of the CBP eruptions reported in a recent publication contain a twisted flux tube located at
the sites of eruptions. The presence of flux ropes at these locations provides in many cases a direct link between the magnetic field
structure, their eruption, and the observation of mini coronal mass ejections (mini-CMEs). It is found that all repetitive eruptions are
homologous.
Conclusions. The NLFFF simulations show that twisted magnetic field structures are created at the locations hosting eruptions in
CBPs. These twisted structures are produced by footpoint motions imposed by changes in the photospheric magnetic field observa-
tions. The true nature of the micro-flares remains unknown. Further 3D data-driven magnetohydrodynamic modelling is required to
show how these twisted regions become unstable and erupt.

Key words. magnetic fields – methods: numerical – Sun: magnetic fields – magnetohydrodynamics (MHD) – Sun: activity

1. Introduction

The solar corona consists of a large selection of different phenom-
ena that manifest themselves in X-ray and extreme-ultraviolet
(EUV) observations over a variety of length and time scales. Gen-
erally, the main focus of interest is on the large-scale active regions
(ARs) with all their complexity and highly time-dependent evolu-
tion. This however has a clear disadvantage. The high complexity
of ARs is significantly challenging since their dynamical evolu-
tion is influenced by many different phenomena that act over a
variety of length and time scales. At the other end of the size spec-
trum, the so-called coronal bright points (CBPs) represent one of
the most typical omnipresent small-scale phenomenon in the solar
corona. They are found in the quiet Sun, coronal holes, and in
the vicinity of ARs. The plasma properties of CBPs indicate that
they represent a scaled-down version of ARs (for more details see
Madjarska 2019). Coronal bright points have a much simpler mag-

? Movies associated to Figs. 1–5 are available at https://www.
aanda.org
?? The name of this author was wrongly spelled in Mou et al. (2018,
Paper I) as Chauzhou Mou.

netic structure (≤60′′ in diameter) and shorter lifespans (in EUV
– ≤20 h, ≤12 h in X-rays), which permits us to follow their full
lifecycle (e.g. Golub et al. 1974; Harvey et al. 1993; Mou et al.
2018). These properties of CBPs provide a unique opportunity to
reach a better understanding of the basic physical mechanisms of
coronal heating and dynamics.

The first paper of this study (Mou et al. 2018, hereafter
Paper I) showed that more than two thirds (31 out of 42 or
76%) of CBPs host at least one eruption during their lifetime.
The study explored the observational properties of 11 quiet-Sun
CBPs and 21 eruptions associated with them. These eruptions
took place ∼17 h after the CBP formation where the average
lifetime of the CBPs in data taken in the 193 Å channel of
the Atmospheric Imaging Assembly (AIA) on board the Solar
Dynamics Observatory (SDO) was ∼21 h. They occurred during
the convergence and cancellation phase of the bipole evolution
of the CBPs. The CBP eruptions presented an expulsion of chro-
mospheric material either as an elongated filamentary structure
(mini-filament, MF) or a volume of cool material (cool plasma
cloud, CPC). This was accompanied by the ejection of the CBP
or higher overlying hot loops. In some cases, coronal waves were

Article published by EDP Sciences A78, page 1 of 16
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Abstract The term “ultraviolet (UV) burst” is introduced to describe small, intense, tran-
sient brightenings in ultraviolet images of solar active regions. We inventorize their proper-
ties and provide a definition based on image sequences in transition-region lines. Coronal
signatures are rare, and most bursts are associated with small-scale, canceling opposite-
polarity fields in the photosphere that occur in emerging flux regions, moving magnetic
features in sunspot moats, and sunspot light bridges. We also compare UV bursts with simi-
lar transition-region phenomena found previously in solar ultraviolet spectrometry and with
similar phenomena at optical wavelengths, in particular Ellerman bombs. Akin to the lat-
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ABSTRACT

Context. Eruptions from coronal bright points (CBPs) are investigated in a two-part study.
Aims. The present study aims to explore in full detail the morphological and dynamical evolution of these eruptions in the context of
the full lifetime evolution of CBPs. A follow-up study employs data-driven modelling based on a relaxation code to reproduce the time
evolution of the magnetic field of these eruptive CBPs, and provide insight into the possible causes for destabilisation and eruption.
Methods. Observations of the full lifetime of CBPs in data taken with the Atmospheric Imaging Assembly (AIA) on board the So-
lar Dynamics Observatory in four passbands, He ii 304 Å, Fe ix/x 171 Å, Fe xii 193 Å, and Fe xviii 94 Å are investigated for the
occurrence of plasma ejections, micro-flaring, mini-filament eruptions, and mini coronal-mass ejections (mini-CMEs). Data from
the Helioseismic and Magnetic Imager are analysed to study the longitudinal photospheric magnetic field evolution associated with
the CBPs and related eruptions.
Results. First and foremost, our study shows that the majority (76%) of quiet Sun CBPs (31 out of 42 CBPs) produce at least one
eruption during their lifetime. From 21 eruptions in 11 CBPs, 18 of them occur, on average,∼17 h after the CBP formation. The average
lifetime of the CBPs in AIA 193 Å is ∼21 h. The time delay in the eruption occurrence coincides in each CBP with the convergence
and cancellation phase of the CBP bipole evolution during which the CBPs become smaller until they fully disappear. The remaining
three eruptions happen 4–6 h after the CBP formation. In 16 out of the 21 eruptions, the magnetic convergence and cancellation involve
the CBP main bipoles, while in three eruptions, one of the BP magnetic fragments and a pre-existing fragment of opposite polarity
converge and cancel. In one BP with two eruptions, cancellation was not observed. The CBP eruptions involve in most cases the ex-
pulsion of chromospheric material either as an elongated filamentary structure (mini-filament, MF) or a volume of cool material (cool
plasma cloud, CPC), together with the CBP or higher overlying hot loops. Coronal waves were identified during three eruptions. A
micro-flaring is observed beneath all erupting MFs/CPCs. Whether the destabilised MF causes the micro-flaring or the destabilisation
and eruption of the MF is triggered by reconnection beneath the filament remains uncertain. In most eruptions, the cool erupting plasma
either partially or fully obscures the micro-flare until the erupting material moves away from the CBP. From 21 eruptions, 11 are found
to produce mini-CMEs. The dimming regions associated with the CMEs are found to be occupied by both the “dark” cool plasma and
areas of weakened coronal emission caused by the depleted plasma density.
Conclusions. The present study demonstrates that the small-scale loop structures in the quiet Sun, the evolution of which is determined
by their magnetic footpoint motions and/or ambient field topology, evolve into an eruptive phase that triggers the ejection of cool and
hot plasma in the corona.

Key words. methods: observational – Sun: activity – Sun: corona – Sun: coronal mass ejections (CMEs)

1. Introduction

Coronal bright points (CBPs) are among the most typical
small-scale phenomena in the solar corona. The earliest discov-
ery of CBPs was in X-rays which initially led to the introduc-
tion of the term “X-ray BP” (Vaiana et al. 1970). X-ray BPs
were seen in rocket mission observations as point-like structures
with typical sizes ranging from 10′′ to 50′′ that form a bright
core of ∼10′′ (Golub et al. 1974). Their lifetimes differ when
observed in different imaging channels, that is, when observed
at different temperatures. Coronal bright points were found to
have a lifetime in X-rays from 2 to 48 h with an average lifes-

? The movies associated to Figs 1, 3, 4, 6 are available at
https://www.aanda.org

pan of 8 h (Golub et al. 1976). Later, using data from the Yohkoh
X-ray telescope, Harvey et al. (1993) studied the lifetimes of 514
X-ray BPs and established that coronal hole BPs (34% of the
total) have an average existence of 12 h 36 min, the quiet Sun
(QS) BPs (60%) 13 h and 11 h for active-region CBPs (6%).
Studies based on extreme-ultraviolet (EUV) observations (e.g.
Habbal & Withbroe 1981; Zhang et al. 2001) show that the life-
times of BPs in EUV range from a few minutes to a few days
with an average value of 20 h (Zhang et al. 2001). For a review
of the observational properties of CBPs and their modelling see
(Madjarska 2018).

High-resolution spectroheliograms in Fe xiv 284 Å taken
with the EUV spectrograph on the Apollo Telescope Mount
on board Skylab first revealed that CBPs consist of small-scale

Article published by EDP Sciences A55, page 1 of 24
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ABSTRACT
Two main models have been developed to explain the mechanisms of release, heating,
and acceleration of the nascent solar wind, the wave-turbulence-driven (WTD) models and
reconnection-loop-opening (RLO) models, in which the plasma release processes are funda-
mentally different. Given that the statistical observational properties of helium ions produced
in magnetically diverse solar regions could provide valuable information for the solar wind
modelling, we examine the statistical properties of the helium abundance (AHe) and the speed
difference between helium ions and protons (vαp) for coronal holes (CHs), active regions
(ARs), and the quiet Sun (QS). We find bimodal distributions in the space of AHe and vαp/vA

(where vA is the local Alfvén speed) for the solar wind as a whole. The CH wind measurements
are concentrated at higher AHe and vαp/vA values with a smaller AHe distribution range, while
the AR and QS wind is associated with lower AHe and vαp/vA, and a larger AHe distribution
range. The magnetic diversity of the source regions and the physical processes related to it
are possibly responsible for the different properties of AHe and vαp/vA. The statistical results
suggest that the two solar wind generation mechanisms, WTD and RLO, work in parallel
in all solar wind source regions. In CH regions WTD plays a major role, whereas the RLO
mechanism is more important in AR and QS.

Key words: methods: observational – Sun: abundances – Sun: activity – solar wind.

1 IN T RO D U C T I O N

Helium is ranked as the second most abundant element in the Sun
and in the solar wind (SW), and it is an important tool in explor-
ing the nature of the solar wind. In particular, the difference in the
helium ion and proton properties can help us understand the mecha-
nisms for the release, heating, and acceleration of the nascent solar
wind (e.g. Marsch et al. 1982a; Neugebauer et al. 1996; Stein-
berg et al. 1996; Reisenfeld et al. 2001; Kasper et al. 2007, 2012).
The abundance of helium (AHe) and the speed difference between
helium ions and protons (vαp) in the solar wind were extensively
studied in the past. The abundance of helium is about 8.5 per cent
in the photosphere (e.g. Grevesse & Sauval 1998; Asplund et al.
2009). Measurements of the corona above polar coronal holes and
surrounding quiet Sun areas showed that AHe is in the range 4–
5 per cent (Laming & Feldman 2001, 2003). The AHe is usually
below 5 per cent in the solar wind and changes with the solar ac-
tivity (Ogilvie & Hirshberg 1974; Feldman et al. 1978). Using data
obtained by Wind, Aellig, Lazarus & Steinberg (2001) confirmed

� E-mail: madjarska@mps.mpg.de (MSM) fuhui@sdu.edu.cn (HF)

this finding and also established that this tendency is more clear for
the slow SW. By dividing the solar wind into 25 speed intervals,
Kasper et al. (2007, 2012) examined the relationship between the
helium abundance and the speed of the solar wind for a whole so-
lar activity cycle, and found a strong correlation between AHe and
sunspot numbers for the slowest solar wind.

The speeds of helium ions are usually larger than the proton
speeds in the solar wind, although helium ions are heavier than pro-
tons. Using data obtained by Helios, Marsch et al. (1982a) analysed
the speed difference between helium ions and protons, and found
that vαp increases with the solar wind speed. While vαp is close to the
local Alfvén wave speed in the fast SW, the average vαp for the slow
SW is close to zero, and vαp in the fast SW decreases with the in-
crease of the heliocentric distances at almost the same rate as of vA.
Consequently, these results were confirmed from observations made
by Ulysses (Neugebauer et al. 1996; Reisenfeld et al. 2001), Wind
(Steinberg et al. 1996), and ACE (Berger, Wimmer-Schweingruber
& Gloeckler 2011).

The plasma release, heating, and acceleration mechanisms of the
nascent solar wind are a fundamental problem in solar and space
physics. Two classes of models, the wave-turbulence-driven (WTD)
models (Hollweg 1986; Wang & Sheeley 1991; Cranmer, van
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ABSTRACT

We study the thermal structure and energetics of the point-like extreme ultraviolet (EUV) brightenings within a system of fan loops
observed in the active region AR 11520. These brightenings were simultaneously observed on 2012 July 11 by the High-resolution
Coronal (Hi-C) imager and the Atmospheric Imaging Assembly (AIA) on board the Solar Dynamics Observatory (SDO). We identified
27 brightenings by automatically determining intensity enhancements in both Hi-C and AIA 193 Å light curves. The energetics of
these brightenings were studied using the Differential Emission Measure (DEM) diagnostics. The DEM weighted temperatures of
these transients are in the range log T (K) = 6.2−6.6 with radiative energies ≈1024−25 ergs and densities approximately equal to a few
times 109 cm−3. To the best of our knowledge, these are the smallest brightenings in EUV ever detected. We used these results to
determine the mechanism of energy loss in these brightenings. Our analysis reveals that the dominant mechanism of energy loss for all
the identified brightenings is conduction rather than radiation.

Key words. Sun: atmosphere – Sun: corona – Sun: UV radiation – Sun: transition region – Sun: activity

1. Introduction

One of the most important unsolved problems in solar and helio-
spheric physics is that of determining the mechanism by which
the corona is heated. It is clear now that coronal heating and
magnetic fields are correlated, but the actual mechanism of
how magnetic energy is transferred to coronal thermal energy
is not well understood (see Klimchuk 2006, for a review).
Parker (1988) suggested a heating mechanism wherein the
energy that is built-up due to highly turbulent convective motions
in the photosphere, in the form of twisting and tangling of mag-
netic field lines, is transferred to the upper layers and released
through magnetic reconnection processes. This process is inher-
ently impulsive in nature and is often referred to as the nanoflare
model of coronal heating. It was envisioned by Parker (1988) that
these impulsive events may have an energy content of ≈1024 ergs,
approximately nine orders of magnitude lower than standard
solar flares. However, there has been no direct observation of
individual nanoflares, possibly because they occur at scales unre-
solvable by the currently available instruments. Therefore, their
existence has always been questioned.

Numerous small scale energetic events have been observed
in the solar atmosphere with length-scales ranging from a few
arcseconds to tens of arcseconds and lifetimes ranging from
a few minutes to hours. Some examples are explosive events
(e.g. Dere et al. 1989; Gupta & Tripathi 2015; Huang et al.
2017, and the references therein), extreme ultraviolet (EUV)
blinkers (e.g. Harrison 1997; Subramanian et al. 2012, and the
references therein), spicules (e.g. Roberts 1945; Tsiropoula et al.

? Previously at Inter-University Centre for Astronomy Astrophysics,
Post Bag-4, Ganeshkhind, Pune 411007, India.

2012, and the references therein), macrospicules (e.g. Bohlin
et al. 1975; Moore et al. 1977; Kayshap et al. 2013, and the
references therein) and X-ray & EUV jets (e.g. Shibata et al.
1992; Chifor et al. 2008; Subramanian et al. 2010; Chandra
et al. 2015; Mulay et al. 2016, and the references therein). These
events are omnipresent in the solar atmosphere. However, their
contribution to coronal heating is still inconclusive.

Spatial resolution plays a crucial role in the interpretation of
observed coronal plasma. So far, the space-borne EUV and X-ray
observations have not achieved the resolutions, which would
allow us to observe the individual strands that are presumed
to make up coronal loops. The High-resolution Coronal (Hi-C;
Cirtain et al. 2013) rocket flight has recorded the best-resolution
images of the solar corona. These observations have provided
us with a spectacular trove of data of a group of active regions
(ARs) and have unraveled interesting transient features in the
moss (Testa et al. 2013) and inter-moss regions (Winebarger et al.
2013), as well as at the footpoints of a fan loop system associated
with AR 11520 (EUV bright dots; Régnier et al. 2014). These
brightenings were classified as nanoflare-like brightenings by the
respective authors.

The study presented in this paper is focussed on the tran-
sients EUV brightenings seen in fan loop systems associated
with AR 11520. These brightenings appear as tiny dot-like inten-
sity enhancements. A sample of eight such events was studied by
Régnier et al. (2014). These events were characterised in four
different categories based on their light curve characteristics,
as single intensity peak events, double intensity peak events,
long duration events, and bursty events with multiple intensity
peaks. They have length scales of ∼1′′ and lifetime of ∼25 s.
These scales are either comparable to or much shorter than the
resolvable limits of the best available EUV full-disk imager, the

Article published by EDP Sciences A47, page 1 of 16
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ABSTRACT

Context. We report on the first of a series of studies on coronal bright points which investigate the physical mechanism that generates
these phenomena.
Aims. The aim of this paper is to understand the magnetic-field structure that hosts the bright points.
Methods. We use longitudinal magnetograms taken by the Solar Optical Telescope with the Narrowband Filter Imager. For a single
case, magnetograms from the Helioseismic and Magnetic Imager were added to the analysis. The longitudinal magnetic field compo-
nent is used to derive the potential magnetic fields of the large regions around the bright points. A magneto-static field extrapolation
method is tested to verify the accuracy of the potential field modelling. The three dimensional magnetic fields are investigated for the
presence of magnetic null points and their influence on the local magnetic domain.
Results. In nine out of ten cases the bright point resides in areas where the coronal magnetic field contains an opposite polarity
intrusion defining a magnetic null point above it. We find that X-ray bright points reside, in these nine cases, in a limited part of
the projected fan-dome area, either fully inside the dome or expanding over a limited area below which typically a dominant flux
concentration resides. The tenth bright point is located in a bipolar loop system without an overlying null point.
Conclusions. All bright points in coronal holes and two out of three bright points in quiet Sun regions are seen to reside in regions
containing a magnetic null point. An as yet unidentified process(es) generates the brigh points in specific regions of the fan-dome
structure.

Key words. Sun: atmosphere – Sun: corona – Sun: magnetic fields – methods: numerical – methods: observational

1. Introduction

The term “coronal bright point” (BP) describes a phenomenon in
the solar atmosphere that appears in extreme-ultraviolet (EUV)
and X-ray images as a small-scale multi-loop system of en-
hanced coronal emission that is associated with magnetic bipolar
features (e.g. Golub et al. 1977; Webb et al. 1993; Brown et al.
2001; Mou et al. 2016). BPs were detected for the first time in
soft X-ray photographs taken during rocket missions in 1968–
1973 (Vaiana et al. 1973) and later were analysed in great detail
during the Skylab mission (Golub et al. 1976a,b; Habbal 1992,
and the references therein). Habbal et al. (1990) found that BPs
show no difference in their properties in coronal holes (CH) and
the quiet Sun (QS), which led the authors to conclude that they
do not depend on the structure of the surrounding background
corona.

BPs have sizes in the range 10′′–50′′. Their average life-
time derived from observations taken with the Fe xii 195 Å
filter of the Extreme-ultraviolet Imaging Telescope (EIT) on-
board the Solar and Heliospheric Observatory (SoHO) is 20 h
(Zhang et al. 2001), while recently Mou et al. (2016) reported
a lifetime ranging from 2.7 to 58.8 h from a study of 70 BPs
observed with the Fe xii 193 Å filter of the Atmospheric

? The movies are available at http://www.aanda.org

Imaging Assembly (AIA) on board the Solar Dynamic Obser-
vatory (SDO). In X-rays, BPs have lifetimes of only eight hours
(Golub et al. 1974). Zhang et al. (2001) concluded that the tem-
peratures of BPs are generally below 2 × 106 K, which also ex-
plains their smaller size and shorter lifetime in X-rays compared
to lower temperature observations. Habbal et al. (1990) found
that simultaneously measured peaks of emission in six different
lines (with a large range of formation temperatures from chro-
mospheric to coronal) were not always co-spatial, implying that
the BPs may consist of a complex of small-scale loops at dif-
ferent temperatures and heights. Kwon et al. (2012) investigated
the multi-thermal nature of EUV BPs using the coronal 171, 193,
and 284 Å, and the 304 Å (chromosphere – transition region) fil-
ter images from observations with the Extreme-UltraViolet Im-
ager (EUVI) on board the twin Solar Terrestrial Relations Obser-
vatory (STEREO) satellites. The correlation coefficient between
the different channels made the authors conclude that BPs at 171,
195, and 284 Å belong to the same loop system, while the BP
emission in 304 Å can be interpreted as coming from cool legs
of the loops.

The coronal emission evolution of BPs strongly correlates
with the variation of the total unsigned photospheric magnetic
flux of the associated magnetic bipolar features (MBFs; e.g.
Preś & Phillips 1999; Madjarska et al. 2003; Ugarte-Urra et al.
2004). Mou et al. (2016) concluded that the formation of the
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Abstract

How the solar corona is heated to high temperatures remains an unsolved mystery in solar physics. In the present
study we analyze observations of 50 whole active region loops taken with the Extreme-ultraviolet Imaging
Spectrometer on board the Hinode satellite. Eleven loops were classified as cool loops (<1MK) and 39 as warm
loops (1–2MK). We study their plasma parameters, such as densities, temperatures, filling factors, nonthermal
velocities, and Doppler velocities. We combine spectroscopic analysis with linear force-free magnetic field
extrapolation to derive the 3D structure and positioning of the loops, their lengths and heights, and the magnetic
field strength along the loops. We use density-sensitive line pairs from FeXII, FeXIII, SiX, and MgVII ions to
obtain electron densities by taking special care of intensity background subtraction. The emission measure loci
method is used to obtain the loop temperatures. We find that the loops are nearly isothermal along the line of sight.
Their filling factors are between 8% and 89%. We also compare the observed parameters with the theoretical
Rosner–Tucker–Vaiana (RTV) scaling law. We find that most of the loops are in an overpressure state relative to
the RTV predictions. In a follow-up study, we will report a heating model of a parallel-cascade-based mechanism
and will compare the model parameters with the loop plasma and structural parameters derived here.

Key words: methods: observational – Sun: corona – techniques: spectroscopic

1. Introduction

Loops are one of the main building blocks of the solar
atmosphere. Understanding their heating, however, remains a
huge challenge (Klimchuk 2006). Particularly, the question
whether the plasma is heated by steady or impulsive, uniform
or localized mechanism(s) is still open (Susino et al. 2010).
Priest et al. (1998) noted that the physical parameter (e.g.,
temperature and density) profiles along a coronal loop are
highly sensitive to the heating mechanisms. Accordingly,
theoretical heating models require accurate measurements of
the plasma parameters along coronal loops, e.g., temperature,
density, filling factor, velocity, magnetic field, etc.

A number of authors have used imaging or spectral data to
investigate the physical properties of coronal loops. Based on
observations, loops are divided into cool, warm, and hot loops.
Cool loops are those typically detected in ultraviolet (UV)/
extreme-ultraviolet (EUV) lines with formation temperatures
between 0.1 and 1MK (e.g., Reale 2014; Gupta et al. 2015).
The temperature range of warm loops is 1–2MK (e.g., Lenz
et al. 1999). Hot loops are usually observed in soft X-rays.
They are located in active regions (ARs) and have temperatures
higher than 2MK (e.g., Yoshida et al. 1995).

Warm loops are reported in several comprehensive studies
based on spectral data taken with the Coronal Diagnostic
Spectrometer (CDS) on board the Solar and Heliospheric
Observatory (SOHO; e.g., Schmelz et al. 2001; Del Zanna &
Mason 2003; Scott et al. 2008) and Extreme-ultraviolet
Imaging Spectrometer (EIS) on board the Hinode satellite
(e.g., Warren et al. 2008; Tripathi et al. 2009; Scott et al. 2012;
Gupta et al. 2015). There are also a number of studies on warm
loops using imaging observations (e.g., Lenz et al. 1999;
Aschwanden et al. 2008).

Lenz et al. (1999) reported the temperature and emission
measure along segments of four warm loops using imaging
data from the Transition Region and Coronal Explorer satellite

and compared the observed loop structure with theoretical
isothermal and nonisothermal static loop models. They found
that the loop temperature profile is near constant and
incompatible with the theoretical results. Schmelz et al.
(2001) studied an AR warm loop in CDS data and concluded
that the temperature distribution is “inconsistent with iso-
thermal plasma along either the line of sight (LOS) or the
length of the loop.” The authors suggested that both radiative
and conductive losses are important in the case of their loop.
Tripathi et al. (2009) obtained the physical parameters along a
segment from an AR loop using EIS data and obtained
temperatures of 0.8–1.5 MK, electron densities in the range of

–10 109 8.5 cm−3, and filling factors from 0.02 to 4 as the loop
height increased. They also concluded that the loop is close to
isothermal for each position along the loop after accounting for
the background emission (see also similar results by Del Zanna
2003; Del Zanna & Mason 2003).
There are also reports on the physical parameters along the

whole length of a loop. For example, Priest et al. (1998)
analyzed a whole loop using Yohkoh Soft X-ray Telescope
(SXT) data and concluded that the uniform heating model can
fit well the loop observational temperature distribution. More
importantly, it was found that the “observed variation in
temperature along a loop is highly sensitive to the spatial
distribution of the heating.” Landi & Landini (2004) made use
of spectral data from CDS and compared them with a 1D, time-
independent, nonstatic model. They found no agreement
between the model predictions and the observations for the
whole loop. Aschwanden et al. (2008) used a triangulation
method to obtain the 3D reconstructions of 30 coronal loops in
an AR observed simultaneously with the Extreme-Ultraviolet
Imaging (EUVI) telescopes on the STEREO A and B spacecraft
and adopted an emission measure method from triple-filter
images to derive the densities and temperatures of the loops.
They compared the obtained pressure of all loops with the
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Abstract

Connecting in situ measured solar-wind plasma properties with typical regions on the Sun can provide an effective
constraint and test to various solar wind models. We examine the statistical characteristics of the solar wind with an
origin in different types of source regions. We find that the speed distribution of coronal-hole (CH) wind is bimodal
with the slow wind peaking at ∼400 km s−1 and the fast at ∼600 km s−1. An anti-correlation between the solar
wind speeds and the O7+/O6+ ion ratio remains valid in all three types of solar wind as well during the three
studied solar cycle activity phases, i.e., solar maximum, decline, and minimum. The N NFe O range and its average
values all decrease with the increasing solar wind speed in different types of solar wind. The N NFe O range
(0.06–0.40, first ionization potential (FIP) bias range 1–7) for active region wind is wider than for CH wind
(0.06–0.20, FIP bias range 1–3), while the minimum value of N NFe O (∼ 0.06) does not change with the variation
of speed, and it is similar for all source regions. The two-peak distribution of CH wind and the anti-correlation
between the speed and O7+/O6+ in all three types of solar wind can be explained qualitatively by both the wave-
turbulence-driven and reconnection-loop-opening (RLO) models, whereas the distribution features of N NFe O in
different source regions of solar wind can be explained more reasonably by the RLO models.

Key words: solar wind – Sun: abundances – Sun: activity – Sun: corona – Sun: magnetic fields

1. Introduction

It is common knowledge that the in situ solar wind has two
basic components: a steady fast (∼800 km s−1) and a variable
slow (∼400 km s−1) component (e.g., Schwenn 2006, and the
references therein). While it is widely accepted that fast solar
wind (FSW) originates in coronal holes (CHs; Krieger
et al. 1973; Zirker 1977; Gosling & Pizzo 1999), the source
regions of slow solar wind (SSW) are still poorly understood.
One of the sources of the SSW has been linked to sources at the
edges of active regions (ARs; e.g., Kojima et al. 1999; Sakao
et al. 2007; Culhane et al. 2014, etc.) and it is also believed that
SSW originates in the quiet Sun (QS; e.g., Woo & Habbal 2000;
Feldman et al. 2005; Fu et al. 2015).

Intuitively, identification of wind sources can be done by
tracing wind parcels back to the Sun. By applying a potential-
field-source-surface (PFSS) model, Luhmann et al. (2002)
mapped a low-latitude solar wind back to the photosphere for
nearly three solar activity cycles. They showed, for instance,
that polar CHs contribute to the solar wind only over about half
the solar cycle, while for the rest of the time the low-latitude
solar wind originates from “isolated low-latitude and mid-
latitude CHs or polar CH extensions that have a flow character
distinct from that of the large polar hole flows.” Using a
standard two-step mapping procedure, Neugebauer et al. (2002)
traced solar wind parcels back to the solar surface for four
Carrington rotations during a solar maximum phase. The solar
wind was divided into two categories, CH and AR wind, and
their statistical parameters were analyzed separately. The
authors reported that the O7+/O6+ ion ratio is lower for the
coronal-hole wind in comparison to the AR wind. Fu et al.
(2015) traced the solar wind back to its sources and classified
the solar wind by the type of the source region, i.e., AR, QS,
and CH wind. They found that the fractions occupied by each

type of solar wind change with the solar cycle activity and
established that the QS regions are an important source of the
solar wind during the solar minimum phase.
Alternatively, wind sources can be determined by examining

in situ charge states and elemental abundances. For the former,
the charge states of species such as oxygen and carbon are
regarded as a telltale signature of the solar wind sources. For
example, the density ratio of n(O7+) to n(O6+) (i.e., ionic
charge state ratio, hereafter O7+/O6+) does not vary with the
distance beyond several solar radii above the solar surface, and,
therefore, it reflects the electron temperature in the coronal
sources (Owocki et al. 1983; Buergi & Geiss 1986). As the
temperatures in different source regions are different, therefore,
the source regions can be identified by the charge states
detected in situ (Zhao et al. 2009; Landi et al. 2012). The first
ionization potential (FIP) effect describes the element anoma-
lies in the upper solar atmosphere and the solar wind
(especially in the SSW), i.e., the abundance increase of
elements with a FIP of less than 10 eV (e.g., Mg, Si, and Fe)
to those with a higher FIP (e.g., O, Ne, and He). The in situ
measured FIP bias is usually represented by N NFe O and it can
be expressed as

=
N N

N N
FIP bias , 1Fe O solar wind

Fe O photosphere

( )
( )

( )

where N NFe O is the abundance ratio of iron (Fe) and oxygen
(O). In the slow wind the FIP bias is ∼3, while in the fast
streams it is found to be smaller but still above 1 (von Steiger
et al. 2000). As the FIP bias in CHs, the QS, and ARs has
significant differences, the solar wind detected in situ can be
linked to those source regions (e.g., Feldman et al. 2005;
Laming 2015, and the references therein). In the present study,
we only present the in situ measurements of N NFe O that can
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ABSTRACT
Transition-region explosive events (EEs) are characterized by non-Gaussian line profiles with
enhanced wings at Doppler velocities of 50–150 km s−1. They are believed to be the signature
of solar phenomena that are one of the main contributors to coronal heating. The aim of
this study is to investigate the link of EEs to dynamic phenomena in the transition region
and chromosphere in an active region. We analyse observations simultaneously taken by the
Interface Region Imaging Spectrograph (IRIS) in the Si IV 1394 Å line and the slit-jaw (SJ)
1400 Å images, and the Swedish 1-m Solar Telescope in the Hα line. In total 24 events were
found. They are associated with small-scale loop brightenings in SJ 1400 Å images. Only four
events show a counterpart in the Hα−35 km s−1 and Hα+35 km s−1 images. Two of them
represent brightenings in the conjunction region of several loops that are also related to a
bright region (granular lane) in the Hα−35 km s−1 and Hα+35 km s−1 images. 16 are general
loop brightenings that do not show any discernible response in the Hα images. Six EEs appear
as propagating loop brightenings, from which two are associated with dark jet-like features
clearly seen in the Hα−35 km s−1 images. We found that chromospheric events with jet-like
appearance seen in the wings of the Hα line can trigger EEs in the transition region and in this
case the IRIS Si IV 1394 Å line profiles are seeded with absorption components resulting from
Fe II and Ni II. Our study indicates that EEs occurring in active regions have mostly upper-
chromosphere/transition-region origin. We suggest that magnetic reconnection resulting from
the braidings of small-scale transition region loops is one of the possible mechanisms of energy
release that are responsible for the EEs reported in this paper.

Key words: methods: observational – techniques: spectroscopic – Sun: activity – Sun: chro-
mosphere – Sun: transition region.

1 IN T RO D U C T I O N

Explosive events (EEs) are small-scale transients (duration <600 s,
size <5 arcsec) observed in the solar transition region, and describe
non-Gaussian line profiles with enhanced wings at Doppler veloci-
ties of 50–150 km s−1 (Brueckner & Bartoe 1983; Dere, Bartoe &
Brueckner 1989). The physical nature of EEs is under investiga-
tion for more than two decades. EEs were first suggested to be the
spectral footprint of bidirectional jets caused by magnetic recon-
nection (Dere et al. 1991; Innes et al. 1997). Later, chromospheric
upflow events (Chae et al. 1998b), siphon flows in small-scale

� E-mail: z.huang@sdu.edu.cn (ZH); madjarska@mps.mpg.de (MSM)

loops (Teriaca et al. 2004), surges (Madjarska, Doyle & de Pon-
tieu 2009) and transient brightenings, and X-ray jets (Madjarska
et al. 2012) have been associated with EEs.

Porter & Dere (1991) reported that EEs occur in the solar mag-
netic network lanes. This has been later confirmed by many further
studies (e.g. Madjarska & Doyle 2003; Ning, Innes & Solanki 2004;
Teriaca et al. 2004; Muglach 2008, etc.). Chae et al. (1998a) estab-
lished that the majority of EEs are associated with the cancellation
of photospheric magnetic flux, which was recently confirmed by
Huang et al. (2014) and Gupta & Tripathi (2015). EEs were mod-
elled by Innes & Tóth (1999), Roussev & Galsgaard (2002), Roussev
et al. (2001c), Roussev et al. (2001b), Roussev et al. (2001a), and
Innes et al. (2015) in 2D numerical simulations as the product of
magnetic reconnection.

C© 2016 The Authors
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ABSTRACT

Various small-scale structures abound in the solar atmosphere above active regions, playing an important role in
the dynamics and evolution therein. We report on a new class of small-scale transition region structures in active
regions, characterized by strong emissions but extremely narrow Si IV line profiles as found in observations taken
with the Interface Region Imaging Spectrograph (IRIS). Tentatively named as narrow-line-width UV bursts
(NUBs), these structures are located above sunspots and comprise one or multiple compact bright cores at sub-
arcsecond scales. We found six NUBs in two datasets (a raster and a sit-and-stare dataset). Among these, four
events are short-lived with a duration of ∼10 minutes, while two last for more than 36 minutes. All NUBs have
Doppler shifts of 15–18 km s−1, while the NUB found in sit-and-stare data possesses an additional component at
∼50 km s−1 found only in the C II and Mg II lines. Given that these events are found to play a role in the local
dynamics, it is important to further investigate the physical mechanisms that generate these phenomena and their
role in the mass transport in sunspots.

Key words: line: profiles – methods: observational – Sun: atmosphere – Sun: transition region – sunspots

Supporting material: animations

1. INTRODUCTION

Small-scale structures and activities abound in solar active
regions (ARs), including explosive events (Dere et al. 1989;
Innes et al. 1997; Huang et al. 2014), blinkers (Harrison
et al. 1999; Parnell et al. 2002), small-scale loops (Huang
et al. 2015), spicules and fibrils (Wilhelm 2000; Tsiropoula
et al. 2012; Pereira et al. 2014; Rouppe van der Voort
et al. 2015), to name a few. Thanks to recent high-resolution
observations of ARs, activities have been seen on even finer
scales. For example, observations made with the High-
resolution Coronal Imager (Hi-C; Kobayashi et al. 2014) have
indicated signatures of magnetic braids with scales of ∼0 2 in
AR loops (Cirtain et al. 2013), heating events with a similar
size in both moss (Testa et al. 2013) and inter-moss loops
(Winebarger et al. 2013), as well as fine loops at sub-arcsecond
scales (Peter et al. 2013). Using Hi-C observations, Régnier
et al. (2014) reported on the discovery of small-scale bright-
enings named “EUV bright dots” (EUV BDs) found at the base
of large-scale loops rooted at the edge of ARs with a
characteristic duration of 25 s and a typical length of 1″.
More recently, the Interface Region Imaging
Spectrograph (IRIS;De Pontieu et al. 2014) has discovered
very broad Si IV emission profiles blended by strong absorption
lines in small-scale (∼1″) compact brightenings in ARs(Peter
et al. 2014). These brightenings, named “hot bombs,” were
suggested to be signatures of hot plasmas in the photosphere
generated by magnetic reconnections. In addition, Tian et al.
(2014) reported on sub-arcsecond BDs implicating heating
events in the transition region (TR) above umbrae and
penumbrae of sunspots underlying ARs. Deng et al. (2016)
found that these BDs do not have a chromospheric response
and suggested their TR formation. Similarly, BDs in sunspots
were also recently reported in Hi-C observations (Alpert

et al. 2016). In sunspot umbrae and penumbrae, Kleint et al.
(2014) presented IRIS observations of small-scale brightenings
associated with supersonic downflows, which were suggested
to play a role in heating the TR above sunspots. Penumbral jets
have been investigated with IRIS data and were found to be
heated to TR temperature (Vissers et al. 2015).
In the present work, we report on a new class of fine-scale

structures in ARs, characterized by very bright emissions but
extremely narrow profiles in the Si IV line in the TR above
sunspots as observed by IRIS. In what follows, we present our
observations in Section 2, describe the results in Section 3, and
summarize our findings in Section 4 where some discussions
are also offered.

2. OBSERVATIONS

The IRIS observations analyzed in this study include two
datasets. The first (DATA1) is a raster dataset taken on 2014
February 16 from 20:19 UT to 21:04 UT when IRIS was
targeting AR 11974 and scanned the same area twice with a
0 35 wide slit and an exposure time of 2 s. The spectral slit
scanned a 140″× 175″ field of view (FOV) with a step size of
0 35 and an along-slit pixel size of 0 17, in which several
sunspots and their surrounding plages were observed (see
Figures 1(b)–(d)).
The second dataset (DATA2) was taken on 2014 March 10

from 04:10 UT to 10:26 UT, when IRIS targeted NOAA 11998
in a sit-and-stare mode with an exposure time of 15 s. In both
datasets, we analyzed the spectral data taken in the
Si IV 1394 Å and 1403 Å, C II 1334 Å and 1336 Å,
Mg II k 2796 Å and Mg II h 2803 Å lines as well as the
continuum around 2832 Å. In both datasets, the slit-jaw (SJ)
data with a spatial resolution of 0 34 taken in the 1330 Å and
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Abstract We investigate the characteristics and the sources of the slow (<450 km s−1)
solar wind during the four years (2006 – 2009) of low solar activity between Solar Cycles 23
and 24. We used a comprehensive set of in-situ observations in the near-Earth solar wind
(Wind and ACE) and removed the periods when large-scale interplanetary coronal mass
ejections were present. The investigated period features significant variations in the global
coronal structure, including the frequent presence of low-latitude active regions in 2006 –
2007, long-lived low- and mid-latitude coronal holes in 2006 – mid-2008 and mostly the
quiet Sun in 2009. We examined Carrington rotation averages of selected solar plasma,
charge state, and compositional parameters and distributions of these parameters related to
the quiet Sun, active region Sun, and the coronal hole Sun. While some of the investigated
parameters (e.g. speed, the C+6/C+4 and He/H ratios) show clear variations over our study
period and with solar wind source type, some (Fe/O) exhibit very little changes. Our results
highlight the difficulty of distinguishing between the slow solar wind sources based on the
inspection of solar wind conditions.
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ABSTRACT

We report three-minute oscillations in the solar chromosphere driven by a strong downflow event in a sunspot. We
used the Fast Imaging Solar Spectrograph of the 1.6 m New Solar Telescope and the Interface Region Imaging
Spectrograph (IRIS). The strong downflow event is identified in the chromospheric and transition region lines
above the sunspot umbra. After the event, oscillations occur at the same region. The amplitude of the Doppler
velocity oscillations is 2 km s−1 and gradually decreases with time. In addition, the period of the oscillations
gradually increases from 2.7 to 3.3 minutes. In the IRIS 1330 Å slit-jaw images, we identify a transient brightening
near the footpoint of the downflow detected in the Hα+0.5 Å image. The characteristics of the downflowing
material are consistent with those of sunspot plumes. Based on our findings, we suggest that the gravitationally
stratified atmosphere came to oscillate with a three-minute period in response to the impulsive downflow event as
was theoretically investigated by Chae & Goode.

Key words: Sun: atmosphere – Sun: chromosphere – Sun: oscillations

1. INTRODUCTION

Ever since discovery of three-minute umbral oscillations
(Beckers & Tallant 1969; Beckers & Schultz 1972;
Giovanelli 1972), they have been studied for several decades
by numerous authors (for reviews, see Staude 1999; Bogdan &
Judge 2006; Khomenko & Collados 2015). The oscillations are
detected in the multiple layers of the solar atmosphere above
sunspot umbrae (e.g., Lites & Thomas 1985; Thomas
et al. 1987; Maltby et al. 1999; O’Shea et al. 2002). They are
generally manifested as periodic fluctuations of intensity and
velocity. The oscillations are commonly regarded as slow
magnetoacoustic waves upwardly propagating in the gravita-
tionally stratified medium, as the oscillations in the higher
atmosphere lag behind those in the lower atmosphere
(Brynildsen et al. 1999, 2004; Tian et al. 2014). It is believed
that the power of the three-minute oscillations may mostly
come from the photosphere or below it. Two specific processes
are currently considered as the major candidates for the driver
of the oscillations: p-mode absorption of global solar oscilla-
tions and magnetoconvection inside sunspots (see the review
by Khomenko & Collados 2015 and references therein).

Theory predicts that the three-minute umbral oscillations can
be excited by impulsive disturbances inside the atmosphere as
well. Early studies by Lamb (1909) and Kalkofen et al. (1994)
showed that the atmosphere disturbed by an impulsive
disturbance at a point begins to oscillate with frequency
asymptotically approaching the acoustic cutoff frequency. The
recent study of Chae & Goode (2015) found that the necessary
condition for the cutoff frequency oscillations to have enough
power is the occurrence of the impulsive disturbance of large
vertical extent. Since there are many activities in the chromo-
sphere, we expect that impulsive disturbances that produce the
three-minute oscillations occur even though they may not be
the major driver of such oscillations. Despite this expectation,
so far there has been no observational report of such three-
minute oscillations generated by impulsive events in the
chromosphere above sunspots. This is in contrast with the

common findings of oscillations and waves in the corona
driven by the strongest impulsive events such as flares
(Aschwanden et al. 1999; Nakariakov et al. 1999; Schrijver
et al. 2002), lower coronal eruptions/ejections (Zimovets &
Nakariakov 2015), and filament destabilizations (Schrijver
et al. 2002). Strong X-class flares even affect the solar interior
and cause sunquakes which are acoustic waves produced in the
photosphere (Kosovichev & Zharkova 1998; Kosovichev
2006). Probably, the impulsive events leading to three-minute
oscillations in the chromosphere may be too small and too
weak to be detected.
In this Letter, for the first time we report on the occurrence of

the three-minute oscillations driven by an impulsive distur-
bance in the chromosphere. In this specific study, the
disturbance was caused by a strong downflow event detected
in the chromospheric and transition region (TR) lines above a
sunspot umbra. It is important to understand the properties of
the oscillations and waves in order to estimate physical
quantities of the medium for further study. We analyze multi-
wavelength data acquired by the Fast Imaging Solar
Spectrograph (FISS; Chae et al. 2013) installed at the 1.6 m
New Solar Telescope (NST) of Big Bear Solar Observatory and
Interface Region Imaging Spectrograph (IRIS; De Pontieu
et al. 2014).

2. OBSERVATIONS AND DATA ANALYSIS

We observed a small sunspot in NOAA active region 12172
on 2014 September 27. It was located between a leading main
sunspot and a trailing main sunspot. The region of our interest
was so variable that the morphology of the small sunspot kept
changing within several hours, and the sunspot finally
disappeared the day after our observation period. The FISS is
a dual-band Echélle spectrograph that records the Hα band and
the Ca II 8542 Å band simultaneously with imaging capability.
Imaging is done by fast scanning of a slit over the field of view
(FOV), and the step size is 0 16. With this instrument, we
acquired data for an hour from 17:03:40 to 18:00:50 UT with
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ABSTRACT

Coronal bright points (BPs) are associated with magnetic bipolar features (MBFs) and magnetic cancellation. Here
we investigate how BP-associated MBFs form and how the consequent magnetic cancellation occurs. We analyze
longitudinal magnetograms from the Helioseismic and Magnetic Imager to investigate the photospheric magnetic
flux evolution of 70 BPs. From images taken in the 193Å passband of the Atmospheric Imaging Assembly (AIA)
we dermine that the BPs’ lifetimes vary from 2.7 to 58.8 hr. The formation of the BP MBFs is found to involve
three processes, namely, emergence, convergence, and local coalescence of the magnetic fluxes. The formation of
an MBF can involve more than one of these processes. Out of the 70 cases, flux emergence is the main process of
an MBF buildup of 52 BPs, mainly convergence is seen in 28, and 14 cases are associated with local coalescence.
For MBFs formed by bipolar emergence, the time difference between the flux emergence and the BP appearance in
the AIA 193Å passband varies from 0.1 to 3.2 hr with an average of 1.3 hr. While magnetic cancellation is found
in all 70 BPs, it can occur in three different ways: (I) between an MBF and small weak magnetic features (in 33
BPs); (II) within an MBF with the two polarities moving toward each other from a large distance (34 BPs); (III)
within an MBF whose two main polarities emerge in the same place simultaneously (3 BPs). While an MBF builds
up the skeleton of a BP, we find that the magnetic activities responsible for the BP heating may involve small weak
fields.

Key words: methods: observational – Sun: activity – Sun: corona – Sun: magnetic fields

Supporting material: animations

1. INTRODUCTION

Coronal bright points (BPs) are small (on average 20″–30″)
and short-lived (from a few minutes to a few tens of hours)
bright structures, ubiquitously found in the solar corona. They
are believed to be the signature of a direct energy deposition in
the upper solar atmosphere (Webb et al. 1993; McIntosh 2007).
Coronal BPs were first identified in X-ray images and were
named X-ray bright points (XBPs) in the 1970s (Vaiana
et al. 1970). They have an average lifetime of 8 hr in X-rays
(Timothy et al. 1974; Golub et al. 1976a, 1976b). When
observed in extreme-ultraviolet (EUV) (e.g., Habbal & With-
broe 1981; Habbal et al. 1988; Zhang et al. 2001; Madjarska
et al. 2012), they are found to have a lifetime that varies from a
few minutes to a few days with an average of 20 hr (Zhang
et al. 2001). BPs consist of multiple small-scale (a few
arcseconds) and rapidly evolving (a few minutes) loops (e.g.,
Sheeley & Golub 1979; Habbal et al. 1990; Ugarte-Urra &
Doyle 2004).

Many studies (e.g., Krieger et al. 1971; Golub
et al. 1975a, 1975b, 1976a, 1977; Webb et al. 1993; Brown
et al. 2001; Madjarska et al. 2003; Huang et al. 2012;
Chandrashekhar et al. 2013) have revealed that BPs are
associated with magnetic bipolar features (MBFs). An MBF is
a pair of opposite-polarity magnetic features observed in
magnetogram data. The relationship between magnetic flux
emergence and BPs has been studied in the past, but only
limited case studies were reported during the Solar and
Heliospheric Observatory (SOHO) era. Golub et al. (1977)
compared BPs observed in X-rays with ephemeral active
regions (i.e., emerging bipolar regions) and found a weak

correlation. Martin & Harvey (1979) argued that the dis-
crepancy can be explained if the BPs are associated with short-
lived ephemeral active regions that might not have been
detected in the low temporal resolution data. BPs are also
strongly associated with magnetic cancellation (e.g., Webb
et al. 1993; Brown et al. 2001; Madjarska et al. 2003; Huang
et al. 2012). A study by Webb et al. (1993) found that 18 of 25
BPs were associated with magnetic cancellation. They also
found that BPs have a stronger connection with magnetic
cancellation rather than flux emergence. From high-resolution
Solar Optical Telescope (SOT) magnetograms, Huang et al.
(2012) detemined that all 28 BPs were associated with flux
emergence followed by magnetic field cancellation.
The strong connection between BPs and magnetic field

cancellation has been considered as evidence of magnetic
reconnection occurring in BPs. Preś & Phillips (1999)
suggested that all the energy losses of a BP are in fact
replenished by magnetic energy. Magnetic reconnection in BPs
has also been supported by a magnetic field dynamic
reconfiguration of BPs (Pérez-Suárez et al. 2008; Alexander
et al. 2011; Zhang et al. 2012). Recently, Zhang et al. (2014)
suggested that interchange reconnection might occur between
two close chambers of a BP. Priest et al. (1994) proposed a
scenario where the reconnection results from the converging
motion of magnetic polarities. According to this model, the
interaction distance has to be less than a certain value in order
to trigger the appearance of a BP. This model was also further
developed by Parnell et al. (1994) and von Rekowski et al.
(2006a, 2006b), and it was linked to various observations (e.g.,
Brown et al. 2001; Madjarska et al. 2003; Huang et al. 2012;
Zhang et al. 2012).
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ABSTRACT

Context. Observations of many active regions show a slow systematic outflow/upflow from their edges lasting from hours to days. At
present no physical explanation has been proven, while several suggestions have been put forward.
Aims. This paper investigates one possible method for maintaining these upflows assuming, that convective motions drive the magnetic
field to initiate them through magnetic reconnection.
Methods. We use Helioseismic and Magnetic Imager (HMI) data to provide an initial potential 3D magnetic field of the active region
NOAA 11123 on 2010 November 13 where the characteristic upflow velocities are observed. A simple 1D hydrostatic atmospheric
model covering the region from the photosphere to the corona is derived. Local correlation tracking of the magnetic features in the
HMI data is used to derive a proxy for the time dependent velocity field. The time dependent evolution of the system is solved using
a resistive 3D magnetohydrodynamic code.
Results. The magnetic field contains several null points located well above the photosphere, with their fan planes dividing the magnetic
field into independent open and closed flux domains. The stressing of the interfaces between the different flux domains is expected to
provide locations where magnetic reconnection can take place and drive systematic flows. In this case, the region between the closed
and open flux is identified as the region where observations find the systematic upflows.
Conclusions. In the present experiment, the driving only initiates magneto-acoustic waves without driving any systematic upflows at
any of the flux interfaces.

Key words. Sun: corona – Sun: activity – Sun: magnetic fields – methods: numerical

1. Introduction

The Extreme ultraviolet Imaging Spectrometer (EIS) on board
Hinode provides detailed observations of active regions, show-
ing the existence of localised regions with systematic, relative
low velocity upflows, that last from hours to days. However, nei-
ther the source region nor the mechanism which drives these up-
flows have been identified yet, although several theories have
been put forward. There has been a general consensus to use
the expression “outflows” for the phenomenon, with the indirect
assumption, that these flows are related to open field lines, that
allow the upflows to contribute directly to the slow solar wind.
As most models have been based on local field extrapolations,
it is not certain these field lines are really open and allow the
plasma to escape the sun; therefore, we refer to these flows as
upflows in this paper. For a detailed review of the observational
contributions to this field see Vanninathan et al. (2015, hereafter
Paper I).

Over time different theories have been suggested to ex-
plain the mechanisms, that drive the upflows. It has been sug-
gested, that three- and five-minutes oscillations can drive up-
flows (Del Zanna 2008; Marsch et al. 2004). These oscillations

� Movie is available in electronic form at http://www.aanda.org

have been identified in the upflow regions by Guo et al. (2010)
and Ugarte-Urra & Warren (2011), who propose the underlying
processes to be sporadic in both space and time. From a poten-
tial magnetic field extrapolation, Harra et al. (2008) found, that
reconnection on one side of the investigated active region gen-
erated long loops which connect across the region. They con-
cluded, that the observed upflows were the result of an expan-
sion of the newly formed loops as they move up toward a new
equilibrium.

In a different investigation Marsch et al. (2008) identified cir-
culation of plasma through magnetic funnels and closed loops
as a natural state of the plasma, that is continuously in motion.
They suggested photospheric convection as the ultimate driving
mechanism of the plasma motions in the corona. Using poten-
tial field extrapolations of a region containing two active regions
Boutry et al. (2012) found, that about 18% of the mass upflow
from one region was accounted for as downflow in the neigh-
bouring region. Del Zanna et al. (2011) found a relation between
radio noise storms and coronal upflows, indicating, that mag-
netic reconnection may be initiating the process. From magnetic
field extrapolations they find magnetic null points and associ-
ated separatrices in the corona which could be associated with
magnetic reconnection. A study of an active region-coronal hole
(AR-CH) boundary by Van Driel-Gesztelyi et al. (2012) supports

Article published by EDP Sciences A39, page 1 of 13
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ABSTRACT

Context. We study upflows at the edges of active regions, called AR outflows, using multi-instrument observations.
Aims. This study intends to provide the first direct observational evidence of whether chromospheric jets play an important role in
furnishing mass that could sustain coronal upflows. The evolution of the photospheric magnetic field, associated with the footpoints
of the upflow region and the plasma properties of active region upflows is investigated with the aim of providing information for
benchmarking data-driven modelling of this solar feature.
Methods. We spatially and temporally combine multi-instrument observations obtained with the Extreme-ultraviolet Imaging
Spectrometer on board the Hinode, the Atmospheric Imaging Assembly and the Helioseismic Magnetic Imager instruments on
board the Solar Dynamics Observatory and the Interferometric BI-dimensional Spectro-polarimeter installed at the National Solar
Observatory, Sac Peak, to study the plasma parameters of the upflows and the impact of the chromosphere on active region upflows.
Results. Our analysis shows that the studied active region upflow presents similarly to those studied previously, i.e. it displays
blueshifted emission of 5–20 km s−1 in Fexii and Fexiii and its average electron density is 1.8 × 109 cm−3 at 1 MK. The time vari-
ation of the density is obtained showing no significant change (in a 3σ error). The plasma density along a single loop is calculated
revealing a drop of 50% over a distance of ∼20 000 km along the loop. We find a second velocity component in the blue wing of the
Fe xii and Fexiii lines at 105 km s−1 reported only once before. For the first time we study the time evolution of this component at
high cadence and find that it is persistent during the whole observing period of 3.5 h with variations of only ±15 km s−1. We also, for
the first time, study the evolution of the photospheric magnetic field at high cadence and find that magnetic flux diffusion is respon-
sible for the formation of the upflow region. High cadence Hα observations are used to study the chromosphere at the footpoints of
the upflow region. We find no significant jet-like (spicule/rapid blue excursion) activity to account for several hours/days of plasma
upflow. The jet-like activity in this region is not continuous and blueward asymmetries are a bare minimum. Using an image enhance-
ment technique for imaging and spectral data, we show that the coronal structures seen in the AIA 193 Å channel are comparable to
the EIS Fexii images, while images in the AIA 171 Å channel reveal additional loops that are a result of contribution from cooler
emission to this channel.
Conclusions. Our results suggest that at chromospheric heights there are no signatures that support the possible contribution of
spicules to active region upflows. We suggest that magnetic flux diffusion is responsible for the formation of the coronal upflows.
The existence of two velocity components possibly indicates the presence of two different flows, which are produced by two different
physical mechanisms, e.g. magnetic reconnection and pressure-driven jets.

Key words. Sun: chromosphere – sun: corona – methods: observational – line: profiles

1. Introduction

The possible contribution of the surroundings of active regions
(ARs) to the slow solar wind was first pointed out by Kojima
et al. (1999). By comparing velocity distributions at 2.5 R� and
potential field extrapolations based on Kitt Peak magnetograms,
Kojima et al. (1999) found that compact low-speed wind re-
gions are associated with large magnetic flux expansions adja-
cent to ARs. The first identification of continuous intermittent
flows with velocities from 5 to 20 km s−1 at the periphery of
an AR was made by Winebarger et al. (2001) using Transition
Region And Coronal Explorer (TRACE) 171 Å data. By com-
paring their data with a quasi-static model, the authors suggested

� Movies associated to Figs. A.1–A.3 are available in electronic
form at http://www.aanda.org

that this can only be explained by plasma flow from the chro-
mosphere to the corona. The identification of AR outflows was
difficult because of the lack of suitable observations (spectral
temperature coverage), until the launch of Hinode. Sakao et al.
(2007) “asserted that these observations are possibly the first
identification of outflowing solar wind material” in the vicin-
ity of ARs. They analysed images from the X-ray Telescope
(XRT) on board Hinode and measured upward Doppler ve-
locities of ∼50 km s−1 using the Extreme-ultraviolet Imaging
Spectrometer (EIS) in a Fexii line (no wavelength is given in the
paper). Del Zanna (2008) gave a detailed report on AR upflows
(blueshifted emission). The author found Doppler velocities of
5–10 km s−1 in the EIS Fexii 195.12 Å line and 10–30 km s−1

in the Fexv 284.16 Å line, occurring in areas of weak emis-
sion “in a sharp boundary between low-lying hot 3 MK loops

Article published by EDP Sciences A38, page 1 of 11
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ABSTRACT

Extreme-Ultraviolet (EUV) waves are globally propagating disturbances that have been observed since the era of
the Solar and Heliospheric Observatory/Exteme-ultraviolet Imaging Telescope instrument. Although the
kinematics of the wave front and secondary wave components have been widely studied, there is not much
known about the generation and plasma properties of the wave. In this paper we discuss the effect of an EUV wave
on the local plasma as it passes through the corona. We studied the EUV wave, generated during the 2011 February
15 X-class flare/coronal mass ejection event, using Differential Emission Measure diagnostics. We analyzed
regions on the path of the EUV wave and investigated the local density and temperature changes. From our study
we have quantitatively confirmed previous results that during wave passage the plasma visible in the Atmospheric
Imaging Assembly (AIA) 171Å channel is getting heated to higher temperatures corresponding to AIA 193 and
211Å channels. We have calculated an increase of 6%–9% in density and 5%–6% in temperature during the
passage of the EUV wave. We have compared the variation in temperature with the adiabatic relationship and have
quantitatively demonstrated the phenomenon of heating due to adiabatic compression at the wave front. However,
the cooling phase does not follow adiabatic relaxation but shows slow decay indicating slow energy release being
triggered by the wave passage. We have also identified that heating is taking place at the front of the wave pulse
rather than at the rear. Our results provide support for the case that the event under study here is a compressive fast-
mode wave or a shock.

Key words: Sun: corona – Sun: evolution – waves

1. INTRODUCTION

Globally propagating disturbances in the solar atmosphere
have been known since they were first detected by Moreton &
Ramsey (1960) in Hα images during flare observations, the so-
called Moreton waves. Such phenomena were modeled by
Uchida (1968) as the chromospheric imprint of fast mode
magnetohydrodynamic (MHD) waves in the corona. Though, it
was not until the launch of the Extreme-ultraviolet Imaging
Telescope (EIT, Delaboudinière et al. 1995) on board the Solar
and Heliospheric Observatory (SOHO, Domingo et al. 1995)
that the proposed coronal counterparts were identified (Moses
et al. 1997; Thompson et al. 1998). These transient events have
since been termed as “EIT waves” after the instrument used
to discover them. However, due to the debate regarding the
true nature of these transients and to incorporate observations
made from different instruments, several authors refer to
these events by other names such as “coronal bright fronts”
(Gallagher & Long 2011), “coronal propagating fronts”
(Schrijver et al. 2011), “global Extreme-Ultraviolet (EUV)
waves” (Patsourakos & Vourlidas 2012), and “large-scale
coronal propagating fronts” (Nitta et al. 2013). In this paper we
will refer to them with a generic name such as EUV waves.

Inconsistencies in speeds between Moreton and EUV waves
(Klassen et al. 2000), as well as the observation of stationary
fronts (Delannée & Aulanier 1999) led to alternate interpreta-
tions and models for the observed wave-like signatures. There
are two main opposing theories, waves and non-waves, to
explain the visible features of EUV waves. In the non-wave
models, these transient phenomena are interpreted as ground
tracks of successive restructuring of magnetic field lines during
the eruption of a coronal mass ejection (CME, Delannée &

Aulanier 1999; Chen et al. 2002; Attrill et al. 2007). The wave
models treat them as fast-mode shock waves or large amplitude
waves (Thompson et al. 1998; Mann et al. 1999; Warmuth
et al. 2001). A third hybrid model tries to bridge the gap by
recognizing the existence of two bright fronts: one consistent
with the wave model and the other with the non-wave model
(Zhukov & Auchère 2004). In recent years, this theory has
gained support through observations (Liu et al. 2010) and
MHD simulations (Cohen et al. 2009; Downs et al. 2012).
The average speed of EUV waves was measured to be in the

range of 200–400 km s−1 in the EIT data (Thompson &
Myers 2009) and the Solar Terrestrial Relations Observatory
(STEREO) data (Muhr et al. 2014) and updated to 600 km s−1

from the Atmospheric Imaging Assembly (AIA) data (Nitta
et al. 2013). Fast EUV waves typically decelerate during
propagation, which has been interpreted as the nonlinear
evolution of large-amplitude fast magnetosonic waves (Vršnak
et al. 2006; Long et al. 2008; Veronig et al. 2008; Warmuth &
Mann 2011; Muhr et al. 2014). Taking advantage of the
quadrature configuration of the STEREO satellites, many
authors were able to study the 3D structure and evolution of
EUV waves (Kienreich et al. 2009; Ma et al. 2009; Patsourakos
et al. 2009; Veronig et al. 2010; Temmer et al. 2011). It was
estimated that most of the EUV wave emission is coming from
heights of 80–100Mm above the photosphere (Kienreich et al.
2009; Patsourakos et al. 2009) which is comparable to 1–2
coronal scale heights (distance from the photosphere over
which the pressure scales as a factor of 1/e).
The high cadence and resolution of AIA has helped in

improving the knowledge of kinematics of wave fronts and to
identify secondary wave components. With regard to solar
atmospheric research and plasma physics in general, it is
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Abstract. Advanced Astronomy for Heliophysics Plus (ADAHELI+) is a project concept for a small solar and
space weather mission with a budget compatible with an European Space Agency (ESA) S-class mission,
including launch, and a fast development cycle. ADAHELI+ was submitted to the European Space Agency
by a European-wide consortium of solar physics research institutes in response to the “Call for a small mission
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ABSTRACT

We report on the first Interface Region Imaging Spectrograph (IRIS) study of cool transition region loops, a class
of loops that has received little attention in the literature. A cluster of such loops was observed on the solar disk in
active region NOAA11934, in the Si IV 1402.8Å spectral raster and 1400Å slit-jaw images. We divide the loops
into three groups and study their dynamics. The first group comprises relatively stable loops, with 382–626 km
cross-sections. Observed Doppler velocities are suggestive of siphon flows, gradually changing from
−10 km s−1 at one end to 20 km s−1 at the other end of the loops. Nonthermal velocities of
15∼ 25 km s−1 were determined. Magnetic cancellation with a rate of 1015 Mx s−1 is found at the blueshifted
footpoints. These physical properties suggest that these loops are impulsively heated by magnetic reconnection,
and the siphon flows play an important role in the energy redistribution. The second group corresponds to two
footpoints rooted in mixed-magnetic-polarity regions, where magnetic cancellation with a rate of 1015 Mx s−1 and
explosive-event line profiles with enhanced wings of up to 200 km s−1 were observed. In the third group,
interaction between two cool loop systems is observed. Evidence for magnetic reconnection between the two loop
systems is reflected in the explosive-event line profiles and magnetic cancellation with a rate of 3 1015´ Mx s−1

observed in the corresponding area. The IRIS has provided opportunity for in-depth investigations of cool
transition region loops. Further numerical experiments are crucial for understanding their physics and their roles in
the coronal heating processes.

Key words: methods: observational – Sun: chromosphere – Sun: transition region – techniques: spectroscopic

Supporting material: animations

1. INTRODUCTION

The magnetized solar upper atmosphere is structured by
numerous types of loops (Del Zanna & Mason 2003; Fletcher
et al. 2014). Based on their temperatures, they are categorized
into cool (10 105 6– K), warm (1 2 106– ´ K) and hot
( 2 106 ´ K) loops (Reale 2014). Loops cooler than 105 K
were also suggested to have a major contribution to the EUV
output of the solar transition region (Feldman 1983, 1987,
1998; Dowdy et al. 1986; Dowdy 1993; Feldman et al. 2001;
Sasso et al. 2012). They were also observed in CDS and
SUMER off-limb observations (Brekke et al. 1997b; Chae
et al. 2000). Hotter and cooler loops tend not to be co-spatial
(e.g., Fludra et al. 1997; Spadaro et al. 2000), though there are
exceptions (e.g., Kjeldseth-Moe & Brekke 1998).

Loop heating is a major part of the great coronal heating
problem that still remains an unresolved puzzle (Klim-
chuk 2006; Reale 2014). Two mechanisms have been proposed
(for details, see Klimchuk 2006). The first mechanism is the so-
called “steady heating” and means that loops are heated
continuously. The second suggested mechanism is the
“impulsive heating” where loops are heated by low-frequency
events, e.g., nanoflare storms or resonant wave absorption
(Klimchuk 2006, and references therein). Plasma velocity is a
key parameter that can help determine which heating mechan-
ism is in operation (Klimchuk 2006; Winebarger et al. 2013;
Reale 2014). Uniform, steady heating results in a stationary
temperature distribution and a balance between heat flux and
radiation losses, therefore no strong flows would exist in the
loop. In the cases of non-uniform steady heating and impulsive
heating, stronger plasma flows along the loop can be found
due to imbalance of plasma pressure between the two loop

footpoints. Which one of these heating mechanisms is at work
mainly depends on the plasma and magnetic properties of the
loops. It is widely accepted that warm loops are heated by
impulsive processes (Winebarger et al. 2002b; Warren et al.
2003; Cargill & Klimchuk 2004; Winebarger & Warren 2005;
Klimchuk 2006, 2009; Tripathi et al. 2009; Ugarte-Urra
et al. 2009). However, for hot loops, both impulsive (Tripathi
et al. 2010; Cadavid et al. 2014; Ugarte-Urra & Warren 2014;
Viall & Klimchuk 2011) and steady heating (Warren et al.
2010; Winebarger et al. 2011) have been suggested.
There exist only a limited number of studies on cool loops

mainly due to instrumental limitations. By comparing observa-
tions and simulations, Doyle et al. (2006) suggested that cool
loops are heated by nonlinear heating pulses, i.e., transient
events. As discussed above, flow properties can be used to infer
the heating mechanism in a loop. They are mainly based on
Doppler shift measurements that can only be derived from
spectral data. Doppler shifts, however, carry only line-of-sight
(LOS) information and may cancel out in data with insufficient
resolution, especially in cases of anti-parallel flows in close-by
loop strands (e.g., Alexander et al. 2013). Cool loops are
difficult to identify in on-disk observations because of the
strong background emission and/or LOS contamination by
other features. Di Giorgio et al. (2003) studied a loop-like
bright feature observed in CDS on board the Solar and
Heliospheric Observatory, and found 21 km s−1 blueshifted
flow in the O V lines (T= 2.5 105´ K) after correcting for the
projection effect. By combining TRACE images and SUMER
spectral observations, Doyle et al. (2006) found a ∼20 km s−1

redshifted velocity in a footpoint of a cool loop in the SUMER
N V line (T = 2 105´ K). Brekke et al. (1997b) reported
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ABSTRACT

Context. The investigation covers the complex subject of coronal waves and the phenomena contributing to and/or causing their
formation.
Aims. The objectives of the present study is to provide a better physical understanding of the complex inter-relation and evolution
of several solar coronal features comprising a double-peak flare, a coronal dimming caused by a coronal mass ejection (CME), a
CME-driven compression, and a fast-mode wave. For the first time, the evolution of an asymmetric eruptive filament is analysed
in simultaneous Solar Ultraviolet Measurement of Emitted Radiation (SUMER) spectroscopic and Transition Region and Coronal
Explorer (TRACE) and Extreme-ultraviolet Imaging Telescope (EIT) imaging data.
Methods. We use imaging observations from EIT and TRACE in the 195 Å channel and spectroscopic observations from the Coronal
Diagnostic Spectrometer (CDS) in a rastering and SUMER in a sit-and-stare observing mode. The SUMER spectra cover spectral
lines with formation temperatures from log T (K) ∼ 4.0 to 6.1.
Results. Although the event was already analysed in two previous studies, our analysis brings a wealth of new information on the
dynamics and physical properties of the observed phenomena. We found that the dynamic event is related to a complex flare with two
distinct impulsive peaks, one according to the Geostationary Operational Environmental Satellite (GOES) classification as C1.1 and
the second – C1.9. The first energy release triggers a fast-mode wave and a CME with a clear CME driven compression ahead of it.
This activity is related to, or possibly caused, by an asymmetric filament eruption. The filament is observed to rise with its leading
edge moving at a speed of ∼300 km s−1 detected both in the SUMER and CDS data. The rest of the filament body moves at only
∼150 km s−1 while untwisting. No signature is found of the fast-mode wave in the SUMER data, suggesting that the plasma disturbed
by the wave had temperatures above 600 000 K. The erupting filament material is found to emit only in spectral lines at transition
region temperatures. Earlier identification of a coronal response detected in the Mg x 609.79 Å line is found to be caused by a blend
from the O iv 609.83 Å line.
Conclusions. We present a unique analysis of the complex phenomenon called “EIT/coronal wave”, confirming its bimodal nature. We
suggest that the disintegration of the dimming/CME and the CME-driven compression are either caused by a CME-CME interaction
taking place in the low solar atmosphere or by an impulsive CME cavity overexpansion in the low solar atmosphere.

Key words. Sun: corona – Sun: transition region – Sun: activity – methods: observational – line: profiles

1. Introduction

Coronal waves (CWs), also known as extreme-ultraviolet (EUV)
and Extreme-ultraviolet Imaging Telescope (EIT) waves (here-
after coronal waves), are large-scale coronal transients observed
in the form of a diffuse brightening that were first detected in
observations taken by EIT (Delaboudinière et al. 1995) on board
the Solar and Heliospheric Observatory (SoHO, Thompson et al.
1998). These waves are usually observed as moving, bright
quasi-circular rings of increased emission in EUV wavelengths,
mainly in the 195 Å imaging channels (1.6 MK) with a typi-
cal velocity of 200−400 km s−1. In 171 Å channels the CWs
are seen as emission reduction with respect to the surrounding
coronal emission, which is caused by heating and thus the ion-
ization of Fe ix/x to higher ionisation states. Coronal waves
are caused by the shock produced from the sudden energy re-
lease in active regions and are associated with coronal mass ejec-
tions (CMEs) rather than flares (Biesecker et al. 2002). Not all
CMEs, however, are found to generate coronal waves (Biesecker
et al. 2002). Moreton waves (i.e. a chromospheric wave, first

� A movie associated to Fig. A.1 is available in electronic form at
http://www.aanda.org

reported by Moreton (1960) in Hα observations propagating
with 1000 km s−1) are believed to be the chromospheric coun-
terpart of coronal waves, with both waves showing similar be-
haviour (Veronig et al. 2006, and the references therein). Asai
et al. (2012) reported on the first simultaneous co-spatial detec-
tion of a Moreton and a coronal wave.

Thanks to the high-cadence images from the Atmospheric
Imaging Assembly (AIA) on board the Solar Dynamic
Observatory (SDO), it was found that CWs show decelera-
tion which is a typical characteristic of large-amplitude waves
(Warmuth et al. 2004; Long et al. 2008; Veronig et al. 2008).
Coronal wave fronts are reported to be anisotropic and non-
homogeneous (Thompson et al. 1999). From observations with
the Extreme Ultraviolet Imager (EUVI) on board STEREO-B,
Veronig et al. (2010) found that coronal waves are dome shaped
with erupting CME loops inside the dome. The CW properties
can be found tabulated in Gallagher & Long (2011).

The nature of the phenomenon “coronal wave” is
strongly disputed. The interpretations include fast-mode waves
(Wills-Davey & Thompson 1999; Warmuth et al. 2001; Schmidt
& Ofman 2010), slow-mode waves or solitons (Wills-Davey
et al. 2007), and non-waves related to a current shell (Delannée
et al. 2008) or successively reconnecting magnetic field lines at a
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ABSTRACT

We present a study of a typical explosive event (EE) at subarcsecond scale witnessed by strong non-Gaussian
profiles with blue- and redshifted emission of up to 150 km s−1 seen in the transition region Si iv 1402.8 Å, and
the chromospheric Mg ii k 2796.4 Å and C ii 1334.5 Å observed by the Interface Region Imaging Spectrograph
(IRIS) at unprecedented spatial and spectral resolution. For the first time an EE is found to be associated with very
small-scale (∼120 km wide) plasma ejection followed by retraction in the chromosphere. These small-scale jets
originate from a compact bright-point-like structure of ∼1.′′5 size as seen in the IRIS 1330 Å images. SDO/AIA
and SDO/HMI co-observations show that the EE lies in the footpoint of a complex loop-like brightening system.
The EE is detected in the higher temperature channels of AIA 171 Å, 193 Å, and 131 Å, suggesting that it reaches
a higher temperature of log T = 5.36 ± 0.06 (K). Brightenings observed in the AIA channels with durations
90–120 s are probably caused by the plasma ejections seen in the chromosphere. The wings of the C ii line behave
in a similar manner to the Si iv’s, indicating close formation temperatures, while the Mg ii k wings show additional
Doppler-shifted emission. Magnetic convergence or emergence followed by cancellation at a rate of 5 ×1014 Mx s−1

is associated with the EE region. The combined changes of the locations and the flux of different magnetic patches
suggest that magnetic reconnection must have taken place. Our results challenge several theories put forward in
the past to explain non-Gaussian line profiles, i.e., EEs. Our case study on its own, however, cannot reject these
theories; thus, further in-depth studies on the phenomena producing EEs are required.

Key words: methods: observational – Sun: activity – Sun: chromosphere – Sun: transition region – techniques:
spectroscopic

Online-only material: animations, color figures

1. INTRODUCTION

The solar transition region is the interface between the
chromosphere and the corona within which the temperature
rapidly rises from 25,000 K to 1 MK. Plasma in the solar
transition region appears to be very dynamic, as evidenced by the
so-called “explosive events” (EEs). The term “explosive event”
describes non-Gaussian (mostly transition region) line profiles
showing Doppler velocities of 50–150 km s−1 (Brueckner &
Bartoe 1983). On average the EE size as determined along
a spectrometer slit is about 2′′–5′′ with a lifetime of up to
600 s (Dere et al. 1989). From 82 EEs observed by HRTS, Dere
et al. (1989) found only one case in which there was evidence
for apparent velocities. This result suggests that the velocities
of events associated with EEs are non-isotropic, and (some or
all) EEs are possibly the spectral signature of jets. EEs are often
observed in bursts lasting up to 30 minutes (Innes et al. 1997a;
Doyle et al. 2006).

EEs are usually found along the magnetic network at the
boundaries of the super-granulation cells (Dere et al. 1989;
Porter & Dere 1991; Madjarska & Doyle 2003). They are associ-
ated with regions of weak and mixed polarity fluxes (Brueckner
et al. 1988; Dere et al. 1991; Chae et al. 1998a; Teriaca et al.
2004; Muglach 2008). Chae et al. (1998a) studied the magnetic
field of 163 EEs identified in Solar Ultraviolet Measurement of
Emitted Radiation (SUMER) observations and Big Bear Solar
Observatory (BBSO) magnetograms, and found that 103 of these
were associated with magnetic flux cancellations. However, the
connection between EEs and magnetic cancellation is still under
debate. Muglach (2008) found that only 7 out of 37 EEs were

associated with magnetic cancellation sites while the magnetic
flux for 62% of EEs did not change during their lifetime, though
it is possible that this is due to instrumental limitations. Magnetic
reconnection is proposed as the possible mechanism that pro-
duces opposite directed jets generating the EE’s blue- and red-
shifted emission (see, e.g., Dere et al. 1991; Innes et al. 1997b;
Chae et al. 1998a; Ryutova & Tarbell 2000; Lee et al. 2000).

The true nature of the events associated with EEs remains
unknown as these “events” actually carry only the spectral
signature about the observed phenomena. EEs were suggested
to be the signature of siphon flows in small-scale loops (Teriaca
et al. 2004). They are also believed to be produced by spicules
and macrospicules (Wilhelm 2000), and were found to be
associated with chromospheric upflow events (Chae et al.
1998b). EEs were found in transient brightenings and X-ray
jets (Madjarska et al. 2012). Madjarska et al. (2009) showed
that EEs can result from up- and down-flows in a surge. Curdt
& Tian (2011) put forward the idea that EEs are produced by
swirling jets where a helical motion would be mostly responsible
for the blue- and redshifted emission (the Si iii 1206.51 Å line
was used in this study).

EEs are typically observed in transition region emission lines
with formation temperatures ranging from 2×104 K to 5×105 K
(Brueckner & Bartoe 1983). Dere (1992) reports from HRTS
spectra that less than 1% of the EEs observed in transition
region lines are also seen in C i 1561 Å (1 × 104 K) while
they are weakly seen in C ii 1335 Å (1.6 × 104 K). SUMER
observations showed that EEs also appear in lower temperature
lines such as O i (1×104 K), Lyman 6 to Lyman 11 (1.2×104 K;
Madjarska & Doyle 2002), and Lyman β (1.2 × 104 K;
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ABSTRACT

Context. We study a sequence of eruptive events including filament eruption, a GOES C4.3 flare, and a coronal mass ejection.
Aims. We aim to identify the possible trigger(s) and precursor(s) of the filament destabilisation, investigate flare kernel characteris-
tics, flare ribbons/kernels formation and evolution, study the interrelation of the filament-eruption/flare/coronal-mass-ejection phe-
nomena as part of the integral active-region magnetic field configuration, and determine Hα line profile evolution during the eruptive
phenomena.
Methods. Multi-instrument observations are analysed including Hα line profiles, speckle images at Hα – 0.8 Å and Hα+ 0.8 Å from
IBIS at DST/NSO, EUV images and magnetograms from the SDO, coronagraph images from STEREO, and the X-ray flux observa-
tions from Fermi and GOES.
Results. We establish that the filament destabilisation and eruption are the main triggers for the flaring activity. A surge-like event
with a circular ribbon in one of the filament footpoints is determined as the possible trigger of the filament destabilisation. Plasma
draining in this footpoint is identified as the precursor for the filament eruption. A magnetic flux emergence prior to the filament
destabilisation followed by a high rate of flux cancellation of 1.34 × 1016 Mx s−1 is found during the flare activity. The flare X-ray
lightcurves reveal three phases that are found to be associated with three different ribbons occurring consecutively. A kernel from
each ribbon is selected and analysed. The kernel lightcurves and Hα line profiles reveal that the emission increase in the line centre is
stronger than that in the line wings. A delay of around 5–6 min is found between the increase in the line centre and the occurrence of
red asymmetry. Only red asymmetry is observed in the ribbons during the impulsive phases. Blue asymmetry is only associated with
the dynamic filament.

Key words. Sun: activity – Sun: flares – Sun: filaments, prominences – line: profiles

1. Introduction

Solar flares are powerful solar phenomena that are believed to
be driven by magnetic reconnection resulting in plasma heat-
ing and particle acceleration. They can be observed as emission
enhancements across the entire electromagnetic spectrum, from
radio to γ-ray wavelengths. Flares are considered as phenom-
ena initiated in the corona since radio and hard X-ray emission
at flaring sites were discovered (Shibata & Magara 2011, and
the references therein). For decades, the chromospheric response
to flares has been investigated by using Hα filtergrams. Flaring
sites observed in Hα show spectacular phenomena such as fil-
ament (prominence) eruptions and flare ribbons (bright regions
in the chromosphere along the magnetic neutral line); Hα ker-
nels, which are very bright and compact Hα emission sources
embedded in flare ribbons, are also common features appearing
during a flare. They are believed to be the locations of high-
energetic particle precipitation. More details about solar flares
can be found in several reviews (e.g. Hudson 2007; Benz 2008;
Shibata & Magara 2011; Fletcher et al. 2011).

Although flares have been observed at chromospheric tem-
perature since the Hα filter was invented in the 1930s, the precise

� Appendix A and movie associated to Fig. A.4 are available in
electronic form at http://www.aanda.org

mechanism(s) by which energy release in the corona drives chro-
mospheric emission bursts, called ribbons or kernels, has not
been well established. A two-dimensional magnetic reconnec-
tion model called CSHKP (Carmichael 1964; Sturrock 1966;
Hirayama 1974; Kopp & Pneuman 1976), suggests that the
plasma surrounding a null point in the corona is heated such that
high coronal pressure, thermal conduction, and non-thermal par-
ticles (mostly electrons) can efficiently carry energy from the
magnetic reconnection site in the corona to the lower solar at-
mosphere along the magnetic field lines (Magara et al. 1996).
Thermal radiation from soft X-rays, EUV, and UV can also con-
tribute to this process, but this contribution was found to be very
small (Allred et al. 2005). Other more recent works have raised
questions about the viability of this mechanism in the light of
recent observations (Fletcher & Hudson 2008) and suggested
Alfvén wave propagation as an alternate energy transport mech-
anism from the corona to chromosphere during flares (Russell &
Fletcher 2013).

Although Hα filtergrams provide a wealth of information on
the dynamic morphological evolution of the flare in the chro-
mosphere (Hudson 2007, and references therein), full Hα line
profiles have powerful diagnostic potential for understanding
the physical mechanism driving solar flares. Based on a static
model, Canfield et al. (1984) calculated Hα profiles of flare chro-
mospheres produced by different mechanisms (see the previous
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ABSTRACT

Opacity is a property of many plasmas. It is normally expected that if an emission line in a plasma becomes optically
thick, then its intensity ratio to that of another transition that remains optically thin should decrease. However,
radiative transfer calculations undertaken both by ourselves and others predict that under certain conditions the
intensity ratio of an optically thick to an optically thin line can show an increase over the optically thin value,
indicating an enhancement in the former. These conditions include the geometry of the emitting plasma and
its orientation to the observer. A similar effect can take place between lines of differing optical depths. While
previous observational studies have focused on stellar point sources, here we investigate the spatially resolved
solar atmosphere using measurements of the I(1032 Å)/I(1038 Å) intensity ratio of O vi in several regions obtained
with the Solar Ultraviolet Measurements of Emitted Radiation instrument on board the Solar and Heliospheric
Observatory satellite. We find several I(1032 Å)/I(1038 Å) ratios observed on the disk to be significantly larger
than the optically thin value of 2.0, providing the first detection (to our knowledge) of intensity enhancement in
the ratio arising from opacity effects in the solar atmosphere. The agreement between observation and theory is
excellent and confirms that the O vi emission originates from a slab-like geometry in the solar atmosphere, rather
than from cylindrical structures.

Key words: opacity – radiative transfer – Sun: transition region – Sun: UV radiation
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1. INTRODUCTION

Opacity is a common property of many astrophysical and
laboratory plasmas. In most circumstances, one would expect
that opacity in an emission line would lead to a reduction in
its intensity compared to the optically thin value. However,
theoretical work by Bhatia and co-workers (Bhatia & Kastner
1999; Bhatia & Saba 2001; Kastner & Bhatia 2001), using the
escape factor method, indicated that in certain circumstances
the intensity of an emission line could be enhanced over its
optically thin value due to the effects of opacity. Their research
did not explain how this (apparently counter-intuitive) result
came about, and the answer had to await the more sophisticated
calculations of Kerr et al. (2004), who determined the radiation
transport in the plasma using the CRETIN code (Scott 2001).
The CRETIN results provided the origin of the line enhancement
effect, namely, that the ion in an upper state of a transition can
be pumped in the optically thick case by photons traversing
the plasma at many different angles. As a consequence, the
line intensity enhancement effect, and its apparent magnitude,
is very dependent both on the geometry of the plasma and the
orientation of the observer (i.e., the line of sight to the plasma by
which it is viewed). Subsequently, Kerr et al. (2005) extended
this work by using an analytical approach to consider several
different geometries. They found that the detection of line

5 Current address: Computational Biology, Department of Computer Science,
University of Oxford, Rex Richards Building, South Parks Road, Oxford OX1
3QU, UK.

intensity enhancement could, in theory, discriminate between
different plasma geometries and the orientation of the observer.
This would in principle provide a powerful new diagnostic for
astrophysical sources, many of which are spatially unresolved.

Observationally, searches have been undertaken for line
intensity enhancements in stellar spectra using the ratio of
lines of differing optical depths. Rose et al. (2008) found some
evidence of this effect in the I(15.01 Å)/I(16.78 Å) ratio of
Fe xvii in the active cool dwarf EV Lac, with a measured value of
2.50 ± 0.50 from XMM-Newton satellite observations compared
to a theoretical optically thin result of �1.93. More recently,
Keenan et al. (2011) analyzed Far-Ultraviolet Spectroscopic
Explorer satellite spectra of the active late-type stars ε Eri, II
Peg and Prox Cen, and measured several I(1032 Å)/I(1038 Å)
ratios of O vi that were larger (by up to 30%) than the optically
thin value of 2.0.

Although we are confident that the above detections are
secure, they are very limited in number, and additionally are
restricted to spatially unresolved (distant stellar) objects. In
the present Letter, we therefore extend the work to search for
O vi line intensity enhancements in a spatially resolved source,
namely, the Sun, and also build on our previous theoretical
research for O vi (Keenan et al. 2011) to calculate O vi models
for cylindrical, as well as slab and spherical, geometries.

2. OBSERVATIONS

Observations were obtained with the Solar Ultraviolet Mea-
surements of Emitted Radiation (SUMER) instrument (Wilhelm
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ABSTRACT

The presence of photospheric magnetic reconnection has long been thought to give rise to short and impulsive
events, such as Ellerman bombs (EBs) and Type II spicules. In this article, we combine high-resolution,
high-cadence observations from the Interferometric BIdimensional Spectrometer and Rapid Oscillations in the
Solar Atmosphere instruments at the Dunn Solar Telescope, National Solar Observatory, New Mexico, with co-
aligned Solar Dynamics Observatory Atmospheric Imaging Assembly and Hinode Solar Optical Telescope (SOT)
data to observe small-scale events situated within an active region. These data are then compared with state-of-the-
art numerical simulations of the lower atmosphere made using the MURaM code. It is found that brightenings, in
both the observations and the simulations, of the wings of the Hα line profile, interpreted as EBs, are often spatially
correlated with increases in the intensity of the Fe i λ6302.5 line core. Bipolar regions inferred from Hinode/SOT
magnetic field data show evidence of flux cancellation associated, co-spatially, with these EBs, suggesting that
magnetic reconnection could be a driver of these high-energy events. Through the analysis of similar events in the
simulated lower atmosphere, we are able to infer that line profiles analogous to the observations occur co-spatially
with regions of strong opposite-polarity magnetic flux. These observed events and their simulated counterparts
are interpreted as evidence of photospheric magnetic reconnection at scales observable using current observational
instrumentation.

Key words: Sun: atmosphere – Sun: chromosphere – Sun: magnetic fields – Sun: photosphere
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1. INTRODUCTION

Ellerman bombs (EBs) were first observed by Ellerman
(1917) and are small-scale (1′′ or less), short-lived
(2–15 minutes), impulsive events detected in the lower so-
lar atmosphere (see, e.g., Zachariadis et al. 1987; Geor-
goulis et al. 2002; Watanabe et al. 2011; Nelson et al.
2013). It has been widely suggested that a link exists be-
tween EBs and photospheric vertical magnetic fields; Pariat
et al. (2004, 2007) presented co-aligned magnetograms and
observations showing the formation of EBs in the plage
region trailing an emerging active region (AR). More re-
cently, Nelson et al. (2013) found that strong Hα line wing
enhancements, identified as small-scale EBs, almost ubiq-
uitously surrounded a complex penumbral structure in an
emerging AR and are linked to strong magnetic fields and
G-band magnetic bright points (MBPs). Due to the link be-
tween EBs and strong photospheric magnetic fields, it has often
been asserted that EBs arise as a result of magnetic reconnec-
tion in the photosphere. Georgoulis et al. (2002) suggested three
cartoon topologies that could excite magnetic reconnection in
the photosphere, including the partial sinking of a flux tube due
to intergranular downflows, flux loops emerging in a serpen-
tine manner, and complex unipolar magnetic fields. Within any
AR, many examples of cancellation can be observed by magne-
togram data, implying the rapid change of magnetic field config-
uration within the photosphere, potentially consistent with the
topologies suggested by Georgoulis et al. (2002). In this article,
we address any potential links between EBs and cancellation
events around the lead sunspot of a stable AR.

In a recent review, Rutten et al. (2013) suggested that certain
brightenings in the wings of the Hα line often regarded as EBs
could, in fact, be formed due to the influence of high magnetic
field concentrations on the Hα profile. It was suggested that
classical EBs, where energy release leads to increased intensity
in the Hα line wings, may often be confused with pseudo-
EBs, where the line wings of the Hα profile outline strong
magnetic fields in the lower photosphere. The definitions of
these two forms of brightenings advance the work of Watanabe
et al. (2011), who suggested that an event must show “flaring,”
rapid and small-scale topological variations associated with
high energy, to be classified as an EB. Due to the sparseness
of high-resolution magnetogram data, however, it has so far
proved difficult to identify whether certain topologies lead to
the classical EB form, i.e., whether only bipolar regions lead to
“flaring” events.

Strong observational evidence supporting a photospheric
magnetic reconnection model has, so far, proved difficult to
establish. The spatial and temporal resolutions of modern mag-
netogram data are low compared to hypothesized reconnection
events (such as EBs), as well as events within the simulated
photosphere (see, e.g., Shelyag et al. 2007), meaning that un-
equivocal inferences about observed magnetic topologies and
evolution are rare. In recent years, however, the possible impor-
tance of reconnection in the photosphere has been highlighted
by the suggestion that such high-energy events could be driv-
ing mass into the chromosphere through the excitation of, for
example, Type II spicules (De Pontieu et al. 2007), as well as,
potentially, providing energy for heating. This, in turn, has high-
lighted the need for an analysis of the lower solar atmosphere
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ABSTRACT

Aims. The present study aims to provide a diagnostic line ratio that will enable the observer to determine whether a plasma is in a
state of transient ionization.
Methods. We use the Atomic Data and Analysis Structure (ADAS) to calculate line contribution functions for two lines, Si iv 1394 Å
and O iv 1401 Å, formed in the solar transition region. The generalized collisional-radiative theory is used. It includes all radiative
and electron collisional processes, except for photon-induced processes. State-resolved direct ionization and recombination to and
from the next ionization stage are also taken into account.
Results. For dynamic bursts with a decay time of a few seconds, the Si iv 1394 Å line can be enhanced by a factor of 2–4 in the first
fraction of a second with the peak in the line contribution function occurring initially at a higher electron temperature due to transient
ionization compared to ionization equilibrium conditions. On the other hand, the O iv 1401 Å does not show such any enhancement.
Thus the ratio of these two lines, which can be observed with the Interface Region Imaging Spectrograph, can be used as a diagnostic
of transient ionization.
Conclusions. We show that simultaneous high-cadence observations of two lines formed in the solar transition region may be used
as a direct diagnostic of whether the observed plasma is in transient ionization. The ratio of these two lines can change by a factor of
four in a few seconds owing to transient ionization alone.

Key words. Sun: corona – Sun: transition region – line: formation – atomic processes – line: profiles

1. Introduction

All spectral lines have encoded information that allows the
observer to diagnose important physical parameters of the
underlying plasma. For example, forbidden or inter-system lines
allow an evaluation of the plasma’s electron density, while
resonance lines allow the observer to diagnose the electron
temperature. With sufficient spectral resolution, all spectral
lines can be used to give the observer information on plasma
flows and/or turbulent motions. To diagnose a plasma’s state
of ionization, however, requires both high-cadence data and
suitable spectral lines.

Various authors have presented simulated spectra based on
transient ionization (Mewe & Schrijver 1980; Reale & Orlando
2008) for comparison with observational data. In a recent
paper, Doyle et al. (2012) discussed the diagnostic potential of
high-cadence ultraviolet spectral data when transient ionization
is considered. The above paper used high-cadence spectral line
data from the Solar Maximum Mission (SMM) observed in
O v 1371 Å which allowed the authors to measure electron
densities and temperatures during the early stages of a feature’s
evolution, something that is not currently possible. The high
cadence UV spectrometer on SMM allowed observations of
selected spectral lines with a subsecond cadence.

The forthcoming observations from the Interface Region
Imaging Spectrograph1 will once again enable high quality

1 http://iris.lmsal.com/

observations of lines formed in the solar transition region. What
we would like to have is a simple line ratio consisting of one
line that shows a response to transient ionization and another line
that is not responsive to transient ionization. Then, provided we
can monitor these lines with sufficient cadence, any fast (≈0.5 s)
increase in the ratio must be due to non-equilibrium conditions.
Here, we look at the response of two such lines, Si iv 1394 Å
and O iv 1401 Å. The Si iv 1394 Å line is in the ground
spin system (3s 2S1/2–3p 2P3/2). The character of the excitation
cross-sections (dipole and non-spin change) and access to higher
n-shell/cascade will result in a line enhancement. However,
the O iv 1401 line, by contrast, has an upper state in the
quartet spin system (2s22p 2P3/2–2s2p2 4P5/2) which means
that access to this spin system is driven by cross-sections that
decrease with temperature, hence little or no line enhancement,
therefore, transient ionization under-fills the population structure
of the alternate spin systems from the ground. By contrast, the
ground spin system population structure gets enhanced (due to
the exponential factor in the rate coefficient) with increasing
electron temperature.

2. Transient ionization

The atomic structure of atoms and ions is in principle an infinite
assembly of levels with an infinite number of reactions between
them, however, simplifying assumptions about the nature of the
plasma, its dynamic character and the relative importance of

Article published by EDP Sciences L9, page 1 of 3
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Abstract The properties of Ellerman bombs (EBs), small-scale brightenings in the Hα line
wings, have proved difficult to establish because their size is close to the spatial resolution
of even the most advanced telescopes. Here, we aim to infer the size and lifetime of EBs
using high-resolution data of an emerging active region collected using the Interferometric
BIdimensional Spectrometer (IBIS) and Rapid Oscillations of the Solar Atmosphere (ROSA)
instruments as well as the Helioseismic and Magnetic Imager (HMI) onboard the Solar Dy-
namics Observatory (SDO). We develop an algorithm to track EBs through their evolution,
finding that EBs can often be much smaller (around 0.3′′) and shorter-lived (less than one
minute) than previous estimates. A correlation between G-band magnetic bright points and
EBs is also found. Combining SDO/HMI and G-band data gives a good proxy of the polarity
for the vertical magnetic field. It is found that EBs often occur both over regions of opposite
polarity flux and strong unipolar fields, possibly hinting at magnetic reconnection as a driver
of these events.The energetics of EB events is found to follow a power-law distribution in
the range of a nanoflare (1022−25 ergs).
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Abstract We study the nature of quiet-Sun oscillations using multi-wavelength observa-
tions from TRACE, Hinode, and SOHO. The aim is to investigate the existence of propa-
gating waves in the solar chromosphere and the transition region by analyzing the statis-
tical distribution of power in different locations, e.g. in bright magnetic (network), bright
non-magnetic and dark non-magnetic (inter-network) regions, separately. We use Fourier
power and phase-difference techniques combined with a wavelet analysis. Two-dimensional
Fourier power maps were constructed in the period bands 2 – 4 minutes, 4 – 6 minutes,
6 – 15 minutes, and beyond 15 minutes. We detect the presence of long-period oscillations
with periods between 15 and 30 minutes in bright magnetic regions. These oscillations were
detected from the chromosphere to the transition region. The Fourier power maps show that
short-period powers are mainly concentrated in dark regions whereas long-period powers
are concentrated in bright magnetic regions. This is the first report of long-period waves in
quiet-Sun network regions. We suggest that the observed propagating oscillations are due to
magnetoacoustic waves, which can be important for the heating of the solar atmosphere.

Keywords Chromosphere, quiet · Transition region · Oscillations · MHD waves
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Abstract In the present work we derive a Differential Emission Measure (DEM) distribu-
tion from a region dominated by spicules. We use spectral data from the Solar Ultravio-
let Measurements of Emitted Radiation (SUMER) spectrometer on-board the Solar Helio-
spheric Observatory (SoHO) covering the entire SUMER wavelength range taken off-limb
in the Northern polar coronal hole to construct this DEM distribution using the CHIANTI
atomic database. This distribution is then used to study the thermal properties of the emission
contributing to the 171 Å channel in the Atmospheric Imaging Assembly (AIA) on-board the
Solar Dynamics Observatory (SDO). From our off-limb DEM we found that the radiance
in the AIA 171 Å channel is dominated by emission from the Fe IX 171.07 Å line and has
sparingly little contribution from other lines. The product of the Fe IX 171.07 Å line contri-
bution function with the off-limb DEM was found to have a maximum at logTmax (K) = 5.8
indicating that during spicule observations the emission in this line comes from plasma at
transition region temperatures rather than coronal. For comparison, the same product with
a quiet Sun and prominence DEM were found to have a maximum at logTmax (K) = 5.9
and logTmax (K) = 5.7, respectively. We point out that the interpretation of data obtained
from the AIA 171 Å filter should be done with foreknowledge of the thermal nature of the
observed phenomenon. For example, with an off-limb DEM we find that only 3.6 % of the
plasma is above a million degrees, whereas using a quiet Sun DEM, this contribution rises
to 15 %.
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ABSTRACT

Context. We report on the plasma properties of small-scale transient events identified in the quiet Sun, coronal holes and their
boundaries.
Aims. We aim at deriving the physical characteristics of events that were identified as small-scale transient brightenings in
XRT images.
Methods. We used spectroscopic co-observations from SUMER/SoHO and EIS/Hinode combined with high-cadence imaging data
from XRT/Hinode. We measured Doppler shifts using single and multiple Gaussian fits of the transition region and coronal lines as
well as electron densities and temperatures. We combined co-temporal imaging and spectroscopy to separate brightening expansions
from plasma flows.
Results. The transient brightening events in coronal holes and their boundaries were found to be very dynamical, producing high-
density outflows at high speeds. Most of these events represent X-ray jets from pre-existing or newly emerging coronal bright points at
X-ray temperatures. The average electron density of the jets is log10 Ne ≈ 8.76 cm−3 while in the flaring site it is log10 Ne ≈ 9.51 cm−3.
The jet temperatures reach a maximum of 2.5 MK but in the majority of the cases the temperatures do not exceed 1.6 MK. The
footpoints of jets have maximum temperatures of 2.5 MK, though in a single event scanned a minute after the flaring the measured
temperature was 12 MK. The jets are produced by multiple microflaring in the transition region and corona. Chromospheric emission
was only detected in their footpoints and was only associated with downflows. The Doppler shift measurements in the quiet Sun
transient brightenings confirmed that these events do not produce jet-like phenomena. The plasma flows in these phenomena remain
trapped in closed loops.
Conclusions. We can conclude that the dynamic day-by-day and even hour-by-hour small-scale evolution of coronal hole bound-
aries reported in Paper I is indeed related to coronal bright points. The XRT observations reported in Paper II revealed that these
changes are associated with the dynamic evolution of coronal bright points producing multiple jets during their lifetime until their full
disappearance. We demonstrate here through spectroscopic EIS and SUMER co-observations combined with high-cadence imaging
information that the co-existence of open and closed magnetic fields results in multiple energy depositions, which propel high-density
plasma along open magnetic field lines. We conclude from the physical characteristics obtained in this study that X-ray jets are im-
portant candidates for the source of the slow solar wind. This, however, does not exclude the possibility that these jets are also the
microstreams observed in the fast solar wind, as recently suggested.

Key words. Sun: corona – Sun: transition region – line: profiles – methods: observational

1. Introduction

Coronal holes (CHs) are regions on the Sun dominated by open
magnetic fields. They are seen with reduced emission in spec-
tral lines formed at coronal temperatures and are identified as
the source regions of the fast solar wind with velocities of
∼800 km s−1 (Krieger et al. 1973). The CHs form in both po-
lar and equatorial regions. The latter are often connected with
the polar CHs with a channel of open magnetic field and are
called equatorial extensions of polar coronal holes (EECHs).
These exhibit a more rigid rotation (Timothy et al. 1975) with
respect to the typical differential rotation at photospheric lev-
els. Therefore, it is believed that interchange magnetic recon-
nection happens between the open (coronal hole’s) and closed
(quiet Sun) magnetic field lines. This was suggested to play an
important role in the generation of the slow solar wind flow

� Figures A.1, A.2, and movies are available in electronic form at
http://www.aanda.org

(Wang et al. 1998b; Woo et al. 2004). Evidence of dynamic pro-
cesses taking place at coronal hole boundary (CHB) regions was
first provided from spectroscopic observations by Madjarska
et al. (2004). It has been found that events described by non-
Gaussian profiles of transition region spectral lines, e.g. in
N iv 765.15 Å and Ne viii 770.43 Å, were abundant along the
boundary of an EECH. Similar results were found at a polar
coronal hole boundary by Doyle et al. (2006) in O vi 1031.93 Å.
More details on the background of CHs and coronal hole bound-
aries can be found in Madjarska & Wiegelmann (2009, hereafter
Paper I) and Subramanian et al. (2010, hereafter Paper II).

Madjarska & Wiegelmann (2009) showed that although
isolated equatorial CHs and EECHs maintain their general
shape during several solar rotations, a closer look at their
day-by-day and hour-by-hour evolution demonstrates significant
dynamics. Using the Extreme-ultraviolet Imaging Telescope
(EIT)/SoHO 195 Å and TRACE 171 Å observations, they
found that evolution of small-scale loops, i.e. coronal bright

Article published by EDP Sciences A67, page 1 of 16
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Abstract We discuss the diagnostic potential of high cadence UV spectral data when tran-
sient ionization is considered. For this we use high cadence UV spectra taken during the
impulsive phase of a solar flare (observed with instruments on-board the Solar Maximum
Mission) which showed excellent correspondence with hard X-ray pulses. The ionization
fraction of the transition region ion O V and, in particular, the contribution function for the
O V 1371 Å line are computed within the Atomic Data and Analysis Structure, which is a
collection of fundamental and derived atomic data and codes to manipulate them. Due to
transient ionization, the O V 1371 Å line is enhanced in the first fraction of a second with
the peak in the line contribution function occurring initially at a higher electron tempera-
ture than in ionization equilibrium. The rise time and enhancement factor depend mostly on
the electron density. The fractional increase in the O V 1371 Å emissivity due to transient
ionization can reach a factor of two–four and can explain the fast response in the line flux
of transition regions ions during the impulsive phase of flares solely as a result of transient
ionization. This technique can be used to diagnose the electron temperature and density of
solar flares observed with the forthcoming Interface Region Imaging Spectrograph.
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Abstract Over the last two decades the uninterrupted, high resolution observations of the
Sun, from the excellent range of telescopes aboard many spacecraft complemented with
observations from sophisticated ground-based telescopes have opened up a new world pro-
ducing significantly more complete information on the physical conditions of the solar at-
mosphere than before. The interface between the lower solar atmosphere where energy is
generated by subsurface convection and the corona comprises the chromosphere, which is
dominated by jet-like, dynamic structures, called mottles when found in quiet regions, fibrils
when found in active regions and spicules when observed at the solar limb. Recently, space
observations with Hinode have led to the suggestion that there should exist two different
types of spicules called Type I and Type II which have different properties. Ground-based
observations in the Ca II H and K filtergrams reveal the existence of long, thin emission fea-
tures called straws in observations close to the limb, and a class of short-lived events called
rapid blue-shifted excursions characterized by large Doppler shifts that appear only in the
blue wing of the Ca II infrared line. It has been suggested that the key to understanding
how the solar plasma is accelerated and heated may well be found in the studies of these
jet-like, dynamic events. However, while these structures are observed and studied for more
than 130 years in the visible, but also in the UV and EUV emission lines and continua,
there are still many questions to be answered. Thus, despite their importance and a multi-
tude of observations performed and theoretical models proposed, questions regarding their
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ABSTRACT

Aims. We aim at investigating the morphology as well as kinematic and helicity evolution of a loop-like prominence during its erup-
tion.
Methods. We used multi-instrument observations from AIA/SDO, EUVI/STEREO and LASCO/SoHO. The kinematic, morphologi-
cal, geometrical, and helicity evolution of a loop-like eruptive prominence were studied in the context of the magnetic flux rope model
of solar prominences.
Results. The prominence eruption evolved as a height-expanding twisted loop with both legs anchored in the chromosphere of a plage
area. The eruption process consisted of a prominence activation, acceleration, and a phase of constant velocity. The prominence body
was composed of counter-clockwise twisted threads around the main prominence axis. The twist during the eruption was estimated
at 6π (3 turns). The prominence reached a maximum height of 526 Mm before contracting to its primary location and was partially
reformed in the same place two days after the eruption. This ejection, however, triggered a coronal mass ejection (CME) observed
in LASCO C2. The prominence was located in the northern periphery of the CME magnetic field configuration and, therefore, the
background magnetic field was asymmetric with respect to the filament position. The physical conditions of the falling plasma blobs
were analysed with respect to the prominence kinematics.
Conclusions. The same sign of the prominence body twist and writhe, as well as the amount of twisting above the critical value of 2π
after the activation phase indicate that possibly conditions for kink instability were present. No signature of magnetic reconnection
was observed anywhere in the prominence body and its surroundings. The filament/prominence descent following the eruption and its
partial reformation at the same place two days later suggest a confined type of eruption. The asymmetric background magnetic field
possibly played an important role in the failed eruption.

Key words. Sun: activity – Sun: filaments, prominences – magnetic fields

1. Introduction

Prominence eruptions are large-scale eruptive phenomena that
occur in the low solar atmosphere. Observations show that
prominences display a wide range of eruptive activity. There are
three types of prominence (filament) eruptions according to the
observational definitions of Gilbert et al. (2007) based on the re-
lation between the filament mass and corresponding supporting
magnetic structure: full, partial, and failed (confined), of which
the partial ones are the most complex. A full eruption occurs
when the entire magnetic structure and the pre-eruptive promi-
nence material are expelled into the heliosphere. If neither the
filament mass, nor the supporting magnetic structure escape the
solar gravitational field, it is a failed eruption. Partial eruptions
can be divided into two subcategories: i) when the entire mag-
netic structure erupts, with the eruption containing either part or
none of its supported pre-eruptive prominence material; and ii)
when the magnetic structure itself partially escapes with either

� Movies showing the temporal evolution are available in electronic
form at http://www.aanda.org

some or none of the filament mass (Gilbert et al. 2007). One im-
portant observational consequence concerning partial and failed
eruptions is the re-formation of the filament at the pre-eruptive
location.

Sterling & Moore (2004a,b) unveiled a common pattern of
prominence eruptions: an initial slow-rise phase (with very low
acceleration), during which the filament gradually ascends, fol-
lowed by a sharp change to a phase of fast acceleration. There
are three types of prominence eruption after the fast-rise phase:
i) an eruptive prominence can continue to rise with accelera-
tion; ii) the fast rise can be followed by a constant velocity phase;
or iii) the constant velocity phase of an eruptive prominence can
be followed by a deceleration phase (Vršnak 1998).

Eruptive prominences (EPs) (or filaments, if observed on
the solar disk) are frequently associated with and physically re-
lated to coronal mass ejections (CMEs) and flares (Tandberg-
Hanssen 1995; Webb et al. 1976; Munro et al. 1979; Webb &
Hundhausen 1987; St. Cyr & Webb 1991). Usually, all three
eruptive events occur in the same large-scale coronal magnetic
field, in which the EP only occupies a limited volume at its

Article published by EDP Sciences A127, page 1 of 7
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ABSTRACT

Aims. The aim of this work is to identify the true nature of the transient EUV brightenings, called blinkers.
Methods. Co-spatial and co-temporal multi-instrument data, including imaging (EUVI/STEREO, XRT and SOT/Hinode), spectro-
scopic (CDS/SoHO and EIS/Hinode) and magnetogram (SOT/Hinode) data, of an isolated equatorial coronal hole were used. An
automatic program for identifying transient brightenings in CDS O v 629 Å, EUVI 171 Å and XRT was applied.
Results. We identified 28 blinker groups in the CDS O v 629 Å raster images. All CDS O v 629 Å blinkers showed counterparts in
EUVI 171 Å and 304 Å images. We classified these blinkers into two categories, one associated with coronal counterparts and other
with no coronal counterparts as seen in XRT images and EIS Fe xii 195.12 Å raster images. Around two-thirds of the blinkers show
coronal counterparts and correspond to various events like EUV/X-ray jets, brightenings in coronal bright points or foot-point bright-
enings of larger loops. These brightenings occur repetitively and have a lifetime of around 40 min at transition region temperatures.
The remaining blinker groups with no coronal counterpart in XRT and EIS Fe xii 195.12 Å appear as point-like brightenings and
have chromospheric/transition region origin. They take place only once and have a lifetime of around 20 min. In general, lifetimes of
blinkers are different at different wavelengths, i.e. different temperatures, decreasing from the chromosphere to the corona.
Conclusions. This work shows that the term blinker covers a range of phenomena. Blinkers are the EUV response of various transient
events originating at coronal, transition region and chromospheric heights. Hence, events associated with blinkers contribute to the
formation and maintenance of the temperature gradient in the transition region and the corona.

Key words. Sun: atmosphere – Sun: corona – methods: observational – methods: data analysis – sun: transition region

1. Introduction

The quasi-steady mechanism(s) that sustains the heating of the
outer solar atmosphere and the solar wind is currently under in-
tensive investigation using state-of-the-art ground- and space-
based instrumentation. These observations show that small-scale
salt and pepper like bipolar network magnetic fields constantly
reconfigure themselves on time scales of minutes-to-hours, re-
sulting in a complicated and dynamically evolving solar atmo-
sphere. It is believed that magnetic reconnection and subse-
quent energy release is the major mechanism which can relax
these constantly evolving magnetic field structures. Such small-
scale energy releases seen as sudden brightenings (blinkers or
extreme-ultraviolet (EUV) brightenings), fast plasma ejections
(spicules or EUV/X-ray jets), etc., are omnipresent and have
been reported at different heights in the solar atmosphere. It is
crucial to establish links between these different events as they
potentially connect the lower and upper solar atmosphere and,
hence, could contribute to the transfer of mass and energy in
the atmosphere (Parker 1988; Schrijver et al. 1997, 1998; Moore
et al. 1999; Winebarger et al. 2002; Yamauchi et al. 2005).

EUV brightenings, also called blinkers, were first reported
by Harrison (1997) in the quiet Sun, at transition region (TR)
temperatures, using the Coronal Diagnostic Spectrometer (CDS;
Harrison et al. 1995) onboard SoHO spacecraft. They show in-
tensity enhancements of a factor of 2–3 (Harrison 1997; Bewsher
et al. 2002) and Doppler velocities of 25–30 km s−1 (Bewsher
et al. 2003) in TR lines like O v 629.77 Å (T ≈ 2.4 × 105 K).
The average lifetime of these EUV brightenings is 16 min

ranging from 6 to 40 min (Bewsher et al. 2002). They have also
been observed in active regions (Walsh et al. 1997; Parnell et al.
2002; Bewsher et al. 2003), with slightly higher Doppler veloc-
ities of 20–40 km s−1 (Bewsher et al. 2003). Corresponding sig-
natures of blinkers were found in chromospheric lines (Brković
et al. 2001; Brković & Peter 2003; Brooks et al. 2004; Brooks
& Kurokawa 2004). Harrison et al. (1999) derived an average
intensity increase of 4% and 7% in the coronal Mg ix 368.9 Å
and Mg x 624.9 Å lines, respectively, for these events. Bewsher
et al. (2002) also detected a weak response of blinkers in these
lines and concluded “that blinkers have no coronal signatures”,
although “it may be simply that these lines are too weak to detect
anything in”. Priest et al. (2002) suggested from simple physical
models that blinkers can be produced by five different physical
mechanisms, namely: the heating of cool spicular material; the
containment of plasma in low-lying loops in the network; the
thermal linking of cool and hot plasma at the feet of coronal
loops; the heating and evaporation of chromospheric plasma in
response to a coronal heating event; and the cooling and draining
of hot coronal plasma when coronal heating is switched off.

Coronal jets are dynamic features which are observed as
collimated ejections of plasma on small scales. They were
first observed with the solar X-ray telescope onboard the
Yohkoh satellite (Shibata et al. 1992) and are believed to
be the result of magnetic reconnection (Yokoyama & Shibata
1995). The X-ray Telescope (XRT; Golub et al. 2007) on-
board Hinode opened a new era for studying X-ray features
in tens-of-second detail, revealing the association of some jets
with the expansion and eruption of coronal bright point loops

Article published by EDP Sciences A50, page 1 of 10
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ABSTRACT

Context. We study the magnetic properties of small-scale transients in coronal holes and a few in the quiet Sun identified in X-ray
observations and spectroscopic data in two previous papers.
Aims. We aim to investigate the role of small-scale transients in the evolution of the magnetic field in an equatorial coronal hole.
Methods. Two sets of observations of an equatorial coronal hole and another two in quiet-Sun regions were analysed using longitudinal
magnetograms taken by the Solar Optical Telescope. An automatic feature tracking program, SWAMIS, was used to identify and track
the magnetic features. Each event was then visually analysed in detail.
Results. In both coronal holes and quiet-Sun regions, all brightening events are associated with bipolar regions and are caused by
magnetic flux emergence followed by cancellation with the pre-existing and/or newly emerging magnetic flux. In the coronal hole,
19 of 22 events have a single stable polarity which does not change its position in time. In eleven cases this is the dominant polarity.
In the coronal hole, the magnetic features with the largest flux are those of the dominant polarity, while the opposite polarity is
distributed in weaker features. The number of magnetic features of the dominant polarity is four times grater than the opposite polarity.
The supergranulation configuration appears to preserve its general shape during approximately nine hours of observations although
the large concentrations (the dominant polarity) in the network did evolve and/or were slightly displaced, and their strength either
increased or decreased. The emission fluctuations/radiance oscillations seen in the X-ray bright points are associated with recurring
magnetic cancellation in the footpoints. Unique observations of an X-ray jet reveal similar magnetic behaviour in the footpoints, i.e.
cancellation of the opposite polarity magnetic flux. We find that the magnetic flux cancellation rate during the jet is much higher than
in bright points. Not all magnetic cancellations result in an X-ray enhancement, suggesting that there is a threshold of the amount of
magnetic flux involved in a cancellation above which brightening would occur at X-ray temperatures.
Conclusions. Our study demonstrates that the magnetic flux in coronal holes is continuously processed through magnetic reconnection
which is responsible for the formation of numerous small-scale transient events. The open magnetic flux forming the coronal-hole
phenomenon is largely involved in these transient features. The question of whether this open flux is transported as a result of the
formation and evolution of these transient events, however, still remains open.

Key words. Sun: corona – Sun: chromosphere – Sun: evolution – magnetic fields – methods: observational

1. Introduction

Coronal holes (CHs) are regions on the Sun where the emis-
sion of coronal lines is significantly reduced. CHs are found
to be the main source regions of the fast solar wind (Krieger
et al. 1973) while coronal hole boundaries are believed to be
the regions where the slow solar wind originates (Hundhausen
1977). We first studied the small-scale evolution of CHs and
their boundaries using spectroscopic observations from SUMER
(Madjarska et al. 2004). This was followed by three studies.
The first one investigated dynamic phenomena at the coro-
nal hole boundaries (CHBs) using TRACE (The Transition
Region And Coronal Explorer) and EIT (Extreme-ultraviolet

� Three movies and Appendix A are available in electronic form at
http://www.aanda.org

Imaging Telescope) onboard SoHO (Madjarska & Wiegelmann
2009, hereafter Paper I). The second study by Subramanian
et al. (2010, hereafter Paper II) automatically identified X-ray
transient brightenings in CHs and the quiet-Sun regions in obser-
vations from XRT (The X-Ray Telescope) onboard the Hinode
satellite. Next, Madjarska et al. (2012, hereafter Paper III) anal-
ysed the plasma properties of all the events which were identi-
fied in Paper II having simultaneous spectral observations taken
with the EIS (Extreme-ultraviolet Imaging Spectrometer) and
SUMER (Solar Ultraviolet Measurements of Emitted Radiation)
instruments onboard Hinode and SoHO, respectively. By study-
ing tens of events, the authors found that events in the CHs
and quiet-Sun regions reached similar temperatures and electron
densities, but events in CHs and their boundaries were more dy-
namic than events in the quiet Sun. Background information on
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ABSTRACT

Aims. The present study aims to provide observational evidence of whether coronal hole spicules reach coronal temperatures.
Methods. We combine multi-instrument co-observations obtained with the SUMER/SoHO and with the EIS/SOT/XRT/Hinode.
Results. The analysed three large spicules were found to be comprised of numerous thin spicules that rise, rotate, and descend
simultaneously forming a bush-like feature. Their rotation resembles the untwisting of a large flux rope. They show velocities ranging
from 50 to 250 km s−1. We clearly associated the red- and blue-shifted emissions in transition region lines not only with rotating but
also with rising and descending plasmas. Our main result is that these spicules although very large and dynamic, are not present in
the spectral lines formed at temperatures above 300 000 K.
Conclusions. In this paper we present the analysis of three Ca ii H large spicules that are composed of numerous dynamic thin
spicules but appear as macrospicules in lower resolution EUV images. We found no coronal counterpart of these and smaller spicules.
We believe that the identification of phenomena that have very different origins as macrospicules is due to the interpretation of the
transition region emission, and especially the He ii emission, wherein both chromospheric large spicules and coronal X-ray jets are
present. We suggest that the recent observation of spicules in the coronal AIA/SDO 171 Å and 211 Å channels probably comes from
the existence of transition region emission there.

Key words. Sun: corona – Sun: transition region – line: profiles – methods: observational

1. Introduction

The term spicule refers to jet-like features expelled from the
chromosphere as seen at the solar limb. They were first observed
by Secchi (1877) and called “spicules” by Roberts (1945).
Spicules are best viewed at the solar limb as bright features
against the dark background of the solar corona in Hα and Ca ii
images. Several studies report that these phenomena fall back
along the same trajectory or fade out (Beckers 1972; Suematsu
1998). Many on-disk filament-like features were identified as the
counterpart of the limb spicules due to the similarities in their
properties (Christopoulou et al. 2001; Rouppe van der Voort
et al. 2007), and some were named “mottles” (Tsiropoula &
Schmieder 1997). Coronal hole spicules are found to be taller
than quiet Sun spicules, probably owing to the different config-
uration of the magnetic field of the two regions (Beckers 1972).
Spicules/mottles have been observed at temperatures between
5000 K and 300 000 K. However, De Pontieu et al. (2011) report
that a small but sufficient fraction of spicules, including coro-
nal hole spicules, are heated to temperatures above 1 MK based
on observations from the Atmospheric Imaging Assembly (AIA)
instrument onboard the Solar Dynamic Observatory (SDO)
taken with the 171 Å filter. Transient events like spicules/mottles
are of prime importance as they intermittently connect the chro-
mosphere with the corona and possibly sustain the mass bal-
ance in the solar atmosphere (Tsiropoula & Tziotziou 2004).
However, the downflow observed in transition region lines may
be the result of the mottle/spicule plasma returning to the so-
lar surface (Pneuman & Kopp 1978; Withbroe 1983; Tsiropoula
& Tziotziou 2004). If all the material that is sent up through
spicules/mottles is returned to the solar surface, then their con-
tribution to coronal heating will be minimal, dismissing the

� Movie is available in electronic form at http://www.aanda.org

possibility of spicules directly contributing to coronal heating
(Withbroe 1983). Moreover, there are speculations that spicules
may be capable of transporting energy high into the upper chro-
mosphere and even up to the corona (Pneuman & Kopp 1978;
Athay & Holzer 1982) so they can be possibly responsible for
coronal heating (Athay 2000; De Pontieu et al. 2011).

Bohlin et al. (1975) revealed the existence of jet-like features
found in images taken with the slitless NRL spectrograph during
the Skylab mission. The events were called macrospicules be-
cause they resembled Hα spicules, but were much larger and had
longer lifetimes. They appear increasingly inclined away from
the pole as a function of increasing position angle measured from
the pole, which makes them comparable to Hα spicules. They
were first seen in He ii 304 Å and only rarely in Ne vii 465 Å
(5.7 K) (Bohlin et al. 1975). We would like to note here that
the formation temperature of He ii ranges from 5 to 12× 104 K
with a maximum at 8× 104 K, corresponding to a low transi-
tion region temperature or the uppermost chromosphere (Jordan
1974). Because of the anomalous behaviour of the He i and ii
lines (Andretta et al. 2003), observation of transient events in
these lines does not tell where in the solar atmosphere these
events originate. Therefore, to link chromospheric features, such
as spicules, with phenomena seen at temperatures describing the
transition region and corona, is not a trivial task and requires the
use of suitable data.

Spectral and imaging macrospicule analysis were reported
in several papers (Pike & Harrison 1997; Parenti et al. 2002;
Pike & Mason 2002; Kamio et al. 2010). In SoHO/CDS data,
they were registered in spectral lines with formation tempera-
tures from 20 000 K to 1 MK (Pike & Harrison 1997), although
Pike & Mason (2002) find no Mg ix (1 MK) emission in the
region where macrospicules were detected in He i (20 000 K)
and O v (250 000 K). Recently, Kamio et al. (2010) have

Article published by EDP Sciences L1, page 1 of 4
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ABSTRACT

Aims. We aim at investigating the formation of jet-like features in the lower solar atmosphere, e.g. chromosphere and transition region,
as a result of magnetic reconnection.
Methods. Magnetic reconnection as occurring at chromospheric and transition regions densities and triggered by magnetic flux emer-
gence is studied using a 2.5D MHD code. The initial atmosphere is static and isothermal, with a temperature of 2 × 104 K. The
initial magnetic field is uniform and vertical. Two physical environments with different magnetic field strength (25 G and 50 G) are
presented. In each case, two sub-cases are discussed, where the environments have different initial mass density.
Results. In the case where we have a weaker magnetic field (25 G) and higher plasma density (Ne = 2× 1011 cm−3), valid for the typ-
ical quiet Sun chromosphere, a plasma jet would be observed with a temperature of 2–3 × 104 K and a velocity as high as 40 km s−1.
The opposite case of a medium with a lower electron density (Ne = 2 × 1010 cm−3), i.e. more typical for the transition region, and a
stronger magnetic field of 50 G, up-flows with line-of-sight velocities as high as ∼90 km s−1 and temperatures of 6 × 105 K, i.e. upper
transition region – low coronal temperatures, are produced. Only in the latter case, the low corona Fe ix 171 Å shows a response in
the jet which is comparable to the O v increase.
Conclusions. The results show that magnetic reconnection can be an efficient mechanism to drive plasma outflows in the chromo-
sphere and transition region. The model can reproduce characteristics, such as temperature and velocity for a range of jet features like
a fibril, a spicule, a hot X-ray jet or a transition region jet by changing either the magnetic field strength or the electron density, i.e.
where in the atmosphere the reconnection occurs.

Key words. Sun: corona – Sun: transition region – Sun: chromosphere – Sun: magnetic topology

1. Introduction

A variety of jet-like features such as spicules, fibrils, surges,
Ellerman bombs, EUV/X-ray jets etc., as seen in various atmo-
spheric regions, are observed in the solar atmosphere. Spicules
are relatively thin, elongated jet-like structures best viewed at the
solar limb in Hα or Ca II images as bright features against a dark
background. The close correlation between observed properties
of limb spicules and other on-disk features such as mottles, fib-
rils and straws has prompted many authors to suggest that these
may be counterparts of each other (Tsiropoula & Schmieder
1997). As viewed in the optical, the classical spicule is observed
to reach heights of 6500–15 000 km (Beckers 1968; Withbroe
1983) with an average lifetime of 5 min and average plasma ve-
locities of 25 km s−1. Recently, using high-resolution observa-
tions in Ca iiH (3968 Å) from the Solar Optical Telescope (SOT)
on Hinode, De Pontieu et al. (2007) suggested at least two types
of spicules, the classical spicule and a more dynamic one.

Tavabi et al. (2011) suggested four types of spicules based
on their diameter, ranging from 0.3′′ (220 km), 0.5′′ (360 km),
0.75′′ (550 km) to 1.15′′ (850 km). Typically, they show a suc-
cession of upward and downward motions. The more dynamic
spicule develop and disappear on timescales of 10–60 s, with
velocities sometimes exceeding 100 km s−1.

Spicules are also seen in UV and EUV lines (Dere et al.
1989) and thus reach at least to transition region temperatures.

Cook et al. (1984) using HRTS observations taken in C iv 1550 Å
showed that these structures show tilted features which was in-
terpreted as rotational velocities of approximately 50 km s−1.
In a more recent paper, Madjarska et al. (2011a) showed that
this may be better interpreted as a multi-strand structure with
up-flows and down-flows.

Several authors have looked at magnetic reconnection as a
driving mechanism for hot jets (Jin et al. 1996; Innes & Tóth
1999; Galsgaard et al. 2005; Nishizuka et al. 2008; Patsourakos
et al. 2008; Murray et al. 2009; Rosdahl & Galsgaard 2010;
Pariat et al. 2010, and references therein). Roussev et al.
(2001a,b,c) performed 2D Magneto-hydrodynamic (MHD) sim-
ulations of transition region jets deriving blue-shifts of the order
of 100 km s−1. Several initial physical environments were stud-
ied. However, the plasma β on the current sheet was the same in
all the cases with the maximum velocity of the blue-shifted jets
eventually reaching almost the same value in all cases, although
they were different at the beginning of the experiments.

Various authors have suggested that spicules can be driven
by waves (magnetoacoustic or Alfvén) (Hansteen et al. 2006;
De Pontieu et al. 2007; Heggland et al. 2007), while Sterling
et al. (1993), Karpen et al. (1995), and Heggland et al. (2009)
have considered magnetic reconnection as a plausible candi-
date for driving chromospheric jets. In all the models men-
tioned above, spicules are produced but their velocities are small
(∼25 km s−1). Martínez-Sykora et al. (2011b) explored 3D

Article published by EDP Sciences A95, page 1 of 10
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ABSTRACT

Context. Small-scale transient phenomena in the quiet Sun are believed to play an important role in coronal heating and solar wind
generation. One of them, called “X-ray jet”, is the subject of our study.
Aims. We intend to investigate the dynamics, evolution, and physical properties of this phenomenon.
Methods. We combine multi-instrument observations obtained simultaneously with the SUMER spectrometer onboard SoHO, with
EIS and XRT onboard Hinode, and with EUVI/SECCHI onboard the Ahead and Behind STEREO spacecrafts. We derive plasma
parameters such as temperatures and densities as well as dynamics by using spectral lines formed in the temperature range from
10 000 K to 12 MK. We also use an image difference technique to investigate the evolution of the complex structure of the studied
phenomenon.
Results. With the available unique combination of data we were able to establish that the formation of a jet-like event is triggered
by not one, but several energy depositions, which are most probably originating from magnetic reconnection. Each energy deposition
is followed by the expulsion of pre-existing or newly reconnected loops and/or collimated flow along open magnetic field lines. We
derived in great detail the dynamic process of X-ray jet formation and evolution. For the first time we also found spectroscopically a
temperature of 12 MK (Fe xxiii 263.76 Å) and density of 4 × 1010 cm−3 in the quiet Sun, obtained from a pair of Fe xii lines with a
maximum formation temperature of 1.3 × 106 K, in an energy deposition region. We point out a problem concerning an uncertainty
in using the SUMER Mg x 624.9 Å line for coronal diagnostics. We clearly identified two types of up-flow: one collimated up-flow
along open magnetic field lines and a plasma cloud formed from the expelled BP loops. We also report a cooler down-flow along
closed magnetic field lines. A comparison is made with a model developed by Moreno-Insertis et al. (2008).

Key words. Sun: corona – Sun: transition region – line: profiles – methods: observational

1. Introduction

X-ray jets in the solar atmosphere were first seen in images
from the Soft X-ray Telescope (Tsuneta et al. 1991, SXT) on-
board the Yohkoh satellite. They appear as collimated flows orig-
inating from coronal bright points (BPs) or active regions and
are always associated with transient brightenings called micro-
flares. We will review here only the very recent studies on these
phenomena. Shimojo et al. (2007, and the references therein)
resolved the fine structure of a X-ray jet and reported that a
loop appeared near the footpoint of the jet when a footpoint
brightening was observed. They also found that the X-ray jet
appears after the loop breaks. They observed thread-like struc-
tures along the jet. Culhane et al. (2007b) found from Extreme-
ultraviolet Imaging Spectrometer (EIS) 40′′ slot observations of
a polar coronal hole that jet temperatures range from 0.4 MK
to 5.0 MK. The jet velocities had values that are less than the
escape solar velocity (≈ 618 km s−1). They interpreted the in-
crease of the radiance in the cooler spectral lines as emitted
from the falling back plasma of the cooling down jet. Nishizuka
et al. (2008) reported on simultaneous cool emission (∼104 K)
in Ca ii H images from the Solar Optical Telescope (SOT) on-
board Hinode and hot emission (1.3 × 106 K) in Fe xii 195 Å
images from the Extreme-ultraviolet Imaging Telescope (EIT)

� Figures 10–16 and movie are only available in electronic form at
http://www.aanda.org

onboard the Solar and Heliospheric Observatory (SoHO) as well
as in X-ray Telescope (XRT) images (Al_poly filter with a tem-
perature response with a maximum at 5 × 106 K) from a “gi-
ant” jet. From their observations of a current-sheet-like structure
seen in all three instruments, they concluded that magnetic re-
connection is occurring in the transition region or upper chro-
mosphere. Cirtain et al. (2007) found that X-ray jets have two
distinct velocities: one near the Alfvén speed (∼800 km s−1)
and another near the sound speed (200 km s−1). Patsourakos
et al. (2008) discussed the first stereoscopic observations of polar
coronal jets made by the Extreme-ultraviolet imagers (EUVI) of
the SECCHI instruments onboard the twin STEREO spacecrafts.
The authors depicted a helical structure of a jet, which showed
signs of untwisting with the jet initially ascending slowly with
≈10−20 km s−1 and then suddenly accelerating to velocities
higher than 300 km s−1. Helical structures in jets have also been
reported by Shimojo et al. (1996), Jiang et al. (2007), and Nisticò
et al. (2009). Kamio et al. (2010) studied the relation of so-called
macrospicules in He ii 304 Å and an X-ray jet. The Doppler
shifts of the jet and the inclination angle of the jet were “at-
tributed to a rotating motion of the macrospicule rather than a
radial flow or an expansion”. The authors concluded that the
macrospicule is driven by the unfolding motion of a twisted
magnetic flux rope, while the associated X-ray jet is a radial
outflow.

It is believed that the majority of the jet-like phenomena in
the solar atmosphere are produced by magnetic reconnection.

Article published by EDP Sciences A19, page 1 of 14
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ABSTRACT

Magnetic reconnection in the low atmosphere, e.g. chromosphere, is investigated in various physical environments. Its implications
for the origination of explosive events (small-scale jets) are discussed. A 2.5-dimensional resistive magnetohydrodynamic (MHD)
model in Cartesian coordinates is used. It is found that the temperature and velocity of the outflow jets as a result of magnetic
reconnection are strongly dependent on the physical environments, e.g. the magnitude of the magnetic field strength and the plasma
density. If the magnetic field strength is weak and the density is high, the temperature of the jets is very low (∼104 K) as well as its
velocity (∼40 km s−1). However, if environments with stronger magnetic field strength (40 G) and smaller density (electron density
Ne = 2 × 1010 cm−3) are considered, the outflow jets reach higher temperatures of up to 6× 105 K and a line-of-sight velocity of up to
130 km s−1 which is comparable with the observational values of jet-like events.

Key words. magnetohydrodynamics (MHD) – Sun: chromosphere – Sun: transition region – Sun: UV radiation – magnetic fields

1. Introduction

Jet-like events, first reported by Brueckner & Bartoe (1983),
are characterised by non-Gaussian spectral line profiles. Dere
et al. (1991) suggested that they are produced by bi-directional
jets as a result of magnetic reconnection. To date, these jet-
like events (often called explosive events) are mainly observed
in spectral lines formed at transition region temperatures (Dere
1994; Chae et al. 1998; Innes et al. 2001; Madjarska & Doyle
2003), although observations of explosive events in chromo-
spheric lines are also reported. For example, Madjarska & Doyle
(2002) presented the temporal evolution of different temperature
plasma using high cadence (10 s) observations obtained with
the solar ultraviolet measurement of emitted radiation (SUMER)
spectrometer, and found a time delay in the response of the
S vi 933 Å (2 × 105 K) line with respect to Ly 6 (2 × 104 K),
with the Ly 6 line responding earlier. They concluded that the
jet-like events may first appear at chromospheric temperatures.
In follow-up work, Doyle et al. (2005) reported on a joint
SUMER, coronal diagnostic spectrometer (CDS) on board the
Solar Heliospheric Observatory and TRACE imager study, con-
firming the possibility that some jet-like events originate in the
chromosphere. They further suggested that jet-like events could
be divided into two types: one formed in the chromosphere
and the other formed in the transition region. Some of the ob-
served features are the result of spicules and/or macrospicules
(Madjarska & Doyle 2003; Madjarska et al. 2006), while oth-
ers are the result of high velocity flows in small loops (Teriaca
et al. 2004). In more recent work, Madjarska et al. (2009) pre-
sented observational data relating explosive events to a surge
and demonstrated that the division of small-scale transient
events into a number of different subgroups, for instance ex-
plosive events, blinkers, spicules, surges or just brightenings, is

ambiguous, implying that the definition of a feature based only
on either spectroscopic or imaging characteristics as well as in-
sufficient spectral and spatial resolution can be incomplete.

Several numerical models were developed to study jet-like
events. Sarro et al. (1999) used a 1D magnetic flux-tube model
to simulate the temporal evolution of UV emission line pro-
files, e.g. C iv 1548.2 Å, in response to energy perturbations
located below the transition-region. The maximum blue-shifts
they obtained reach values of the order of 100 km s−1. Innes
& Tóth (1999) presented a 2D MHD study on jet-like events
with different initial conditions, representative of different re-
gions in which the reconnection occurs, e.g. the corona and chro-
mosphere. Their conclusion was that high-velocity components
in the profiles of lines formed around 105 K can be obtained in
both cases, irrespective of the initial conditions. However, heat
conduction was not included, and no brightening was found at
the zero velocity position of the spectral line. In their model, the
initial equilibrium state consists of two regions of oppositely di-
rected magnetic field lines, with a narrow current sheet between
the two regions. Magnetic reconnection at the current sheet is
initiated by introducing localized anomalous resistivity. Roussev
et al. (2001a) carried out 2D MHD simulations, where jet-like
events are formed during the process of magnetic reconnection.
In their model, the initial magnetic field is parallel to the y-axis
(vertical), and there is a thin current concentration formed along
the y-axis. Magnetic reconnection is initiated by a localized in-
crease of the magnetic diffusivity in the current concentration.
Blue-shifts of the order of 100 km s−1 were obtained. By using
the same model, they further extended the work and performed
simulations under different physical conditions (Roussev et al.
2001b,c).

Yokoyama & Shibata (1995, 1996) performed 2D magnetic
reconnection to study coronal X-ray jets using both oblique and
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ABSTRACT

Aims. We aim to further explore the small-scale evolution of coronal hole boundaries using X-ray high-resolution and high-cadence
images. We intend to determine the fine structure and dynamics of the events causing changes of coronal hole boundaries and to
explore the possibility that these events are the source of the slow solar wind.
Methods. We developed an automated procedure for the identification of transient brightenings in images from the X-ray telescope
on-board Hinode taken with an Al Poly filter in the equatorial coronal holes, polar coronal holes, and the quiet Sun with and without
transient coronal holes.
Results. We found that in comparison to the quiet Sun, the boundaries of coronal holes are abundant with brightening events including
areas inside the coronal holes where closed magnetic field structures are present. The visual analysis of these brightenings revealed
that around 70% of them in equatorial, polar and transient coronal holes and their boundaries show expanding loop structures and/or
collimated outflows. In the quiet Sun only 30% of the brightenings show flows with most of them appearing to be contained in the
solar corona by closed magnetic field lines. This strongly suggests that magnetic reconnection of co-spatial open and closed magnetic
field lines creates the necessary conditions for plasma outflows to large distances. The ejected plasma always originates from pre-
existing or newly emerging (at X-ray temperatures) bright points.
Conclusions. The present study confirms our findings that the evolution of loop structures known as coronal bright points is associated
with the small-scale changes of coronal hole boundaries. The loop structures show an expansion and eruption with the trapped plasma
consequently escaping along the “quasi” open magnetic field lines. These ejections appear to be triggered by magnetic reconnection,
e.g. the so-called interchange reconnection between the closed magnetic field lines (BPs) and the open magnetic field lines of the
coronal holes. We suggest that these plasma outflows are possibly one of the sources of the slow solar wind.

Key words. Sun: atmosphere – Sun: corona – methods: observational – methods: data analysis

1. Introduction

Coronal holes (CHs) are regions of predominantly unipolar coro-
nal magnetic fields with a significant component of the magnetic
field open into the heliosphere. They are visible in spectral lines
emitting at coronal temperatures as dark areas when compared
to the quiet Sun, while in the chromospheric He i 10830 Å line
they appear bright. For detailed introduction on coronal holes
see Madjarska & Wiegelmann (2009, hereafter Paper I). CHs
are identified as the source of the fast solar wind with veloci-
ties of up to ≈800 km s−1 (Krieger et al. 1973). In contrast, the
slow wind has velocities around 400 km s−1 and is more dense,
and variable in nature when compared to the fast solar wind.
von Steiger (1996) found from Ulysses satellite data that the el-
emental composition of the fast wind is similar to the elemental
composition of the photosphere. The slow solar wind is enriched
with low first ionization potential (FIP) elements by a factor of
3–5 greater than in the photosphere (with respect to hydrogen)
while higher FIP elements were found at solar surface abun-
dances. The FIP effect describes the element abundance anoma-
lies (the enhancement of elements with low FIP such as Fe, Mg
and Si over those with high FIP like Ne and Ar) in the upper

� 4 movies are only available in electronic form at
http://www.aanda.org

solar atmosphere and solar wind, and can give a clue on the ori-
gin of both the fast and the slow solar winds. von Steiger (1996)
concluded that the fast and slow solar winds not only differ in
their kinetics but also in their composition of elements.

Woo et al. (2004) suggested that the release of trapped
plasma in closed loop structures by magnetic reconnection could
play a significant role in the solar wind flow. Such reconnec-
tion between the open and closed magnetic field lines presum-
ably happens continuously at coronal hole boundaries. Wang
et al. (1998) investigated the ejection of plasma blobs from
the streamer belt linked to the slow wind and concluded that
magnetic reconnection between the distended streamer loops
and the open magnetic field lines might be behind the plasma
ejection. They also suggested that this ejection cannot account
for all the slow solar wind and a major component should,
therefore, originate outside the helmet streamers, i.e. from in-
side the coronal holes. Madjarska et al. (2004) found non-
Gaussian profiles along the boundaries of an equatorial exten-
sion of a polar CH in the mid- and high-transition region lines
N iv 765 Å and Ne viii 770 Å, respectively, recorded with the
Solar Measurement of Emitted Radiation (SUMER) spectrome-
ter on-board the Solar and Heliospheric Observatory (SoHO).
The authors suggested that these profiles are the signature of
magnetic reconnection occurring between the closed magnetic
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ABSTRACT

Aims. We aim to study the small-scale evolution at the boundaries of an equatorial coronal hole connected with a channel of open
magnetic flux to the polar region and an “isolated” one in the extreme-ultraviolet spectral range. We determine the spatial and temporal
scale of these changes.
Methods. Imager data from TRACE in the Fe ix/x 171 Å passband and EIT on-board Solar and Heliospheric Observatory in the
Fe xii 195 Å passband were analysed.
Results. We found that small-scale loops known as bright points play an essential role in coronal hole boundary evolution at small
scales. Their emergence and disappearance continuously expand or contract coronal holes. The changes appear to be random on a
time scale comparable to the lifetime of the loops seen at these temperatures. No signature was found for a major energy release
during the evolution of the loops.
Conclusions. Although coronal holes seem to maintain their general shape during a few solar rotations, a closer look at their day-
by-day and even hour-by-hour evolution demonstrates significant dynamics. The small-scale loops (10′′−40′′ and smaller) which are
abundant along coronal hole boundaries contribute to the small-scale evolution of coronal holes. Continuous magnetic reconnection
of the open magnetic field lines of the coronal hole and the closed field lines of the loops in the quiet Sun is more likely to take place.

Key words. Sun: atmosphere – Sun: corona – methods: observational – methods: data analysis

1. Introduction

Coronal holes (CHs) are large regions on the Sun that are mag-
netically open. They are identified as the source of the fast so-
lar wind (∼800 km s−1) (Krieger et al. 1973) and are visible in
coronal lines (formed at temperatures above 6 × 105 K) as re-
gions with a reduced emission relative to the quiet Sun (Wilhelm
2000; Stucki et al. 2002). There are two types of coronal holes:
polar and mid-latitude CHs. During the minimum of solar activ-
ity, the solar atmosphere is dominated by two large CHs situated
at both polar regions. The mid-latitude CHs can be either “iso-
lated” or connected with a channel of open magnetic flux to a po-
lar CH. The latter are called equatorial extensions of polar CHs
(EECHs). The isolated coronal holes have an occurrence rate
that follows the solar activity cycle and are usually connected
with an active region (Insley et al. 1995).

Huber et al. (1974) compared the appearance and physical
parameters of the different layers of the solar atmosphere in
and outside coronal holes (e.g. the quiet Sun) using the Apollo
Telescope mount on Skylab. Their measurements of the height of
emission of various ions at different ionisation stages (different
formation temperatures) at the polar limb indicated an increase
of the thickness of the transition region underlying coronal holes.
Hence, they found a difference between quiet Sun and coronal
holes already pronounced at transition region temperatures.

� Movies are only available in electronic form at
http://www.aanda.org

Feldman et al. (1999) studied the morphology of the upper
solar atmosphere using high-resolution data (1′′−2′′) taken by
the transition region and corona explorer (TRACE), solar ultravi-
olet measurements of emitted radiation spectrometer (SUMER)
on-board SoHO and the Naval Research Laboratory spectrome-
ter on Skylab. The authors found that in the temperature range
4 × 104 K≤ Te ≤ 1.4× 106 K, the upper solar atmosphere is filled
with loops of different sizes with hotter and longer loops overly-
ing the cooler and shorter loops (Dowdy et al. 1986). At heights
above 2.5 × 104 km in the upper solar atmosphere of the quiet
Sun, only loops at temperatures Te ∼ 1.4 × 106 K exist. No dis-
tinction was found between quiet Sun and coronal hole morphol-
ogy at 5 × 104 ≤ Te ≤ 2.6 × 105 K. This suggests that both re-
gions are filled with structures of similar sizes which are emitting
at similar temperatures. These structures do not exceed a height
of 7 Mm and have lengths ≤21 Mm. Feldman et al. (1999) also
investigated the coronal hole boundaries concluding that they are
seeded with small-scale loops (<7 Mm). There coexist, however,
long loops at temperatures above T ∼ 1.4 × 106 K which gener-
ally originate from the same location but close to faraway loca-
tions.

Wiegelmann & Solanki (2004) made a further step by re-
constructing the magnetic field in coronal holes and the quiet
Sun with the help of a potential field model. They found that
the CH loops are on average shorter, lower and flatter than in
the QS. High and long closed loops are extremely rare in CHs,
whereas short and low loops are almost as abundant as in the

Article published by EDP Sciences
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ABSTRACT

The solar atmosphere contains a wide variety of small-scale transient features. Here, we explore the interrelation
between some of them such as surges, explosive events, and blinkers via simultaneous spectral and imaging
data taken with the TRACE imager, the SUMER and Coronal Diagnostics Spectrometer (CDS) on board SOHO,
and Swedish Vacuum Solar Telescope La Palma. The features were observed in spectral lines with formation
temperatures from 10,000 K to 1 MK and with the TRACE Fe ix/x 171 Å filter. The Hα filtergrams were taken
in the wings of the Hα 6365 Å line at ±700 mÅ and ±350 mÅ. The alignment of all data in both time and solar
XY shows that SUMER line profiles, which are attributed to explosive events, are due to a surge phenomenon. The
surge’s up- and downflows, which often appear simultaneously, correspond to the blue- and redshifted emission
of the transition region N v 1238.82 Å and O v 629.77 Å lines as well as radiance increases of the C i, S i, and
S ii and Si ii chromospheric lines. Some parts of the surge are also visible in the TRACE 171 Å images which
could suggest heating to coronal temperatures. The surge is triggered, most probably, by one or more Elerman
bombs which are best visible in Hα ± 350 Å but were also registered by TRACE Fe ix/x 171 Å and correspond
to a strong radiance increase in the CDS Mg ix 368.07 Å line. With the present study, we demonstrate that the
division of small-scale transient events into a number of different subgroups, for instance explosive events, blinkers,
spicules, surges or just brightenings, is ambiguous, implying that the definition of a feature based only on either
spectroscopic or imaging characteristics as well as insufficient spectral and spatial resolution can be incomplete.

Key words: Sun: activity – Sun: chromosphere – Sun: corona – Sun: transition region – Sun: UV radiation
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1. INTRODUCTION

Over the last decades, the increased use of space observatories
such as the Solar and Heliospheric Observatory (SOHO), the
Transition Region Coronal Explorer (TRACE), and presently
Hinode, coupled with ground-based observations, has brought
many new features on the Sun to light. What is, however,
more important is that the combination of different types of
observations, i.e., spectroscopic and imaging, covering a wide
wavelength range and having a similar cadence and spatial
resolution, provides crucial information on the nature and the
physical characteristics of these phenomena.

We now know that the solar atmosphere contains different
kinds of small-scale transient events. A particular transient phe-
nomenon, however, is often associated with a specific instru-
ment or a type of instrument, either a spectrometer or an imager.
Explosive events (EEs), registered by the Solar Ultraviolet Mea-
surement of Emitted Radiation (SUMER) spectrometer and
the high-resolution telescope and spectrometer (HRTS), for in-
stance, were found to be restricted to transition region tempera-
tures from 2 × 104 K to 5 × 105 K. They were first discovered
by Brueckner & Bartoe (1983) in C iv 1548.21 Å data taken
with HRTS. They are characterized as short-lived (60–350 s)
small-scale (3′′–5′′ along a spectrometer slit) events identified
by Doppler shifts of up to 200 km s−1. It has been suggested
that they result from the production of high-velocity bidirec-
tional plasma jets during magnetic reconnection (Dere 1994).
They often occur in areas with weak fluxes of mixed polarity or
on the border of regions with large concentration of magnetic
flux (Chae et al. 1998) and are often observed in bursts lasting
up to 30 minutes in regions undergoing magnetic cancellation

(Dere 1994; Chae et al. 1998; Pérez et al. 1999; Doyle et al.
2006). Another term often associated with them is bidirectional
jets (Innes et al. 1997).

Surges mainly observed in Hα (104 K) and Ca ii K & H (6 ×
103 K) as well as extreme-ultraviolet (EUV) and X-ray jets
are also assumed to result from the same physical mechanism.
Solar surges are associated with active regions and represent
an ejection of dense chromospheric material (Ne ≈ 1011 cm−3)
in the shape of straight or arch-shaped collimated streamers
seen dark or bright in the Hα line (Roy 1973). The upflows
often return to the solar surface along the same trajectory. Their
occurrence is associated with Ellerman bombs (Ellerman 1917)
in their footpoints.

The term “blinker” was first used by Harrison (1997) to
describe a small-scale (on average 8′′ × 8′′) brightening in
EUV lines observed with the Coronal Diagnostics Spectrometer
(CDS) onboard SOHO. They last on average 17 minutes and are
preferentially located in the network boundaries (Bewsher et al.
2002). It has been suggested that they represent an observational
signature of increased filling factor rather than electron density.
Several physical mechanisms have been put forward by Priest
et al. (2002), Doyle et al. (2004), and Marik & Erdélyi (2002).

There have been attempts to unify some of these terminolo-
gies, e.g., blinkers have been suggested as a generic term for
EUV network and cell brightenings (Harrison et al. 2003).
Chae et al. (2000) stated that blinkers and EEs were the same
phenomenon, while Madjarska & Doyle (2003) found them
to be two separate unrelated events, as did a statistical study
by Brković & Peter (2004). Madjarska & Doyle (2003) also
speculated that blinkers may simply be the on-disk signature of
spicules. Their work later led to the suggested notion that some
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ABSTRACT

Context. Solar coronal bright points have been studied for more than three decades, but some fundamental questions about their
formation and evolution still remain unanswered.
Aims. Our aim is to determine the plasma properties of a coronal bright point and compare its magnetic topology extrapolated from
magnetogram data with its appearance in X-ray images.
Methods. We analyse spectroscopic data obtained with EIS/Hinode, Ca ii H and G-band images from SOT/Hinode, UV images from
TRACE, X-ray images from XRT/Hinode and high-resolution/high-cadence magnetogram data from MDI/SoHO.
Results. The BP comprises several coronal loops as seen in the X-ray images, while the chromospheric structure consists of tens of
small bright points as seen in Ca ii H. An excellent correlation exists between the Ca ii H bright points and increases in the magnetic
field strength, implying that the Ca ii H passband is a good indicator for the concentration of magnetic flux. Furthermore, some of the
Ca ii H bright points are the locations of the loop foot-points as determined from a comparison between the extrapolated magnetic
field configuration and the X-ray images. Doppler velocities between 6 and 15 km s−1 are derived from the Fe xii and Fe xiii lines
for the bright point region, while for Fexiv and Sivii they are in the range from −15 to +15 km s−1. The coronal electron density is
3.7 × 109 cm−3. An excellent correlation is found between the positive magnetic flux and the X-ray light-curves.
Conclusions. The remarkable agreement between the extrapolated magnetic field configuration and some of the loops composing the
bright point as seen in the X-ray images suggests that a large fraction of the magnetic field in the bright point is close to potential.
However, some loops in the X-ray images do not have a counterpart in the extrapolated magnetic field configuration implying a non-
potential component. The close correlation between the positive magnetic flux and the X-ray emission suggests that energy released
by magnetic reconnection is stimulated by flux emergence or cancellation.

Key words. Sun: activity – Sun: magnetic fields – Sun: corona – Sun: chromosphere – line: profiles

1. Introduction

Coronal X-ray bright points (BPs) were first observed in rocket
images in 1969 (Vaiana et al. 1973) and were seen as diffuse
clouds with a bright core, although when viewed at higher spatial
resolution, small loops are resolvable (Sheeley & Golub 1979).
BPs are coronal structures smaller than 60′′ that are associated
with the interaction of photospheric bipolar magnetic features.
Up to two third of them are related to cancellation of pre-existing
magnetic features rather than to the emergence of new magnetic
flux (Webb et al. 1993). McIntosh & Gurman (2005) recently
reported on bright point statistics showing that 100 times more
BPs were observable in EIT 171 Å than in the 284 Å filter. They
speculated that there is a temperature dependence in the gener-
ation mechanism. The lifetime of an individual BP can be up
to ≈40 h (Golub et al. 1974).

Habbal & Withbroe (1981) used Skylab data to show that
BPs exhibit large variations in their emission in chromospheric,
transition region and coronal lines. This work was followed up
more recently by Madjarska et al. (2003), Ugarte-Urra et al.
(2004) and Ugarte-Urra et al. (2005) who studied BPs at transi-
tion region temperatures and derived their plasma characteristics
such as electron density variability, Doppler shifts and intensity
oscillations. The magnetic structure of BPs has been modelled
by various authors (Parnell et al. 1994; Longcope et al. 2001;

Brown et al. 2001; von Rekowski et al. 2006a). The general
view is that these features result from magnetic reconnection,
although identifying the specific type of reconnection involved
is still a challenge. Coronal reconnection begins when opposite
polarity magnetic fragments approach one another, with the re-
sulting release of energy into the corona leading to the formation
of a BP.

With the launch of Hinode (Kosugi et al. 2007), new frontiers
have opened for studying coronal BPs in combination with data
from the Solar & Heliospheric Observatory (SoHO; Domingo
et al. 1995) and the Transition Region and Coronal Explorer
(TRACE; Handy et al. 1999). Here we present the results of
a multi-spacecraft/multi-instrument study of a BP. We use the
EUV Imaging Spectrometer (EIS/Hinode; Culhane et al. 2007)
together with Ca ii H and G-band images from the Solar Optical
Telescope (SOT/Hinode; Tsuneta et al. 2007), EUV images
from TRACE and the Extreme ultraviolet Imaging Telescope
(EIT/SoHO; Delaboudinière et al. 1995), and X-ray images from
the X-ray Telescope (XRT/Hinode; Golub et al. 2007; Kano et al.
2007) as well as high-resolution/high-cadence magnetograms
from the Michelson Doppler Imager (MDI/SoHO; Scherrer et al.
1995).

With the high-cadence magnetic field data coupled with im-
ages from XRT plus Ca ii H and G-band data, we look at the
structure of the bright point at photospheric, chromospheric and
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Abstract The Extreme ultraviolet Imaging Spectrometer (EIS) onboard Hinode is the first
solar telescope to obtain wide-slit spectral images that can be used for detecting Doppler
flows in transition region and coronal lines on the Sun and to relate them to their surround-
ing small-scale dynamics. We select EIS lines covering the temperature range 6 × 104 to
2×106 K that give spectrally pure images of the Sun with the 40-arcsec slit. In these images
Doppler shifts are seen as horizontal brightenings. Inside the image it is difficult to distin-
guish shifts from horizontal structures but emission beyond the image edge can be unam-
biguously identified as a line shift in several lines separated from others on their blue or red
side by more than the width of the spectrometer slit (40 pixels). In the blue wing of He II, we
find a large number of events with properties (size and lifetime) similar to the well-studied
explosive events seen in the ultraviolet spectral range. Comparison with X-Ray Telescope
(XRT) images shows many Doppler shift events at the footpoints of small X-ray loops. The
most spectacular event observed showed a strong blue shift in the transition region and lower
corona lines from a small X-ray spot that lasted less than 7 min. The emission appears to
be near a cool coronal loop connecting an X-ray bright point to an adjacent region of quiet
Sun. The width of the emission implies a line-of-sight velocity of 220 km s−1. In addition,
we show an example of an Fe XV shift with a velocity of about 120 km s−1, coming from
what looks like a narrow loop leg connecting a small X-ray brightening to a larger region of
X-ray emission.

Keywords Corona: quiet · Jets · Transition region
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ABSTRACT

Context. Motion of the photospheric plasma forces the footpoints of magnetic flux tubes to move. This can give rise to electric currents
in the solar atmosphere. The dissipation of these electric currents and the consequent heating of the solar plasma may be responsi-
ble for the formation of Extreme-UltraViolet (EUV) and X-ray bright points. Earlier bright point models usually consider either the
emergence or the canceling of photospheric magnetic features as being responsible for reconnection causing the bright point.
Aims. We investigate the consequences of different patterns of horizontal photospheric plasma motion for the generation of electric
currents in the solar atmosphere and locate them with respect to an observed EUV bright point. The goal is to find out whether these
currents might be responsible for the heating of bright points.
Methods. To perform this study we use a “data driven” three dimensional magnetohydrodynamic model. The model solves an ap-
propriate set of magnetohydrodynamic equations and uses, as initial condition, the magnetic field extrapolated from the line-of-sight
component of the photospheric magnetic field observed by MDI/SoHO and the height-stratified, equilibrium density and temperature
of the solar corona. We apply different patterns of horizontal photospheric plasma motion, derived from the temporal evolution of the
photospheric magnetic structures in the course of the bright point lifetime, as boundary conditions of the model.
Results. All applied patterns of horizontal photospheric plasma motion (shearing, convergence and fragmentation) lead to the forma-
tion of electric currents in the chromosphere, transition region and corona. Currents do not develop everywhere in the region where
the motion is applied but in specific places where the magnetic field connectivity changes significantly. An important result is that
the position where the electric currents develop is independent of the motion pattern used as boundary condition of the model. A
comparison with data obtained by TRACE in the 1550 Å channel and by the EIT in the 195 Å channel shows that the region where
the strongest current concentrations are formed coincides with the region where the EUV bright point appears.

Key words. Sun: atmosphere – Sun: magnetic fields – Sun: activity – magnetohydrodynamics (MHD) – methods: numerical

1. Introduction

Extreme-UltraViolet (EUV) and X-ray Bright Points (BPs)
(Golub 1980; Webb 1986; Habbal 1992) provide a specific ex-
ample of solar corona heating. The two main groups of models
used to explain coronal heating attribute the heating of the solar
plasma either to the dissipation of waves (Alfvén 1947) or elec-
tric currents (Parker 1972) in the solar atmosphere. In both cases
the energy source is kinetic energy associated with photospheric
plasma motion.

In this sense, an important feature that can help to understand
the nature of the heating is the fact that BPs often are associated
with moving bipolar magnetic features. Previous models (Tur
& Priest 1976; Priest et al. 1994; Parnell et al. 1994; Longcope
1998) already took into account this characteristics to try to ex-
plain BPs. However, the models consider that the moving bipo-
lar magnetic features have a single motion pattern (emerging or
canceling) only and they also do not consider plasma motion
through regions of strongly diverging magnetic fields. During
the evolution of one BP, Brown et al. (2001) found different pat-
terns of motion of the magnetic structures in the solar photo-
sphere. The patterns of motion, coalescence, fragmentation, ro-
tation and translation, were associated with different stages of

the evolution of the BP: pre-brightening stage, the initial bright-
ening, the sigmoid phase and the π-phase, respectively. Such
motions could generate currents that cannot be easily dissipated
in the corona through conventional joule heating (Parker 1972),
but by means of an anomalous resistivity (Birn & Priest 2007;
Büchner & Elkina 2005, 2006).

The development of electric currents due to horizontal
plasma motion in the photosphere and chromosphere was al-
ready investigated by Büchner et al. (2004a,b), Büchner (2006)
and Santos & Büchner (2007) for different BP cases. They
showed that horizontal plasma motion in the photosphere and
chromosphere causes the formation of electric currents below
the corona at the position of the EUV BP. It was suggested that
the enhanced current flow can make the current sheet resistive
and allows stress relaxation by current dissipation which pow-
ers the BP. However, these models considered a single motion
pattern for the magnetic structures associated with the BP.

Here we use a ‘data driven’ three-dimensional (3D) magne-
tohydrodynamic (MHD) model (Büchner et al. 2004a) to study
the evolution of plasma and magnetic field in an EUV BP re-
gion observed on 2006 January 19 in dependence on different
kinds of photospheric plasma motion. A preliminary study of
the evolution of electric currents in the solar atmosphere due to
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ABSTRACT

Context. Co-spatial and co-temporal spectroscopic, imaging and magnetogram data enable us to better understand various solar tran-
sient phenomena. Here, we study brightening events in the transition region of the quiet Sun, also called “blinkers”.
Aims. We aim to investigate the physical mechanism responsible for blinkers.
Methods. An automated blinker identification procedure (BLIP) is used to identify blinker events in SoHO/CDS data. The 3D mag-
netic topology of the magnetic field in the blinker region is reconstructed based on SoHO/MDI magnetogram data.
Results. During 3 h of SoHO/CDS observations on 2006 January 18, 66 blinkers were identified in the O v 629 Å emission line. Out
of them, a group comprising of 16 events were modelled here. They were found to be associated with the emergence of magnetic flux
which gave rise to the appearance of, and multiple magnetic reconnection events across, an upper atmosphere (coronal) magnetic null
point, along with a loop structure as observed with TRACE.
Conclusions. This blinker group results from the release of energy that was accumulated during flux emergence, although whether all
blinkers follow the same formation scenario requires further investigation using additional multi-instrument/multi-mission studies.

Key words. Sun: activity – Sun: UV radiation – Sun: transition region – Sun: atmosphere – Sun: corona – Sun: magnetic fields

1. Introduction

Over the last decade, the field of solar physics has seen a
tremendous improvement in its data acquisition capabilities.
The increased use of space observatories such as the Solar and
Heliospheric Observatory (SoHO) and the Transition Region
and Coronal Explorer (TRACE), has brought many new features
on the Sun to light. One of these new features, known as blink-
ers, represents Extreme-UltraViolet (EUV) brightenings, first re-
ported by Harrison (1997) using the SoHO/Coronal Diagnostic
Spectrometer (CDS; Harrison et al. 1995). They are most read-
ily identified in the O v 629 Å transition region line (Tmax ≈
2 × 105 K), but significant enhancements can also be seen
in chromospheric lines like He i 584 Å (Tmax ≈ 5 × 104 K).
Berghmans et al. (1998) identified many brightenings in EIT
He ii 304 Å having characteristics completely compatible with
CDS blinkers, and suggested that they were reconnection events
of low-lying quiet Sun (QS) loops.

Lightcurves of blinkers are separated into two distinct
classes: simple blinkers with a smooth increase in intensity hav-
ing only one significant peak; and complex blinkers with mul-
tiple significant peaks (Brković & Peter 2004). Table 1 shows
the properties of blinkers derived from CDS and SUMER obser-
vations by Brković et al. (2001); Bewsher et al. (2002); Parnell
et al. (2002); Madjarska & Doyle (2003); Bewsher et al. (2003);
Tomasz et al. (2003).

Blinkers are located above regions of enhanced emis-
sion, such as network boundaries in the quiet Sun

� 2 movies are only available in electronic form at
http://star.arm.ac.uk/preprints/ and
http://www.aanda.org
�� Now at: School of Mathematics and Statistics, University of
St Andrews, North Haugh, St Andrews, Fife, KY16 9SS, UK.

(Bewsher et al. 2002). Most blinkers were also found to
be preferentially located near regions of prominent unipolar
magnetic field in both the QS and active regions (Bewsher
et al. 2002; Parnell et al. 2002). Doyle et al. (2004) showed an
example of a blinker that was caused by the emergence of new
magnetic flux.

Chae et al. (2000), Madjarska & Doyle (2003) and Bewsher
et al. (2005) identified blinkers in SUMER and CDS simultane-
ous observations. They found that CDS blinkers consist of many
small-scale, short-lived SUMER brightenings lasting 2–3 min
and having a typical size of 3′′–5′′. Chae et al. (2000) suggested
that these brightenings are produced by small-scale reconnec-
tions of network threads.

A number of theoretical models have been suggested to ex-
plain the mechanism responsible for creating blinkers. Harrison
et al. (1999) proposed a model which consists of merging of
closed loops. Tarbell et al. (1999) put forward a model where
reconnection of intense magnetic flux tubes of opposite polar-
ity, in a photospheric environment that is otherwise free of mag-
netic field, results in a sling-shot effect generating pure acoustic
waves. These waves can steepen and create shocks. Depending
on the geometry of the collision of the flux tubes, the energy may
be converted into either heat or jets, or indeed both.

According to Priest et al. (2002), blinkers may be formed by
one of five different mechanisms: (i) the heating of cool spicu-
lar material; (ii) the containment of the plasma in the low lying
loops in the network; (iii) thermal linking of hot and cold plasma
at the feet of coronal loops; (iv) heating and evaporation of chro-
mospheric plasma driven by granular compression; and (v) the
cooling and draining of hot coronal plasma when coronal heat-
ing is switched off.

Peter & Brković (2003) studied blinkers with SUMER and
showed that their decreasing line-width corresponded to an

Article published by EDP Sciences
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ABSTRACT

Context. We report on the physical properties of small-scale transient flows observed simultaneously at high cadence with the SUMER
spectrometer and the TRACE imager in the plage area of an active region.
Aims. Our major objective is to provide a better understanding of the nature of transient phenomena in the solar atmosphere by using
high-cadence imager and spectrometer co-observations at similar spatial and temporal resolution.
Methods. A sequence of TRACE Fe ix/x λ171 Å and high-resolution MDI images were analysed together with simultaneously
obtained SUMER observations in spectral lines covering a temperature range from 10 000 K to 1 MK.
Results. We reveal the existence of numerous transient flows in small-scale loops (up to 30 Mm) observed in the plage area of an
active region. These flows have temperatures from 10 000 K (the low temperature limit of our observations) to 250 000 K. The coronal
response of these features is uncertain due to a blending of the observed coronal line Mg x λ624.85 Å. The duration of the events
ranges from 60 s to 19 min depending on the loop size. Some of the flows reach supersonic velocities.
Conclusions. The Doppler shifts often associated with explosive events or bi-directional jets can actually be identified with flows
(some of them reaching supersonic velocities) in small-scale loops. Additionally, we demonstrate how a line-of-sight effect can give
misleading information on the nature of the observed phenomena if only either an imager or a spectrometer is used.

Key words. Sun: corona – Sun: transition region – line: profiles – methods: observational

1. Introduction

The solar atmosphere is highly dynamic on all scales seen both
in spectroscopic and imager data. The dynamics is usually wit-
nessed by non-Gaussian spectral line profiles, a strong radiance
increase or proper motion of bright features (dark when seen in
absorption). These events are commonly named transient phe-
nomena due to their short duration. They have already been
intensively studied for almost three decades during the High-
Resolution Telescope and Spectrometer (HRTS), Yohkoh, Solar
and Heliospheric Observatory (SoHO) and Transition Region
And Coronal Explorer (TRACE) missions and it is strongly be-
lieved that they may contribute to both the coronal heating and
solar wind generation. However, it is often difficult or even im-
possible to derive their spatial scale and even to identify their
true nature because of the limitations of the existing instruments.
Either high-cadence spectroscopic rastering, faster than the life-
time of these phenomena, or lower cadence rastering and simul-
taneous imaging can provide their correct identification and bet-
ter understanding of the physical mechanisms involved.

Transient flows were studied since the Skylab mission
(Mariska & Dowdy 1992) and later during the SoHO mission
(for a recent overview see Doyle et al. 2006). Only recently a
transient flow in a small-scale quiet-Sun loop was reported by
Teriaca et al. (2004) detected in Solar Ultraviolet Measurement
of Emitted Radiation (SUMER) data. The observations were
taken in a very high-cadence rastering mode with 3 s exposure

� An animation of the TRACE λ171 Å images is only available in elec-
tronic form at http://www.aanda.org

time which permitted a “snapshot” of the area to be obtained.
Transient flows in loops can be created by heating or pressure
imbalance between the footpoints of a loop or by asymmetry in
the footpoint areas (Boris & Mariska 1982; Spadaro et al. 1991;
Orlando et al. 1995a,b). The heat deposition is believed to be
located at the footpoints of the loop (Spadaro et al. 2006).

The phenomena which have all the characteristics of a tran-
sient feature are the so-called explosive events also known as
bi-directional jets. They were seen both in the quiet Sun and ac-
tive regions and were first observed with HRTS by Brueckner
& Bartoe (1983) and later during the SoHO mission in SUMER
observations (Innes et al. 1997). They are identified by their non-
Gaussian profiles and were registered in spectral lines with for-
mation temperatures from 4×104 K up to 6×105 K. No response
was found so far at coronal temperatures (Teriaca et al. 2002).
Their spatial size estimated from the appearance along a spec-
trometer slit is 3′′−5′′. Their lifetime ranges from 60 s to 300 s.
Explosive events are mostly known from their spectral charac-
teristics. Observations showing them simultaneously in imager
and spectrometer data are very limited. Winebarger et al. (2001)
used simultaneous TRACE and SUMER active region observa-
tions and found that short-term (≤5 min) intensity fluctuations
in TRACE λ171 Å data are on average 2.2 times larger in re-
gions of reconnection than in a non-event region. The regions of
reconnection were identified as the regions in which explosive
event(s) were observed. The cadence of the TRACE observa-
tions was 50 s which is far too low to identify any proper motion
if present. Innes (2001) made a detailed analysis of simultaneous
SUMER Si iv λ1393 Å line profiles, TRACE λ1550 Å, λ1700 Å

Article published by EDP Sciences
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JETS OR HIGH-VELOCITY FLOWS REVEALED IN HIGH-CADENCE SPECTROMETER
AND IMAGER CO-OBSERVATIONS?
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ABSTRACT

We report on active region EUV dynamic events observed simultaneously at high cadence withSOHO SUMER
andTRACE. Although the features appear in theTRACE Fe ix/x 171 images as jets seen in projection on theÅ
solar disk, the SUMER spectral line profiles suggest that the plasma has been driven along a curved large-scale
magnetic structure, a preexisting loop. The SUMER observations were carried out in spectral lines covering a
large temperature range from 104 to 106 K. The spectral analysis revealed that a sudden heating from an energy
deposition is followed by a high-velocity plasma flow. The Doppler velocities were found to be in the range
from 90 to 160 km s . The heating process has a duration which is below the SUMER exposure time of 25 s�1

while the lifetime of the events is from 5 to 15 minutes. The additional check on soft X-rayYohkoh images
shows that the features most probably reach 3 MK (X-ray) temperatures. The spectroscopic analysis showed no
existence of cold material during the events.

Subject headings: line: profiles — methods: observational — Sun: corona — Sun: transition region

Online material: color figures

1. INTRODUCTION

A large variety of jetlike phenomena are often observed in
the solar atmosphere, such as surges, spicules, sprays, extreme-
ultraviolet (EUV), and X-ray jets. X-ray jets (Shibata et al.
1992) were first identified in data obtained with the Soft X-
ray Telescope (SXT) onYohkoh (Tsuneta et al. 1991). They
represent X-ray enhancements with an apparent collimated mo-
tion and were found to have a typical size of 5# 103 to 4 #
105 km and an apparent velocity of 30–300 km s . Their kinetic�1

energy is estimated to be 1025–1028 ergs. Most of the jets were
associated with small flares in large X-ray bright points or
active regions. Shimojo & Shibata (2000) derived the physical
parameters of X-ray jets and found temperatures from 3 to 8
MK (determined by usingYohkoh filter ratios) and densities
of (0.7–4.0)# 109 cm . It is strongly believed that they are�3

produced by magnetic reconnection and represent the evapo-
ration flow resulting from the reconnection heating.

EUV jets were studied by Brekke (1999) in off-limb data
from the Coronal Diagnostics Spectrometer (CDS) and the Ex-
treme-ultraviolet Imaging Telescope (EIT). From the CDS data
it was found that the jet was emitting only at transition region
temperatures showing Doppler shifts in the Ov 629.73 lineÅ
up to �75 km s . The event was also seen in the EIT Fexii�1

195 passband propagating with an apparent velocity of 180Å
km s . The plasma seemed to be ejected along a large looped�1

magnetic structure. Jets were also analyzed in on-disk data from
the Transition Region and Coronal Explorer (TRACE) taken
in the 171 and 1216 passbands by Alexander & FletcherÅ
(1999). In the 171 channel the ejected plasma was seen bothÅ
in emission and absorption, which suggests that simultaneously
highly collimated hot and cold material was ejected along the
magnetic field lines. An EUV jet from a new emerging active
region (a large bright point) was analyzed in simultaneous
TRACE, EIT, and CDS data by Lin et al. (2006). The authors
found the plasma jet to emit in a wide temperature range from

1 Max-Planck-Institut fu¨r Sonnensystemforschung, Max-Planck-Strasse 2,
37191 Katlenburg-Lindau, Germany; madjarska@mps.mpg.de.

2 Armagh Observatory, College Hill, Armagh BT61 9DG, Northern Ireland,
UK.

10,000 K (Hei) to 2.5 MK (Fe xvi, the upper temperature
limit of their observations).

Ha surges are often associated with EUV and X-ray emis-
sions showing the coexistence of cool (Ha) and hot ejections
of plasma (Jiang et al. 2007 and references therein). Only re-
cently, however, have the spatial and temporal relation of these
emissions been studied in detail (Jiang et al. 2007) during surge
events in the plage area of an active region. The authors first
observed the bright structures inTRACE 171 followed byÅ
the cooler Ha jet which they interpret as cooling of the hot
plasma with a cooling time lasting about 6–15 minutes.

2. OBSERVATIONS

The events discussed here occurred in the active region
NOAA 8558 on 1999 June 2. No flares were registered during
the events. Simultaneous Solar Ultraviolet Measurements of
Emitted Radiation (SUMER) telescope andTRACE observa-
tions were taken during several hours. The field of view (FOV)
of the two instruments is shown in Figure 1. EIT Fexii 195

single images for some of the events are also available, asÅ
well as a few SXT images. In the present Letter onlyTRACE
and SUMER data are shown.

The SUMER spectrometer (Wilhelm et al. 1995; Lemaire et
al. 1997) data were taken on 1999 June 2 starting at 09:17 UT
and ending at 11:02 UT. A slit with a size of 0.3� # 120� was
used with an exposure time of 25 s pointed at the plage area
of the active region between two sunspots (Fig. 1). Four spectral
windows were telemetered, each with a size of 120 spatial# 50
spectral pixels. The spectral line readouts are shown in Table 1.
At the start of the observations the spectrometer was pointed
at solar disk coordinates xcenp �217� (at 09:17 UT) and
ycen p 257�. Subsequently, the observations were compen-
sated for the solar rotation. The spectral analysis was made in
respect to a reference spectrum obtained by averaging over the
entire data set.

The TRACE (Handy et al. 1999) data were obtained in the
Fe ix/x 171 and 1600 passbands starting at 09:00 UT andÅ
finishing at 11:30 UT on 1999 June 2. The integration time
was 2.9 s for the 171 passband and 0.3 s for 1600 . The˚ ˚A A
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ABSTRACT

Context. The nature of loops is still a matter of debate with several explanations having been put forward. Simultaneous spectral and
imaging data have the capacity to provide a new insight into mass motions, dynamics and energetics of loops.
Aims. We report on spectral data taken with the Solar Ultraviolet Measurements of Emitted Radiation spectrograph (SUMER) and
imaging data from the Transition Region and Coronal Explorer (TRACE) of a transient event which occurred in a cold loop, lasting a
few minutes.
Methods. A sequence of TRACE images in the 1550 Å and 171 Å filters show a disturbance which originated at one foot-point and
propagates along the loop. The SUMER slit was placed at the other foot-point of the loop. In order to interpret the results, numerical
simulations were performed with the results then converted into observable quantities and compared with the data.
Results. During the event a radiance increase and a relative red shift of ≈20 km s−1 was detected in the N v 1238.82 Å line. 1D numer-
ical simulations are performed and observable quantities derived from the results of the simulations. The observed dynamic behaviour
of the N v 1238.82 Å line profiles was recovered.
Conclusions. The results suggest that the observations could be interpreted in terms of a short-lived siphon flow reaching a speed of
120 km s−1 and driven by a nonlinear heating pulse. The energies required to drive the observed red-shifts are estimated to be about
1025 erg. The absence of a significant blue-shift caused by the return flow is explained.

Key words. Sun: corona – Sun: transition region – line: profiles – methods: observational – methods: numerical – hydrodynamics

1. Introduction

Highly dynamic loops have been observed at transition region
and coronal temperatures since Skylab observations. Mariska
& Dowdy (1992), in their search for Doppler shifts in the
Neviii 465 Å emission line, reported on down-flow veloci-
ties of up to 70 km s−1 in active regions while no significant
flows were found in a quiet sun region. The Solar Heliospheric
Observatory (SoHO) measurements with the Coronal Diagnostic
Spectrometer (CDS) in Ov 629 Å by Brekke et al. (1997)
showed the presence of blue-shifts greater than 50 km s−1 in an
active region loop with the shift extending over a large frac-
tion of the loop. Winebarger et al. (2001) presented an analysis
of continuous intermittent outflow in a bundle of active region
coronal loops seen in TRACE data. The measured flow speeds
were between 5 and 20 km s−1. In a follow-up study, Winebarger
et al. (2002) found line-of-sight flows along active region loops
of up to 40 km s−1 by analyzing co-aligned data from TRACE
and SUMER. More recently Teriaca et al. (2004) detected a su-
personic siphon-like flow of 130 km s−1 in a small quiet sun loop
in O vi 1032 Å using SUMER.

The main difficulty in detecting flows in coronal loops with
spectrometers (SUMER, CDS) is related to the fact that the
Doppler shift can only be measured along the line-of-sight and
may cancel out in data with insufficient spatial resolution. On

� Now at: Max-Planck-Institut fúr Sonnensystemforschung, Max-
Planck-Str. 2, 37191 Katlenburg-Lindau, Germany.

the other hand, if high resolution images (e.g. TRACE) are
used, then only inhomogeneous flow structures can be detected,
whereas loops with steady-state flows appear similar to static
loops (Aschwanden 2004). This is why the nature of these loops
is still a matter of debate with several explanations having been
put forward. Flows can be driven by asymmetries (such as heat-
ing or pressure imbalances) between the two legs of the loop
(e.g. Boris & Mariska 1982; Spadaro et al. 1991; Robb & Cally
1992; Orlando et al. 1995) or by radiatively-cooling condensa-
tions (Reale et al. 1996; Müller et al. 2003).

Previous theoretical studies of siphon flows in coronal loops
have mainly dealt with steady-state flows. The subject of the
present paper is the study of a transient event in a cold loop
which lasted for a few minutes. The observations which were
carried out with TRACE and SUMER are presented in the first
part of the paper. In the second part, a theoretical model for the
study of the observed dynamic loop is presented. The evolu-
tion of the hydrodynamic quantities inside the loop is examined.
Theoretical line profiles are synthesized and the results are com-
pared with the observations. The study allows us to interpret the
observations, understand the origin of the transient event and to
estimate the energies involved.

2. Observational data
2.1. SUMER

The SUMER spectrograph (Wilhelm et al. 1995; Lemaire et al.
1997) onboard SoHO was designed to provide line profile

Article published by EDP Sciences and available at http://www.edpsciences.org/aa or http://dx.doi.org/10.1051/0004-6361:20054506
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ABSTRACT

Aims. Small-scale transient phenomena in the solar atmosphere are believed to play a crucial role in the coronal heating and solar
wind generation. This study aims at providing new observational evidence on blinkers and macrospicules appearance in imager data
and in doing so, establish the long disputed relationship between these phenomena.
Methods. We analyse unique high-cadence images in the transition region He ii 304 Å line obtained in a shutterless mode of the
Extreme-ultraviolet Imaging Telescope on board the Solar and Heliospheric Observatory. The data have a cadence of approxi-
mately 68 s and a pixel size of 2.62 arcsec. The events are identified through an automatic brightenings identification procedure.
Features showing a jet-like structure seen in projection on the disk were selected and their light-curve further analysed.
Results. The temporal evolution of the intensity in three events is shown, two of them seen on-disk as jet-like features and one above
the limb. The flux increase, size and duration derived from the light-curve of the on-disk events show an identity with the blinker
phenomenon.
Conclusions. The light curves of these events suggest that the off-limb and on-disk features are in fact one and the same phenomenon
and therefore that some blinkers are the on-disk counterparts of macrospicules.

Key words. Sun: atmosphere – Sun: transition region – methods: observational – methods: data analysis

1. What do we know about blinkers
and macrospicules and their interrelation?

Revealing the nature of various transient small-scale phenom-
ena such as spicules, macrospicules, blinkers, bi-directional jets
(also known as explosive events), Extreme-ultraviolet (EUV)
network and cell brightenings and nanoflares in the solar atmo-
sphere is of great importance for understanding the fundamen-
tal processes such as coronal heating and solar wind generation
(for reviews see Walsh & Ireland 2003; Feldman et al. 2005).
To achieve this we first have to understand whether the large
variety of features is real, or whether we actually observe the
same phenomenon but assign it a different name when observed
in a particular way, with a particular instrument, or at a particu-
lar wavelength (Madjarska & Doyle 2003; Harrison et al. 2003;
Brković & Peter 2004; Doyle & Madjarska 2004). After iden-
tifying blinkers in SUMER (Solar Ultraviolet Measurements of
Emitted Radiation) data, Madjarska & Doyle (2003) concluded
that there is no relationship between blinkers and bi-directional
jets suggesting that blinkers could be the on-disk signature of
EUV spicules. Harrison et al. (2003) unified some of these phe-
nomena considering the different instrumental limitations and
the properties of the different transient small-scale phenomena
known so far. They found that a number of events such as blink-
ers, network and cell EUV brightenings can be classified as the
same type of phenomenon.

Blinkers represent an enhancement in the intensity of tran-
sition region lines and were first identified using Coronal

� Now at: Max-Planck-Institut für Sonnensystemforschung, Max-
Planck-Str. 2, 37191 Katlenburg-Lindau, Germany.

Diagnostic Spectrometer (CDS) observations. They were in-
tensively studied by several authors such as Harrison (1997),
Harrison et al. (1999), Bewsher et al. (2002, 2003, 2005), Parnell
et al. (2002), Madjarska & Doyle (2003), Doyle et al. (2004),
Brooks & Kurokawa (2004) and Brooks et al. (2004). Blinkers
occur at the network boundaries, but some were also seen in
the intranetwork. They have an average size of about 8′′ × 8′′
and an average lifetime of 16 min. Brković et al. (2001) us-
ing observations which permitted a better detection of shorter
and longer lived brightenings, determined a lifetime in the range
of 3−110 min, with an average duration of 23 min in He i,
16 min in O v and 12 min in Mg ix. The average intensity
enhancement found by Harrison et al. (1999) in O v and O iv
was 1.48 and 1.43, respectively. The intensity increase was 1.04
for Mg ix and 1.08 for He i, while Brković et al. (2001) found
slightly higher values of 1.09 and 1.22, respectively, which
could be due to the different method of threshold determina-
tion. Blinkers were also studied in detail both in the quiet Sun
and active regions by Bewsher et al. (2002) and Parnell et al.
(2002). Their analysis of the magnetic fragments in the quiet
Sun showed that blinkers preferentially occur above regions of
large or strong magnetic fragments with 75% occurring in re-
gions where one polarity dominates. Madjarska & Doyle (2003)
using Big Bear Solar Observatory (BBSO) magnetogram ob-
servations found that a magnetic flux increase plays a crucial
role in the blinker generation. Blinkers show Doppler velocities
from −5 to 30 km s−1 predominantly red-shifted (Madjarska &
Doyle 2003; Bewsher et al. 2003).

Priest et al. (2002) suggested four different mechanisms
which could explain the blinker appearance: heating of cool

Article published by EDP Sciences and available at http://www.edpsciences.org/aa or http://dx.doi.org/10.1051/0004-6361:200600024
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ABSTRACT

Context. The solar atmosphere contains a wide variety of transient features, here, we discuss data relating to one such feature.
Aims. To explore via simultaneous spectral and imaging data the nature of high-velocity flow events in the solar transition region.
Methods. High spectral and temporal resolution data from SUMER/SoHO plus high resolution images from TRACE are used.
Results. In the transient feature discussed, we see a factor of two enhancement in N v 1238, coupled with a factor of two decrease in
O v 629 visible over 3′′–4′′ along the slit. Furthermore, the O v line shows a secondary component with a down-flow of ≈75 km s−1,
while the N v line shows only a small additional broadening of the line.
Conclusions. Inclusion of an electron density dependent ionization calculation will increase the N v radiance over that of O v at large
electron densities. We suggest this feature can be explained via a highly focused jet at the O v/Ovi formation temperature resulting
from reconnection. Also, we believe that this event is not unique but that their detection depends on the availability of simultaneous
spectral and imaging data of comparable spatial and temporal resolution.

Key words. Sun: activity – Sun: UV radiation – Sun: transition region – Sun: atmosphere – Sun: coronae – atomic processes

1. Introduction

Over the last decade the uninterrupted, high resolution cov-
erage of the Sun both from the excellent range of telescopes
aboard many spacecraft and from ground-based instruments has
led to a wealth of observations of small-scale dynamic events
observed from the chromosphere to the transition region and
corona. Over the past few years, many complicated and dy-
namic fine structures have been reported in association with the
network boundaries, e.g., bi-directional jets (sometimes called
“explosive events”), blinkers, network flares and bright points.
However, their interpretation, interrelationship and relationship
to the underlying photospheric magnetic concentrations remains
ambiguous, because the same feature has a different appearance
when observed in different spectral lines and with different in-
struments. For example, evidence has been presented by O’Shea
et al. (2005) and Madjarska et al. (2006) showing that macro-
spicules and blinkers may be the same feature. Harrison et al.
(2003) in an attempt to unify some of these phenomena found
that a number of events such as blinkers, network and cell bright-
enings and EUV brightenings can be classified as the same type
of phenomenon.

Doyle et al. (2005) presented data of a feature which showed
a large line-shift in the N v 1238 Å line, while it was practi-
cally absent in O v 629 Å despite the fact that both lines have

� A movie is available in electronic form at
http://www.edpsciences.org
�� Now at: Max-Planck-Institut für Sonnensystemforschung, Max-
Planck-Str. 2, 37191 Katlenburg-Lindau, Germany

Table 1. A summary of the spectral lines observed.

Spectral line Comment
N v 1238.82 Å
N v 1242.80 Å
C i 1249.41 Å + Si x/2 624.78 Å blend
Mg x/2 624.95 Å + Si ii 1250.09 Å blend
Si ii 1250.41 Å + C i 1250.42 Å + S ii 1250.58 Å blend
Si ii 1251.16 Å + C i 1251.17 Å blend
O v/2 629.73 Å

over-lapping formation temperatures, with the peak formation
temperature separated by log Te = 0.08−0.12 (depending on the
assumed atomic model).

In an effort to better understand the range of dynamic fea-
tures in the solar atmosphere, we re-visit the above work, in par-
ticular to explore further multi-wavelength datasets.

2. Data reduction

For the present study, the observations were made with the
SUMER spectrograph (Wilhelm et al. 1995; Lemaire et al. 1997)
onboard SoHO. SUMER is designed in such a way that it en-
ables line profile measurements at a spatial pixel size of 1′′ and
a spectral pixel size of 0.042−0.045 Å.

The present dataset was taken within an active region on
June 3, 1999 from 09:17:17 UT to 11:08:02 UT. Slit 0.3′′ ×
120′′ was used, exposing for 25 s on the bottom part of detec-
tor B (see Table 1 for the list of spectral lines observed). The
temporal sequences (28 s cadence) has five spectral windows

Article published by EDP Sciences and available at http://www.edpsciences.org/aa or http://dx.doi.org/10.1051/0004-6361:20065031



A&A 444, 593–603 (2005)
DOI: 10.1051/0004-6361:20053708
c© ESO 2005

Astronomy
&

Astrophysics

Optical and EUV observations of solar flare kernels

D. García-Alvarez1,2, C. M. Johns-Krull3, J. G. Doyle1, I. Ugarte-Urra1 ,�, M. S. Madjarska1,4,5, and C. J. Butler1

1 Armagh Observatory, College Hill, Armagh BT61 9DG, N. Ireland
2 Smithsonian Astrophysical Observatory, 60 Garden Street, Cambridge, MA 02138, USA

e-mail: dgarcia@cfa.harvard.edu
3 Dept. of Physics and Astronomy, Rice University, Houston, TX 77005, USA
4 Max-Planck-Institut für Sonnensystemforschung, Max-Planck-Str. 2, 37191 Katlenburg-Lindau, Germany
5 Dept. of Solar Physics, Royal Observatory of Belgium, Av. Circulaire 3, 1180 Bruxelles, Belgium

Received 28 June 2005 / Accepted 23 August 2005

ABSTRACT

We present high-resolution spectral observations, covering the entire optical region (3800−9000 Å), of a solar flare observed during a multi-
wavelength campaign. The flare, recorded on 2002 January 11, was a medium solar flare event (GOES class C7.5). The spectral observations
were carried out using the Hamilton echelle spectrograph on the coudé auxiliary telescope at Lick Observatory and with the Coronal Diagnostic
Spectrometer (CDS) on board SoHO. The high signal-to-noise optical spectra are analysed using the same techniques as we applied to stellar
flare data. Hα images obtained at Big Bear Solar Observatory (BBSO), plus magnetograms obtained with the Michelson Doppler Imager
(MDI) on board SoHO and Transition Region And Coronal Explorer (TRACE) 1600 Å were used in the flare analysis. We observe stellar-
like behaviour in the main solar chromospheric activity indicators, which show either filling-in or emission during the flare. We find that the
Balmer and Ca ii lines show asymmetric profiles, with red-shifted wings and blue-shifted cores. This behaviour could be explained by material
expanding. During the flare, the Mg i and Fe i lines show a filling-in of the line profile indicating that the flare affected the lower atmosphere.
There is some evidence for pre-flare heating as seen in Fe xix 592 Å. Furthermore, O v 629 Å shows an increase in flux some 10 min. before the
coronal lines, perhaps indicating particle beam heating in the initial stages of the flare. We have also determined the main physical parameters
at flare maximum. The electron densities and electron temperatures found for the flare imply that the Balmer emitting plasma originates in the
chromosphere. The physical parameters obtained for the modelled flare are consistent with previously derived values for solar flares.

Key words. Sun: activity – Sun: photosphere – Sun: flares – Sun: chromosphere – line: formation – line: profiles

1. Introduction

Flares are events where a large amount of energy is released
in a short interval of time, radiating at almost all frequencies in
the electromagnetic spectrum. Flares (both solar and stellar) are
believed to result when reconnection in the corona rapidly re-
leases magnetic energy stored in the coronal fields (see reviews
by Mirzoyan 1984; Haisch et al. 1991; Garcia Alvarez 2000).
Many types of cool stars produce flares (Pettersen 1989), some-
times at levels several orders of magnitude more energetic than
their solar counterparts. The exact mechanism(s) leading to the
energy release and subsequent excitation of various emission
features (X-ray, microwave, UV, and optical lines and con-
tinua) remains poorly understood. Solar flares are generally ob-
served to have an impulsive phase marked by hard X-ray bursts
(Dennis 1985) and microwave radio emission on time scales
of seconds to minutes, indicating the presence of accelerated
non-thermal particles (Lin 1974; Foukal 1990). In some cases,

� Now in: Naval Research Laboratory, Code 7673, Washington,
DC 20375, USA.

optical continuum radiation is also observed (Neidig 1989).
The impulsive phase is usually followed by a gradual phase,
lasting minutes to hours. The impulsive phase shows continu-
ing enhancement of chromospheric and coronal emission fol-
lowed by a slow decay during the gradual phase (Svestka 1976;
Tandberg-Hanssen & Emslie 1988; Dennis & Schwartz 1989).

The Sun, due to its proximity, allows both high spatial
and spectral resolution observations of flares. Satellites such as
SoHO, TRACE and recently RHESSI, are continuously moni-
toring high-energy radiation, and magnetograms of the surface
are routinely available. Ground-based sites, such as Big Bear
Solar Observatory (BBSO) and Sacramento Peak Observatory
routinely monitor Hα, Ca ii H and K, and take magnetograms.
Simultaneous observations in different wavelength ranges (e.g.
optical, X-rays, etc.) make it possible for the same flare to be
studied at all levels in the solar atmosphere.

Despite the huge number of solar flare observations only a
few experiments have studied the full optical spectrum during
solar flares (Acampa et al. 1982; Donati-Falchi et al. 1984;
Mauas 1990; Mauas et al. 1990). Johns-Krull et al. (1997)
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Abstract. The analysis of a coronal loop observed by CDS and EIT on board SOHO is presented. The loop was situated above
the North-East limb at a latitude of ∼48◦, being clearly visible in the hottest lines of the dataset, Fe  360.76 Å, i.e. greater
than 2 000 000 K. The cooler lines in the sample (i.e. O  629.73 Å and He  584.35 Å) showed only a brightening at the
footpoints location. Based on the Fe  353.84/334.17 line ratio, the electron density along the loop was determined following
three different approaches for the background subtraction. No differences, within the error bars, can be found between the three
methods. At the apex, the density is 0.9 × 109 cm−3, while at the footpoint it is 50% greater, i.e. 1.4 × 109 cm−3. The inferred
filling factor values along the loop, at the formation temperature of the lines, are in the range 0.2–0.9.
One dimensional hydrodynamic modelling of the loop along a given field line, gravity neglected, was performed. A minimum
χ2 analysis results in a best fit case where the total energy input is directed preferentially to the loop footpoint (the heating rate
is three times larger at the base than at the apex). An isochoric solution can not be ruled out completely. The exercise illustrates
the necessity of accurate spectral diagnostics in order to derive definite conclusions from theoretical models and suggests the
need for simultaneous density and temperature diagnostics.

Key words. Sun: corona – plasmas – hydrodynamics

1. Introduction

Coronal loops extend over a vast range of size and bright-
ness, making the solar corona highly structured. The extent of
this structuring has been known since the Skylab era, how-
ever, the detail contained within recent SOHO (Solar and
Heliospheric Observatory) observations with the Extreme ul-
traviolet Imaging Telescope (EIT) and the Coronal Diagnostic
Spectrometer (CDS) and TRACE (Transition Region And
Coronal Explorer) has resulted in many investigations regard-
ing whether these structures are dominated by footpoint heat-
ing, uniform heating, asymmetric heating, variable heating, ex-
ponential decay heating, apex heating, etc (Reale et al. 2000;
Priest et al. 2000; Walsh & Galtier 2000, and references
therein). The confirmation that the localization of the heating
deposition is as controversial as its nature is demonstrated by
the fact that an observational case has been made for each of
them, including an example where the same dataset has been
interpreted in terms of uniform, footpoint and apex heating
(Priest et al. 1998; Aschwanden 2001; Reale 2002). Some of
the works have determined temperature profiles along the loops

� Now in: Naval Research Laboratory, Code 7673, Washington, DC
20375, USA.
�� Former Max-Planck-Institut für Aeronomie.

using filter ratios of YOHKOH and TRACE data. These tem-
perature profiles are in turn used to deduce the form of heat-
ing and thus the most likely heating mechanism. Some authors,
(e.g. Martens et al. 2002; Schmelz et al. 2003; Del Zanna &
Mason 2003) have questioned the use of filter ratios and have
shown that the temperatures obtained do not describe the state
of the loops plasma. Instead, broad-band filter ratios provide at
best an average temperature and one should use an emission
measure type analysis. These works have insisted on the neces-
sity to complement the high resolution images with a spectro-
scopic analysis that provides the necessary plasma diagnostics.

In this paper we make use of the spectral capabilities of
CDS to determine the electron density along an off-limb coro-
nal loop using the line ratio technique, investigating the prob-
lems and uncertainties introduced by several background sub-
traction methods. Filling factors are also inferred. As a final
step, a comparison with a hydrodynamic loop model is pre-
sented and the limitations of its conclusions discussed under
the observational uncertainties.

In Sect. 2 we outline the present observational data, while
Sect. 3 discusses the data reduction including the important
point of background subtraction, the loop geometry, electron
density and filling factor determination. Section 4 discusses the
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Abstract. Spectral lines formed in the solar transition region show an increase in the line width, peaking at ≈10 000 km above
the limb. Looking at a region off-limb with no obvious spicules, the non-spicule region has a significantly smaller line width
above 6000 km compared those taken in a spicule region. We suggest that this increase in line broadening is not due to small
scale random motions but rather to unresolved line shifts due to spicules and/or macro-spicules activity.

Key words. Sun: atmosphere – transition region – off-limb – line broadening – spicules

1. Introduction

Line width measurements can provide important details on
small-scale mass motions and ion temperatures, and if coro-
nal lines are used, informations on coronal heating may be ob-
tained. Several authors have searched for disk center to limb
changes (Chae et al. 1998; Erdelyi et al. 1998; Doyle et al.
2000) finding a small variation. In off-limb data, Banerjee et al.
(1998), Doyle et al. (1999), Harrison et al. (2002) and O’Shea
et al. (2003) have all used data relating to lines formed in the
corona, finding a small increase in the line width before reach-
ing a turn-over point. The data of Harrison et al. showed a sig-
nificant narrowing of a coronal line above 50 000 km. which
the authors suggested was related to the dissipation of wave
energy. However, O’Shea et al. (2005) has shown that the line
widths start to show a decrease in their values at exactly the
same location where the dominant excitation changes from
being collisionally to radiatively dominant. For lines formed
around 100 000 to 300 000 K, several authors, e.g. Mariska
et al. (1979), Peter & Vocks (2003), have noted an increase
in the line width at 10 to 15′′ above the limb. Mariska et al.
suggested that this broadening was unlikely to be simply due
to an increase in the wave flux above the limb and proposed
that inhomogeneous structures could be the cause. More re-
cently, Peter & Vocks (2003) interpreted the increase as evi-
dence of a large increase in the ion temperature to more than
3 × 106 K just above the limb. Here, we look at raster and time
series data from lines formed around 200 000 K, suggesting an

� Former Max-Planck-Institut für Aeronomie.

explanation in terms of spicules. In Sect. 2 we discuss the ob-
servational data which consists of both rasters and a time series,
with the results presented in Sect. 3.

2. Observational data

2.1. Rasters

We used a raster sequence of the north solar limb (PCH) taken
by the spectrometer SUMER on-board the SoHO satellite. The
capabilities and specifications of the SUMER instrument were
described by Wilhelm et al. (1995, 1997) and Lemaire et al.
(1997). The observation was performed on 1996 August 10
from 00:03 to 16:09 UT. The target was the north polar coronal
hole region with a constant SoHO solar Y at 950′′ and SoHO
solar X moving from –699′′ to 721′′. The exposure time was
60 s using slit 2 (i.e. 1′′ × 300′′ centered) with a step size of
1.′′5. Detector A was used for producing the four 50 spectral
pixel windows at the wavelengths corresponding to the 2nd or-
der spectral lines: Mg  624.94 Å, O  629.73 Å and to the 1st
order: N  1238.82 Å, Fe  1242.01 Å. Here, we select only
the O  (T ≈ 250 000 K) transition region line.

We used the standard SUMER data reduction procedures to
apply all the corrections needed for the data. These corrections
are dead time and local gain correction, flat field subtraction,
and a correction for geometrical distortion. Since our interest
in this study was focused on the line widths we did not per-
form a wavelength calibration. Additionally a correction for the
spectral line shift caused by thermal deformations of the optical
bench of SUMER was applied (Dammasch et al. 1999).
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Abstract. High spectral, spatial and temporal resolution UV observations of the quiet Sun transition region show a highly
structured and dynamical environment where transient supersonic flows are commonly observed. Strongly non-Gaussian line
profiles are the spectral signatures of these flows and are known in the literature as explosive events. In this paper we present a
high spatial resolution (≈1′′) spectroheliogram of a 273′′ ×291′′ area of the quiet Sun acquired with SUMER/SOHO in the O
spectral line at λ103.193 nm. The extremely high quality of these observations allows us to identify tens of explosive events
from which we estimate an average size of 1800 km and a birthrate of 2500 s−1 over the entire Sun. Estimates of the kinetic
and enthalpy fluxes associated with these events show that explosive events are not important as far as solar coronal heating
is concerned. The relationship with the underlying photospheric magnetic field is also studied, revealing that explosive events
generally occur in regions with weak (and, very likely, mixed polarity) magnetic flux. By studying the structure of upward and
downward flows exceeding those associated to average quiet Sun profiles, we find a clear correlation between the “excess”
flows and the magnetic network. However, although explosive events are always associated with flow patterns often covering
areas larger than the explosive event itself, the contrary is not true. In particular, almost all flows associated with the stronger
concentrations of photospheric magnetic flux do not show non-Gaussian line profiles. In some cases, non-Gaussian line profiles
are associated with supersonic flows in small magnetic loops. The case of a small loop showing a supersonic siphon-like flow
of ≈130 km s−1 is studied in detail. This is, to our knowledge, the first detection of a supersonic siphon-like flow in a quiet Sun
loop. In other cases, the flow patterns associated with explosive events may suggest a relation with UV spicules.

Key words. Sun: transition region – Sun: UV radiation – line: profiles

1. Introduction

Extreme-UltraViolet (EUV) spectroscopy of plasmas at
Transition Region (TR) temperatures reveals the existence of
different kinds of transient phenomena. Highly non-Gaussian
line profiles showing strong Doppler shifts are frequently ob-
served in quiet Sun areas and within coronal holes in lines
formed between 6 × 104 K and 7 × 105 K. First observed
by Brueckner & Bartoe (1983) in HRTS spectra, they are
known as UV explosive events (EEs). Their birthrate on the
quiet Sun was estimated to be around 1 × 10−16 m−2 s−1 by
Dere et al. (1989). EEs are characterised by spatial scales of
≈1600 km, average lifetime of about 60 s and line profiles
showing Doppler shifts up to 225 km s−1 (Dere et al. 1989).
EEs are generally observed along the magnetic network at the

� Former Max-Planck-Institut für Aeronomie.

boundaries of the super-granulation cells but away from the
larger flux concentrations (Porter & Dere 1991), in regions with
weak and mixed polarity fluxes (Chae et al. 1998) and in asso-
ciation with episodes of photospheric magnetic flux cancella-
tion (Dere et al. 1991; Chae et al. 1998; Ryutova & Tarbell
2000). Furthermore, the spectral signature of EEs shows en-
hancements in both the red and blue wings of the profile, im-
plying high velocity flows similar to a bi-directional jet asso-
ciated with magnetic reconnection (Innes et al. 1997). Hence,
EEs are believed to be the product of magnetic reconnection, a
magnetic cancellation of the photospheric fields with emerging
flux (Dere et al. 1991) or the interaction between separate flux
elements driven together by convective motions (Porter & Dere
1991). The large velocities associated with EEs suggest that ki-
netic and enthalpy flows could be relevant to the coronal energy
budget. Winebarger et al. (2002) estimated the global energy
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Abstract. EUV bi-directional jets are a prominent class of phenomena characterizing the solar
transition region. Using simultaneously obtained SUMER observations in the chromospheric Si II

1251.16 Å and C I 1251.17 Å, transition region N V 1238.8 Å and coronal Mg X 625 Å lines we
show an example of a bi-directional jet observed in the chromospheric and the transition region lines
but not showing any detectable signature in the coronal line. The phenomenon, however, was also
clearly detected by the TRACE imager with the 171 Å filter. This discrepancy is explained here with a
non-Maxwellian electron distribution which makes a significant fraction of the plasma in the TRACE
171 Å pass-band to be derived from temperatures around ≈ 300 000 K, as opposed to ≈ 800 000 K.
This could have implications for other phenomena observed in the TRACE pass-bands, including the
transition region ‘moss’ and the 3- and 5-min oscillations.

1. Introduction

The location and importance of ultraviolet bi-directional jets, often called ‘explos-
ive events’, within the wider frame-work of the upper solar atmosphere is still
uncertain. These dynamic events were first detected to occur in the transition region
with a birthrate over the whole Sun of between 600 s−1 (Dere, Bartoe, and Brueck-
ner, 1989) and 3300 s−1 (Ryutova and Tarbell, 2000). They are characterized by
spatial scales of ≈ 2000 km, average lifetime of about 200 s and have highly non-
Gaussian line profiles with Doppler shifts up to 250 km s−1 (Dere, Bartoe, and
Brueckner, 1989) and often appear in bursts lasting several minutes (Innes et al.,
1997; Chae et al., 1998; Pérez et al., 1999).

Madjarska and Doyle (2002) provided evidence that bi-directional jets also
appear in chromospheric lines such as O I and the optically thick H I Ly 6, 7, 8,
9, and 10 lines. The results of an attempt to observe the coronal counterparts to
bi-directional jets were presented by Dere (1994), Moses and Cook (1994) and
Teriaca, Madjarska, and Doyle (2002). The latter authors obtained high spectral
resolution data for a large event in the transition region line N V 1238 Å and the
coronal line Mg X 625 Å. These authors concluded that the event observed in N V

showed a small enhancement in Mg X which is however caused by the presence
of a close-by blend from a Si II line (see Teriaca, Madjarska, and Doyle, 2002, for
further details on this blend).

Solar Physics 221: 51–64, 2004.
© 2004 Kluwer Academic Publishers. Printed in the Netherlands.



A&A 418, 313–324 (2004)
DOI: 10.1051/0004-6361:20035666
c© ESO 2004

Astronomy
&

Astrophysics

Signature of oscillations in coronal bright points

I. Ugarte-Urra1, J. G. Doyle1, M. S. Madjarska1,2, and E. O’Shea3

1 Armagh Observatory, College Hill, Armagh BT61 9DG, N. Ireland
2 Mullard Space Science Laboratory, University College London, Holmbury St. Mary, Dorking, Surrey RH5 6NT, UK
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Abstract. A detailed study of two consecutive bright points observed simultaneously with the Coronal Diagnostic
Spectrometer (CDS), the Extreme ultraviolet Imaging Telescope (EIT) and the Michelson Doppler Imager (MDI) onboard
the Solar and Heliospheric Observatory (SOHO) is presented. The analysis of the evolution of the photospheric magnetic fea-
tures and their coronal counterpart shows that there is a linear dependence between the EIT Fe  195 Å flux and the total
magnetic flux of the photospheric bipolarity. The appearance of the coronal emission is associated with the emergence of new
magnetic flux and the disappearance of coronal emission is associated with the cancellation of one of the polarities. In one of
the cases the disappearance takes place ∼3–4 h before the full cancellation of the weakest polarity.
The spectral data obtained with CDS show that one of the bright points experienced short time variations in the flux on a time
scale of 420–650 s, correlated in the transition region lines (O  629.73 Å and O  599.60 Å) and also the He  584.34 Å
line. The coronal line (Mg  368.07 Å) undergoes changes as well, but on a longer scale. The wavelet analysis of the temporal
series reveals that many of these events appear in a random fashion and sometimes after periods of quietness. However, we have
found two cases of an oscillatory behaviour. A sub-section of the O  temporal series of the second bright point shows a damped
oscillation of five cycles peaking in the wavelet spectrum at 546 s, but showing in the latter few cycles a lengthening of that
period. The period compares well with that detected in the S  933.40 Å oscillations seen in another bright point observed with
the Solar Ultraviolet Measurements of Emitted Radiation (SUMER) spectrometer, which has a period of 491 s. The derived
electron density in the transition region was 3 × 1010 cm−3 with some small variability, while the coronal electron density was
5 × 108 cm−3.

Key words. Sun: oscillations – Sun: corona – Sun: transition region – Sun: UV radiation – Sun: magnetic fields

1. Introduction

Coronal EUV/X-ray bright points (hereafter BPs) are small
(20–30 Mm) coronal features of enhanced emission most easily
observed in the quiet Sun and coronal hole regions. They were
first observed and studied in soft X-ray rocket images (Vaiana
et al. 1970; Nolte et al. 1979) where they present an average
lifetime of ∼8 h (Golub et al. 1974). However, they have also
been observed in radio (Marsh et al. 1980) and EUV (Habbal
& Withbroe 1981) where the emission has an average lifetime
of ∼20 h (Zhang et al. 2001). The appearance and hence their
description is subject to the spatial resolution of the instrument,
so they are commonly presented as diffuse clouds with a cen-
tral bright core of ∼10 Mm as seen in Skylab X-rays (Golub
et al. 1974) or SOHO/EIT extreme-ultraviolet images. High
spatial resolution images (1′′–2′′) have shown that BPs consist
of several miniature loops (Sheeley & Golub 1979) and have a

Send offprint requests to: I. Ugarte-Urra,
e-mail: iuu@star.arm.ac.uk

morphology similar to larger scale coronal structures (Frank &
Slater 2002).

BPs are associated with photospheric bipolar magnetic fea-
tures (Krieger et al. 1971), with up to 2/3 of them being asso-
ciated with chance encounter and cancellation of pre-existing
magnetic features rather than the emergence of new magnetic
flux (Harvey 1985, 1993; Webb et al. 1993; Longcope et al.
2001). This process normally takes place at the network bound-
aries of super-granular cells (Egamberdiev 1983; Habbal et al.
1990; Madjarska et al. 2003).

One of the main characteristics of BPs is their intensity
variability, as several studies in EUV spectral lines have shown.
Sheeley & Golub (1979) found that the constituent loops could
evolve on a time scale of ∼6 min. Habbal & Withbroe (1981)
and Habbal et al. (1990) using the Harvard experiment aboard
Skylab showed that they exhibit large variations in the emis-
sion of chromospheric, transition region and coronal lines, and
no regular periodicity or obvious correlation between the differ-
ent temperatures was found. The time scales of these variations
were as short as the temporal resolution of the observations
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Abstract. We present, for the first time, blinker phenomena being associated with brightenings in pre-existing coronal loops
registered by the Extreme-ultraviolet Imaging Telescope (EIT) in Fe  195 Å. The brightenings occur during the emergence of
new magnetic flux as registered by the Big Bear Solar Observatory (BBSO) magnetograph. The blinkers were identified using
simultaneous observations obtained with the Coronal Diagnostic Spectrometer (CDS) and Solar Ultraviolet Measurements of
Emitted Radiation (SUMER) spectrograph. In light of the new observational results, we present one possible theoretical inter-
pretation of the blinker phenomenon. We suggest that the blinker activity we observe is triggered by interchange reconnection,
serving to provide topological connectivity between newly emerging flux and pre-existing flux. The EIT images show the ex-
istence of loop structures prior to the onset of the blinker activity. Based on the available spatial resolution the blinker occurs
within, or nearby, an existing coronal loop. The temperature interfaces created in the reconnection process between the cool
plasma of the newly emerging loop and the hot plasma of the existing loop are what we suggest to causes the observed activity
seen in both the SUMER and CDS data. As the temperature interfaces propagate with the characteristic speed of a conduc-
tion front, they heat up the cool chromospheric plasma to coronal temperatures, an increasing volume of which brightens at
transition region temperatures. We believe this new interpretation gives further qualitative understanding about the evolution of
newly emerging flux on the Sun. This also provides new insight into the dynamic nature of the solar transition region.

Key words. Sun: atmosphere – transition region – evolution – magnetic fields – UV radiation

1. Introduction

Based on data obtained by the Coronal Diagnostic
Spectrometer (CDS) on board SoHO, Harrison (1997)
discussed a class of transient phenomenon, which he termed
blinkers. These brightenings were associated with enhanced
emission in transition region (TR) lines, such as O  599 Å,
O  554 Å, and O  629 Å (these lines have formation
temperatures in the range 1.0–2.5 × 105 K), involving a
typical size of ≈8′′ × 8′′, and having an average duration of
approximately 17 min (Harrison et al. 1999; Bewsher et al.
2002). In a recent survey, Brković et al. (2001) reported
lifetimes of blinker events in the range 3–110 min, based on
observations that enabled better detection of short- and long-
lived CDS brightenings. Spectral line ratio analysis suggested
that the intensity enhancements associated with blinkers were
consistent with an interpretation involving either an increase in
mass density or filling factor rather than temperature (Harrison
et al. 1999; Teriaca et al. 2001). Based on SUMER data,
Madjarska & Doyle (2003) reported Doppler shifts that ranged

Send offprint requests to: J. G. Doyle, e-mail: jgd@star.arm.ac.uk
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from –5 to 25 km s−1, but were predominantly red-shifted.
A transition from blue to red-shifted emission, in the course
of the 200–300 s observations, was observed for one case.
Bewsher et al. (2003), using CDS observations, derived
Doppler shifts of 25–30 km s−1 in O  629 Å. As reported by
Harrison et al. (1999) and Bewsher et al. (2002), blinkers occur
predominantly in the network lanes. This usually involves
regions of large or strong magnetic fragments; in 75% of the
cases one polarity is dominant (see Parnell et al. 2002).

Until recently, it has being highly debated in the com-
munity why bi-directional jets (more often called explosive
events), yet another transient phenomenon observed in transi-
tion region lines, do not have a counterpart in the CDS data.
It was also questioned whether blinkers and bi-directional jets
were the same transient phenomenon seen differently due to
the different spectral and spatial capabilities of the CDS and
SUMER instruments. This question remained open until simul-
taneous observations were made and reported by Chae et al.
(2000) and Madjarska & Doyle (2003). Blinkers were iden-
tified in the relevant SUMER data as a series of short-lived,
small-scale brightenings lasting about 2–3 min, and having
a typical size of about 3′′–5′′. In a recent numerical study,
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EVIDENCE OF MAGNETIC RECONNECTION ALONG CORONAL HOLE BOUNDARIES
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ABSTRACT

The present study reveals for the first time the existence of bidirectional jets, which are a signature of magnetic
reconnection, occurring along coronal hole boundaries. The Solar Ultraviolet Measurement of Emitted Radiation
spectrometer observations obtained in the Niv 765.15 (1.3# 105 K) and Neviii 770.42 (6# 105 K) emission˚ ˚A A
lines in an equatorial extension of a polar coronal hole, known as the “Elephant’s Trunk” coronal hole, show small
regions of a few arcseconds size with strong blue- and redshifted emission reaching Doppler shifts of up to 150
km s�1, i.e., bidirectional jets. The jets’ number density along coronal hole boundaries was found to be about 4–5
times higher with respect to the quiet Sun.

Subject headings: solar wind — Sun: corona — Sun: transition region

1. INTRODUCTION

Coronal holes (CHs) are large regions on the Sun that are
magnetically open and were identified as the source of the fast
solar wind (∼800 km s�1; Krieger, Timothy, & Roelof 1973).
They are visible in coronal lines as regions with a reduced
emission relative to the quiet Sun. There are two types of
coronal holes: polar and midlatitude. During the minimum of
solar activity, the solar atmosphere is dominated by two large
CHs situated at both polar regions. The midlatitude CHs can
be either “isolated” or connected with a CH channel to a polar
CH. The latter CHs are called equatorial extensions of polar
CHs (EECHs).

A distinctive feature of EECHs is their nearly rigid rotation
in contrast to the typical differential rotation at photospheric
level (Timothy, Krieger, & Vaiana 1975). Kahler & Hudson
(2002) give a detailed overview of the different mechanisms
suggested to maintain the quasi-rigid rotation of the coronal
holes. Because of these different rotation profiles at the coronal
and photospheric level and the fact that CH boundaries (CHBs)
separate two topologically different (open and closed) magnetic
field configurations, CHBs are presumably the regions where
an opening and closing of magnetic field lines take place.

This reconfiguration is believed to happen through magnetic
reconnection between the open and closed magnetic field lines
of the CH and the surrounding quiet Sun. Despite numerous
attempts at identifying any phenomenon that could be asso-
ciated with magnetic reconnection along CHBs, no direct ev-
idence has been found so far (Kahler & Hudson 2002). Kahler
& Moses (1990) studiedSkylab X-ray images of CH boundaries
with a time resolution of 90 minutes and found that X-ray
bright points play an important role in both the expansion and
the contraction of a CH. Zhao, Hoeksema, & Scherrer (1999)
studied the rotational characteristics of the “Elephant’s Trunk”
CH (1996; the subject of our study). They found that the
CH showed nearly rigid rotation with a rate of 13�.25 day�1

(14�.6 day�1 for leader sunspots). They also observed day-to-
day variations of the CHBs. Bromage et al. (2000) reported
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that small-scale changes of the boundaries of the same CH
appeared on timescales of a few hours in observations with the
Extreme-ultraviolet Imaging Telescope (EIT) on board theSo-
lar and Heliographic Observatory (SOHO) in Fe xii 195 .Å

Besides their importance for the evolution of CHs, it has
also been suggested that CHBs are the main source of the slow
solar wind. The first observational evidence that streamer
stalks, fine rays representing the filamentary structure of the
streamer belt, are the source of the slow solar wind was pro-
vided by Woo & Martin (1997). From the Large Angle and
Spectrometric Coronagraph Experiment (LASCO) observa-
tions of outward-moving density inhomogeneities of denser
plasma, called blobs, Wang et al. (1998) suggested that the
slow solar wind (!500 km s�1) originates in helmet streamer
loops but with a major component originating outside the hel-
met streamers, i.e., from inside the CHs near the boundaries.

For the present study, a search was carried out for spectro-
scopic observations that could potentially reveal signatures of
magnetic reconnection. Equatorial coronal holes are the best
candidates for such a study because of the most favorable line
of sight. We also looked for data obtained in a sit-and-stare
mode, which means that the slit is pointed over a certain solar
region long enough to detect any velocity event propagating
along the line of sight. The objective of this Letter is to present
the very first evidence for the existence of magnetic recon-
nection along CH boundaries as revealed by observations ob-
tained with the Solar Ultraviolet Measurement of Emitted Ra-
diation (SUMER) spectrometer on boardSOHO.

2. OBSERVATIONAL MATERIAL

The data used in this work were obtained on 1996 October
19 and 20 in an EECH (Fig. 1). The observations were simul-
taneously performed with the SUMER spectrometer and EIT.

The SUMER (Wilhelm et al. 1995, 1997; Lemaire et al. 1997)
observations consist of temporal series in Niv 765 andÅ
Ne viii 770 obtained using a slit and 60 s exposure′′ ′′Å 1 # 300
time on the KBr-coated part of detector B during∼10 hr. The
instrument was pointed at an EECH at coordinates Solar_Xp
0� and Solar_Yp �140�. The observations started on October
19 at 20:22 UT and finished on October 21 at 06:50 UT. No
compensation for the solar rotation was applied, and therefore,
with the solar rotation rate at these coordinates of∼9�.5, the 1�
slit covered an area of∼95� on the Sun. The rest wavelength
was derived from a profile averaged over a quiet Sun area.

The reduction of the SUMER raw data involves local gain
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Abstract. Observational data clearly indicate the presence of 3-min oscillations in sunspots in
spectral lines covering a vast temperature range from the low chromosphere to those lines normally
associated with coronal temperatures. We show that after folding in the sunspot plume emission
measure distribution, the contribution functions for lines normally formed just below 1 × 106 K
are shifted to lower temperatures. For example, the Fe IX 171 Å line is shifted to 6 × 105 K for a
Maxwellian distribution and to less than 5 × 105 K with a non-Maxwellian distribution. Other lines
such as Mg IX 368 Å will also be affected. This then questions some previous work regarding the
suggested detection of 3-min oscillations in the corona above sunspots.

1. Introduction

Using ultraviolet data from the Solar Maximum Mission for emission lines formed
at temperatures of 7×104 K to 1.3×105 K, Gurman et al. (1982) observed transition
region oscillations in sunspots with frequencies in the range of 5.8–7.8 mHz. Their
in-phase intensity and velocity oscillations lead them to interpret the oscillations in
terms of upward propagating acoustic waves. Thomas et al. (1987) detected sim-
ultaneously umbral oscillation at different heights, starting from the chromosphere
through to the transition region.

With the launch of SOHO there has been renewed interest in the study of umbral
oscillations. Fludra (1999, 2001) investigated 3-min intensity oscillations with the
Coronal Diagnostic Spectrometer (CDS) by observing the chromospheric line He I

and several transition region lines. He concluded that the 3-min umbral oscillations
can occur both in sunspot plumes and in the lower intensity plasma closely adjacent
to the plumes. He found the spectral power to be contained in the 5.55–6.25 mHz
range.

SUMER observations (in both intensity and velocity) have confirmed that the
sunspot oscillations are prominent in transition region lines above the umbra (Maltby
et al., 2001). Support for the acoustic wave hypothesis was presented by Brynildsen
et al. (1999a, b). They observed oscillations in intensity and velocity to test the
∗Present address: Mullard Space Science Laboratory, University College London, Holmbury St
Mary, Dorking, Surrey RH5 6NT, U.K.

Solar Physics 218: 79–84, 2003.
© 2003 Kluwer Academic Publishers. Printed in the Netherlands.



A&A 407, L29–L32 (2003)
DOI: 10.1051/0004-6361:20031057
c© ESO 2003

Astronomy
&

Astrophysics

Sunspot plume observations in the EUV

The gas pressure differential between the umbra and surrounding region
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Abstract. The electron density over a bright sunspot plume region was evaluated using lines within the O 760 Å multiplet. The
plume showed an intensity enhancement factor of≈9 in the O lines compared to regions outside the sunspot umbra. Internal
agreement between the various ratios is excellent which would suggest that the O lines do not suffer from blending problems.
The derived mean electron densities for the sunspot plume is logNe/cm−3 ≈ 9.9 compared to logNe/cm−3 ≈ 10.20−10.45 in
the surrounding area. The derived gas pressure in the plume compared to that outside leads weight to the suggestion that it is
plasma flowing from outside the spot into the umbra at transition region temperatures that is the main cause of the down-flows.
The plume non-thermal velocities are 5 to 10 km s−1 smaller than those measured in regions external to the spot, suggesting
significantly less turbulence within the umbra.

Key words. Sun: SoHO–SUMER: transition region: sunspot plumes: electron density

1. Introduction

Sunspots, the cool dark features visible on the Sun’s surface are
complex magnetic structures, perhaps even more so than pre-
viously considered as shown by recent high spatial resolution
data (Scharmer et al. 2002). Based on data obtained in
the mid-seventies, Foukal et al. (1974) and Noyes et al. (1985)
showed the existence of plume features when viewed in lines
formed around 1−2.5× 105 K. These authors showed that lines
formed around these temperatures were enhanced in radiance
by factors up to 15–25 over the normal quiet Sun values. More
recent work by Brynildsen et al. (2001) confirm these earlier
studies and often show that these plume structures are largely
dominated by down-flows of 20–30 km s−1, similar to the ear-
lier data reported by Dere (1982). From the dynamical view-
point, this would suggest a pressure imbalance between the
sunspot and the surrounding region. Although electron den-
sity estimates exist for sunspot plumes formed around 1× 105

to 2.5 × 105 K (e.g. Doyle et al. 1985), none of these provide
a comparison with data taken simultaneously in nearby struc-
tures outside of spots.

For a determination of the electron density, two such meth-
ods exist; line ratios and emission measure. Because structures
in the transition region of the solar atmosphere are much less
than the resolving power of any imaging experiment, estimates
based on the emission measure are only lower limits to the

Send offprint requests to: J. G. Doyle,
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true density. Thus the only accurate technique is the first, as-
suming that the lines are from the same ion and that accu-
rate atomic data exist for that particular ion. In this work we
use data acquired with the instrument on-board SoHO
taken around 760 Å.

This wavelength region includes the O 760 Å multiplet.
In ionization equilibrium, O is formed at an approximate tem-
perature of 2.5×105 K. Within this multiplet there are four line
ratios, each using the 761.13 Å line. Here we use only three
of these ratios due to blending in the fourth. All these lines are
separated by less than 3 Å, thus this eliminates possible cal-
ibration uncertainties which can arise if the two lines have a
large wavelength separation. In Sect. 2 we discuss the obser-
vational data, while Sect. 3 contains the results, including line
width measurements.

2. Observational material

TheSolar Ultraviolet Measurements of the Emitted Radiation
() instrument aboard theSolar and Heliospheric
Observatory(SoHO) is a high resolution, stigmatic, normal in-
cidence spectrometer covering the wavelength range from 660–
1610 Å and 465–805 Å in first and second order, respectively
(Wilhelm et al. 1995, 1997; Lemaire et al. 1997), with an angu-
lar pixel size in the direction along the slit of≈1′′ and a spec-
tral pixel size between 0.042–0.045 Å in first order. The dataset
analysed in this paper was obtained on 18 March 1999, expos-
ing a band of 120 spatial× 1024 spectral pixels from detector B
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Simultaneous observations of solar transition region blinkers
and explosive events by SUMER, CDS and BBSO

Are blinkers, explosive events and spicules the same phenomenon?
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Abstract. The SoHO discovery of the new “blinker” phenomena focused our study on the search of its relation to already
known phenomena such as explosive events and spicules. The study was performed using a specially planned joint observing
program involving the Coronal Diagnostic Spectrometer (CDS), Solar Ultraviolet Measurements of Emitted Radiation spec-
trograph (SUMER) and Big Bear Solar Observatory (BBSO) magnetograph. Within each blinker, the SUMER data reveal the
presence of small-scale (3′′–5′′), short-lived (2–3 min) bright features not seen in the CDS data which has sometimes being
interpreted as oscillations in SUMER data. With this data we have clearly identified UV explosive events in CDS data. The ex-
plosive events show a size close to the small-scale brightenings forming the blinker core. However, they appear in the SUMER
data with their typical strong blue and red wings while the blinker shows at best only a small increase in the emission of the
blue and red wings and in most instances the typical transition region red-shift in the center of the line. In all cases the explo-
sive events cover one pixel in CDS corresponding to a size of 4′′ × 4′′−6′′. All identified explosive events were located at the
border of the bright network i.e. the blinker, in the network or even in the internetwork. From this data, we believe that blinkers
and explosive events are two separate phenomena not directly related or triggering each other. In this study, the Doppler shift
was derived in a blinker phenomenon for the first time. It ranges from –5 to 25 km s−1 and is predominantly red-shifted. The
observed magnetic flux increase during the blinker phenomena seems to play a crucial role in the development of this event.
We suggest that “blinkers” maybe the on-disk signature of spicules.

Key words. Sun: corona – Sun: transition region – Sun: activity: Sun: UV radiation

1. Introduction

A new transient phenomenon named as “blinker” was first
introduced and analysed by Harrison (1997) and Harrison
et al. (1999) using data obtained with the Coronal Diagnostic
Spectrometer (CDS) on-board SoHO. Blinkers represent an
enhancement in the flux of transition region lines such
as O 599 Å, O 554 Å and O 629 Å with formation tem-
peratures 1× 105, 1.6× 105 and 2.5× 105 K, respectively. The
above authors found no significant presence in lines such as
Mg  368 Å (1×106 K) and Mg 624 Å (1×106 K) formed at
coronal temperatures. Furthermore, they found only a modest
increase in the chromospheric/low transition region He 584 Å
line. However, as was already pointed out by Harrison et al.
(1999), the blinker presence at ‘cool’ temperatures is still not
clear, because of the optical thickness of the He line (Brooks
et al. 1999).

Send offprint requests to: M. S. Madjarska,
e-mail:madj@star.arm.ac.uk

It was found that blinkers have a typical size of∼8′′ × 8′′
and an average lifetime of∼16 min. The large number of
longer-duration blinkers put the average blinker duration at al-
most 40 min (Harrison et al. 1999). Brkovi´c et al. (2001), how-
ever, using observations which permitted a better detection of
shorter and longer lived brightenings, determined a lifetime in
the range of 3–110 min, with an average duration of 23 min in
He , 16 min in O and 12 min in Mg. The average intensity
enhancement found by Harrison et al. (1999) in O and O
was 1.48 and 1.43, respectively. The intensity increase was 1.04
for Mg  and 1.08 for He, while Brković et al. (2001) found
higher values of 1.09 and 1.22, respectively, which could be
due to the different method of threshold determination.

Blinkers are preferentially located in the network lanes
(Harrison et al. 1999; Bewsher et al. 2002). Brkovi´c et al.
(2001), however, reported an appearance of brightenings also
in the internetwork. Blinkers were also studied in detail both in
the quiet Sun and active regions by Bewsher et al. (2002) and
Parnell et al. (2002). Their analysis of the magnetic fragments
in the “quiet” Sun using Michelson Doppler Imager (MDI)
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Abstract. This paper presents the formation, evolution and decay of a coronal bright point via a spectroscopic analysis of its
transition region counterpart and the evolution of the underlying magnetic bipole during 3 days of almost continuous observa-
tions. The data were obtained with various instruments on-board SoHO, including the SUMER spectrograph in the transition
region line S  933.40 Å, CDS in the He  584.33, O  629.73 and Mg  368.06 Å lines, plus MDI and EIT. The existence of the
coronal feature is strongly correlated with the evolution of the underlying bipolar region. The lifetime of the bright point from
the moment when it was first visible in the EIT images until its complete disappearance was ∼18 hrs. Furthermore, the bright
point only became visible at coronal temperatures when the two converging opposite magnetic polarities were ∼7000 km apart.
As far as the temporal coverage of the data permits, we found that the bright point disappeared at coronal temperatures after a
full cancellation of one of the magnetic polarities. The spectroscopic analysis reveals the presence of small-scale (∼6′′) transient
brightenings within the bright point with a periodicity of ∼6 min. The Doppler shift in the bright point was found to be in the
range of −10 to 10 km s−1 although it is dominated by a red-shifted emission which is associated with regions characterized
by stronger “quiet” Sun photospheric magnetic flux. Small-scale brightenings within the bright point show velocity variations
in the range 3–6 km s−1. In general the bright point has a radiance ∼4 times higher than that of the network. No relation was
found between the bright point and the UV explosive event phenomena.

Key words. Sun: corona – Sun: transition region – Sun: activity – Sun: UV radiation

1. Introduction

Coronal X-ray/EUV bright points (hereafter BPs) are among
the coronal phenomena claimed to play an important role in
the coronal heating problem. They were first identified in the
X-rays in 1969 by Vaiana et al. (1970) and later analysed
and described in detail during the Skylab mission (for reviews
see Golub 1980; Webb 1986; Habbal 1992). BPs are small
(30′′–40′′ size) coronal features of enhanced emission with a
5′′–10′′ bright core. They were associated with small bipolar
magnetic features, except for newly emerging or old and decay-
ing BPs where only one of the polarities is visible (Golub et al.
1977). They were found in the “quiet” Sun regions and coronal
holes, at the network boundaries where the “quiet” Sun mag-
netic field is mainly concentrated (Habbal et al. 1990). Sheeley
& Golub (1979) obtained a unique sequence of high resolution
Naval Research Laboratory (NRL) Skylab spectroheliograms
with a spatial resolution of ∼2′′. They showed that the coro-
nal BPs pattern consists of 2 or 3 miniature loops (2 500 km
in diameter and ∼12 000 km long) evolving on a time scale of
∼6 min. Observations by Habbal et al. (1990) confirmed this
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result showing that simultaneously measured peaks of emis-
sion in six different lines (emitted from the chromosphere to the
corona) were not always co-spatial, implying that the BPs con-
sist of a complex of small-scale loops at different temperatures.
The average lifetime of a BP is ∼20 hrs (Zhang et al. 2001) as
observed in EUV lines and 8 hrs as determined by Skylab X-ray
observations (Golub et al. 1974). Zhang et al. (2001) suggested
that the temperature of BPs is generally below 2×106 K, which
explains their smaller size and shorter lifetime in X-rays.

BPs were also observed in the transition region and chro-
mosphere, where some of them appeared at a low contrast
with a brightness similar to the brightness of the network el-
ements (Habbal & Withbroe 1981; Habbal et al. 1990; Habbal
1992). Using the High Resolution Telescope and Spectrograph
(HRTS), Moses et al. (1994) performed a spectroscopic study
aimed at investigating the correspondence of small-scale struc-
tures from different temperature regimes in the solar at-
mosphere and in particular the relationship between X-ray
BPs (XBPs) and UV transition region explosive events. They
found that the features in C  1548 Å corresponding to XBPs
were in general bright, larger scale (∼10′′) regions of complex
velocity fields of the order of 40 km s−1 which, according to
the authors, is typical for the brighter C  network elements.

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20021732



Mon. Not. R. Astron. Soc. 337, 901–909 (2002)

The O IV and S IV intercombination lines in the ultraviolet spectra
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ABSTRACT
New electron density diagnostic line ratios are presented for the O IV 2s22p 2P–2s2p2 4P and
S IV 3s23p 2P–3s3p2 4P intercombination lines around 1400 Å. A comparison of these with
observational data for the symbiotic star RR Telescopii (RR Tel), obtained with the Space
Telescope Imaging Spectrograph (STIS), reveals generally very good agreement between the-
ory and observation. However the S IV 2P3/2–4P1/2 transition at 1423.824 Å is found to be
blended with an unknown feature at 1423.774 Å. The linewidth for the latter indicates that the
feature arises from a species with a large ionization potential. In addition, the S IV 2P1/2–4P3/2

transition at 1398.044 Å is identified for the first time (to our knowledge) in an astrophysical
source other than the Sun, and an improved wavelength of 1397.166 Å is measured for the O IV
2P1/2–4P3/2 line. The O IV and S IV line ratios in a sunspot plume spectrum, obtained with the
Solar Ultraviolet Measurements of the Emitted Radiation (SUMER) instrument on the Solar
and Heliospheric Observatory, are found to be consistent, and remove discrepancies noted in
previous comparisons of these two ions.

Key words: atomic data – Sun: UV radiation – binaries: symbiotic.

1 I N T RO D U C T I O N

The O IV 2s22p 2P–2s2p2 4P and S IV 3s23p 2P–3s3p2 4P intercom-
bination multiplets around 1400 Å show prominent emission lines
in the spectra of the Sun and other astrophysical sources (see, for
example, Feldman et al. 1997; Keenan et al. 1993). It has long been
known that intensity ratios involving these transitions provide very
useful electron density (Ne) diagnostics for the emitting plasma
(Flower & Nussbaumer 1975; Bhatia, Doschek & Feldman 1980).
However, more recently several authors have noted discrepancies
between theoretical line ratios and observational data. For exam-
ple, Cook et al. (1995) found that the O IV ratios imply densities
which differ by up to an order of magnitude, while some observed
S IV line ratios lay outside the range of values allowed by theory.
Although some of these discrepancies were subsequently resolved
by improved atomic data for O IV (Brage, Judge & Brekke 1996),

�E-mail: F.Keenan@qub.ac.uk

several still remain, such as a disagreement between theory and
observation for the I(1397.2 Å)/I(1404.7 Å) intensity ratio in O IV

(Harper et al. 1999).
In this paper we use the most up-to-date atomic physics calcula-

tions for O IV and S IV to derive intercombination line ratios appli-
cable to a wide range of astrophysical phenomena. These calcula-
tions are subsequently compared with high spectral resolution and
signal-to-noise ratio observational data, in particular a spectrum of
the symbiotic star RR Telescopii (RR Tel) recently obtained with
the Hubble Space Telescope (HST). The aim of this work is to in-
vestigate the accuracy of the O IV and S IV diagnostics, and to assess
the importance of possible blending in the observations.

2 A D O P T E D ATO M I C DATA A N D
T H E O R E T I C A L L I N E R AT I O S

The model ion for O IV consisted of the 15 energetically lowest
fine-structure levels (2s22p 2P1/2,3/2; 2s2p2 4P1/2,3/2,5/2,

2D3/2,5/2,
2S,

2P1/2,3/2; 2p3 4S, 2D3/2,5/2, 2P1/2,3/2), while that for S IV comprised the

C© 2002 RAS
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Abstract. High cadence datasets taken in C  977 Å, O  1032 Å and Ne  720 Å were analysed in an effort to establish the
extent of the variability in the Doppler-shift of typical mid-transition region lines. The shortest time-scale variability seems to
occur in the network boundary regions where the line-shift can vary by 7–8 km s−1 in less than 1 min. The internetwork region
also shows variability although this tends to be longer lived, ∼2–3 min. The average line-shift in C  is a red-shift which ranges
from ∼2 km s−1 to ∼20 km s−1 with an average value for all regions selected being around 10 km s−1 in very good agreement
with that derived by others. The red-shift values indicate a clear difference between network and internetwork regions, with the
largest red-shift being present at the network boundary. For O , this gives an average red-shift ranging from 5 to 10 km s−1.
For Ne , there is a 13 km s−1 difference between internetwork and bright network plasma with the bright network being more
red-shifted. This could imply that the bright network regions are dominated by spicule down-flow.
In the second part we present results from 2-dimensional (2D) dissipative magnetohydrodynamic (MHD) simulations of the
response of the solar transition region to micro-scale energy depositions. A variety of temperatures at which the energy de-
position takes place as well as the amount of energy deposited are examined. This work is a continuation of previous related
simulations where small-scale energy depositions were modelled in 1D hydrodynamics. The observable consequences of such
transient events are then computed for three transition region lines, namely C  1548 Å, O  1032 Å, and Ne  770 Å, under
the consideration of non-equilibrium ionization.
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1. Introduction

It is now well established that spectral lines formed at around
100 000 K in the solar transition region exhibit a net red-shift. If
this observed red-shift can be attributed to plasma down-flow, it
should be very important from the point of the transition region
dynamics and may have implications for the energy balance in
the outer solar atmosphere. Models attempting to explain the
net mass flows in magnetic loops include those where the flows
are driven by asymmetries (such as heating or pressure imbal-
ances) between the two legs of the loop (Mariska & Boris 1983;
Mariska 1988; Spadaro et al. 1991) or by radiatively-cooling
condensations (Reale et al. 1997). Another model suggests that
the observed red-shift could be due to the return of spicular ma-
terial (Pneuman & Kopp 1978). This model has recently been
re-evaluated by Wilhelm (2000).
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Hansteen (1993) showed that red-shifted transition region
lines are predicted for downward propagating acoustic waves,
and blue-shifted lines are predicted when the perturbations
propagate towards the corona (Hansteen & Wikstøl 1994).
A followup study by Hansteen et al. (1977) give additional sim-
ulation results using nonlinear Alfven waves which give larger
line-shifts. In general, impulsive energy release (nano/micro-
flaring), at the top of magnetic loops can generate downward
traveling MHD waves, perhaps steepening into shocks and
leading to both red- and blue-shifts, depending on the line
formation temperature. Recently, Chae et al. (1997) showed
that the enthalpy flux due to down-flow determines the over-
all energy balance in the transition region at temperatures
below 105 K.

In a recent observational paper, we looked at the be-
haviour of spectral lines from the chromosphere to the corona
(Teriaca et al. 1999a). It was found that the Doppler veloci-
ties ranged from ∼0 km s−1 at ∼20 000 K to a red-shift of
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Abstract. EUV explosive events are a prominent class of phenomena characterizing the solar transition region. Their correct
location in the wider frame-work of the outer solar atmosphere can provide important insight on the nature of the transition
region itself and its relationship with the hotter corona and the cooler chromosphere. In this paper we present new high-cadence
SUMER observations of the “quiet” Sun obtained simultaneously in the mid-transition region N  1238.8 Å line (1.8 × 105 K)
and in the coronal Mg  625 Å line (1.1 × 106 K). These observations are aimed at providing information on the behaviour of
the coronal plasma during EUV transition region explosive events detected in N  1238.8 Å. None of the events observed in N 
shows any detectable signature in the Mg  line profile or in its integrated intensity. The analysis of 1996 observations obtained
simultaneously in N  1238.8 Å and S  1253.8 Å (3.5× 104 K) shows, instead, a weak but clear presence of enhanced wings in
the S  line profile during a series of events observed in N . These results suggest that EUV explosive events are not directly
relevant in heating the corona and are characteristic of structures not obviously connected with the upper corona. The evidence
of a chromospheric response suggests that, contrary to some previous suggestions, explosive events have a chromospheric
origin.
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1. Introduction

When observed with high spatial (∼1 arcsec) and temporal
(∼10−100 s) resolution the “quiet” Sun transition region is
anything but “quiet” showing, together with quasi-periodic
fluctuations of the intensity and shift of ultraviolet emission
lines (O’Shea et al. 2001; Banerjee et al. 2001) also transient
events such as brightening (Doyle et al. 1998; Gallagher et al.
1999; Brković et al. 2000 and references therein), blinkers
(strong transient brightenings on time-scales of tens of min-
utes; Harrison 1997; Harrison et al. 1999) and UV explosive
events and jets (Brueckner & Bartoe 1983). In particular, UV
explosive events are a class of dynamic events quite common
in “quiet” Sun areas, with a birthrate over the whole Sun of
between 600 s−1 (Dere et al. 1989) and 3300 s−1 (Ryutova
& Tarbell 2000). A similar birthrate is observed also on disk
areas within coronal holes (Dere 1992). Explosive events are
characterized by spatial scales of ∼2000 km, average lifetime
of about 60 s and highly non-Gaussian line profiles showing
Doppler shifts up to 250 km s−1 (Dere et al. 1989) and of-
ten appear in bursts lasting up to 30 min (Innes et al. 1997a;
Chae et al. 1998a; Pérez et al. 1999). They are generally
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observed at the boundaries of the super-granulation cells
(Porter & Dere 1991) in regions with weak and mixed polar-
ity fluxes away from the brightest network regions (Chae et al.
1998a). Some of them have also been observed in dark cell-
center areas (Wilhelm et al. 1998). The often observed asso-
ciation with episodes of photospheric magnetic flux cancella-
tion (Dere et al. 1991; Chae et al. 1998a; Ryutova & Tarbell
2000) indicates magnetic reconnection to be their likely energy
source.

Despite the fact that UV explosive events have been ob-
served for almost 20 years (Brueckner & Bartoe 1983; Dere
et al. 1989; Dere et al. 1991; Porter & Dere 1991; Dere 1994;
Innes 1997a, 1997b; Wilhelm et al. 1998; Chae et al. 1998a,
1998b; Pérez et al. 1999; Landi et al. 2000; Ryutova & Tarbell
2000; Teriaca et al. 2001) their location in the wider frame-
work of the outer solar atmosphere is still uncertain since
the large majority of the observational work was restricted to
lines formed below 106 K. Dere (1992), from the analysis of
HRTS spectra, reports that less than 1% of the explosive events
observed in transition region lines are also seen in chromo-
spheric lines such as C  1561 Å, while they are weakly seen
in C  1335 Å. However, taking advantage of the higher sensi-
tivity of the SUMER spectrograph, Madjarska & Doyle (2002)
offered further evidence that transition region explosive events
appear in chromospheric lines such as O  and the optically
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Abstract. High cadence observations (10 s exposure time) obtained with the SUMER spectrometer on-board
SoHO in the Ly 6 (20 000 K) and S vi (200 000 K) lines reveal new insight on the nature of explosive events. A
time delay in the response of the S vi line with respect to the Ly 6 line has been observed, with the Ly 6 line
responding with about 20–40 s earlier. A temporal series obtained with 30 s exposure time and covering the
entire Lyman series plus O i, C ii and S vi (temperature range from 15 000 to 200 000 K) has also been explored
showing the response of all these lines during transient phenomena. New common features linking explosive events
and blinkers were found. During explosive events, the central intensity increases between 1.6 and 2.0 times the
pre-event value while the same range of intensity increase was already reported during blinker phenomena. On
the other hand the maximum intensity increase in Ly 6 was only 13%.

Key words. Sun: activity – Sun: atmosphere – Sun: magnetic field – Sun: UV radiation

1. Introduction

Observations made with the Naval Research Laboratory’s
high resolution telescope and spectrograph (HRTS) re-
vealed the existence of high velocity small-scale events
seen in lines from ions formed at temperatures from
2 × 104 K (C ii) to 2 × 105 K (N v) with no signa-
ture in chromospheric lines such as Si ii (1.3 × 104 K),
C i (6–10 × 103 K) and O i (1.5 × 104 K), formed be-
low 2 × 104 K (Brueckner & Bartoe 1983). Discovered
and classified by Brueckner & Bartoe (1983) as turbulent
events and jets, they are characterized by non-Gaussian
profiles due to an enhancement in the blue and red wings,
often observed with an offset along the slit (Dere et al.
1989; Innes et al. 1997a). Most of the events are predom-
inantly blueshifted, showing velocities up to 250 km s−1.
Their first identification was followed by several stud-
ies based on observations obtained with HRTS and the
spectrometer Solar Ultraviolet Measurements of Emitted
Radiation (SUMER) on-board SoHO performed by Dere
et al. (1989), Porter & Dere (1991), Innes et al. (1997a),
Chae et al. (1998a), Pérez et al. (1999), Landi et al. (2000)
and Teriaca et al. (2001). The authors extended the de-
scription of their general characteristics naming them by
the term “explosive events”.

The explosive events are located in the network lanes
at the boundaries of the super-granulation cells where the
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neutral line separates regions of opposite magnetic polar-
ity (Dere et al. 1991; Porter & Dere 1991). They appear
preferably in regions with weak fluxes of mixed polarity
or on the border of regions with large concentration of
magnetic flux (Chae et al. 1998a). The average lifetime
of the explosive events ranges from ∼60 to 350 s (Dere
1994) with spatial dimensions of ∼2500 km. They are of-
ten observed in bursts (Innes et al. 1997a) lasting up to
30 min in regions undergoing magnetic cancellation (Chae
et al. 1998a). Using the density sensitive line intensity ra-
tio O iv 1401.16/1404.81, Teriaca et al. (2001) found an
electron density increase by a factor ∼3 during explosive
events. They also showed an increase of the line intensity
ratio O iv 1401/O iii 703 during an explosive event which
suggests a temperature increase during the phenomena.

Explosive events seem to be a product of magnetic re-
connection (Parker 1988; Porter & Dere 1991; Dere 1994;
Innes et al. 1997b; Wilhelm et al. 1998; Roussev et al.
2001) because they tend to occur on the neutral line sep-
arating regions of opposite magnetic polarity, appear as
bi-directional jets (Innes et al. 1997b) with velocities com-
parable to the local Alfvén velocity (Dere 1994), and they
are often associated with a cancellation of photospheric
magnetic flux (Dere et al. 1991; Dere 1994; Chae et al.
1998a).

After the launch of the SoHO satellite it became pos-
sible to observe Lyman lines with high spectral, spatial
and temporal resolution. Using these lines as a plasma di-
agnostic tool has several advantages. They cover heights
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