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This review talk is dedicated to the summary of what we have learned in the IRIS era about the
flux emergence and related activity phenomena as well as to the perspective of what we will achieve
in the near future. We first review some important findings of, especially, the UV bursts in newly
emerging flux regions and the plasma dynamics in sunspot light bridges. It is shown that many of
the key achievements are made through the comparison of satellite observations (IRIS, Hinode, SDO,
etc.), ground-based observations (SST, GST, etc.), and a variety of numerical simulations. However, the
only physical parameters we can compare between observations and simulations are the vector magnetic
fields in the photosphere and the Doppler velocities of a few spectral lines. Therefore, in general, the
quantitative comparison is not easy. However, this di�culty may be overcome by new instruments in
the coming decade. For example, DKIST has a capability to measure magnetic fields in the atmospheres
(e.g. in the chromosphere) with high spatial resolutions. The proposed Solar-C EUVST will monitor
atmospheres with wide temperature coverage from the chromosphere to the corona, providing rich
plasma diagnostics of various layers. Combined with existing observations and numerical modeling,
these new capabilities may open a door to the quantitative evaluation of mass and energy transport,
seamlessly from the photosphere to the corona through the interface region.
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1. Introduction or “Why am I doing this?”

Hinode/SOT (Dec 1-2, 2006) 2D flux-emergence simulation

• Undergraduate study in 2009
• Serpentine fields reconnect at dipped parts, 

which is observed as Ellerman bombs
• Resistive emergence [Pariat+ 2004]

• emergence
• cancellation



• Science objectives of IRIS
1. Atmospheric heating: waves vs nano-flares?
2. Mass and energy supply to the corona and 

heliosphere?
3. Magnetic flux and mass transport though the 

lower atmosphere, and role of flux emergence in 
flares and CMEs?

[DePontieu et al. 2014]

→ Flux emergence is one of the most 
important targets of the IRIS mission

1. Introduction or “Why am I doing this?”

NASA/IRIS

• This talk aims at
• IRIS achievements: UV bursts and dynamics in

• Emerging flux regions
• Light bridges

• Discussion on new capabilities of
• Ground-based observatories
• Future space missions



• The so-called “IRIS bombs”
• Explosive IRIS UV spectra seen at flux cancellation sites

2. UV Bursts in EFRs

SJI 1400 Å Mg II k3 Mg II triplet Si IV Dopplergram

AIA 1600 Å AIA 1700 Å HMI magnetogram HMI continuum

“Textbook” emergence observed by IRIS, Hinode, and SDO [Toriumi et al. 2017]

DC

[c.f. many talks in this week; see Young et al. (2018 arXiv) for review on UV bursts]



• The so-called “IRIS bombs”
• Unusual profiles like…

absorption features are typically blueshifted
by ~5 km/s (table S1). The presence of absorp-
tion features superimposed on emission lines
implies that cool material is stacked on top of
hot material.
These observations are compatible with the

following scenario (Fig. 4): Similar to another
observationally motivated scenario (17) and 3D
models for Ellerman bombs (18, 19), serpentine
magnetic field lines form in the process of flux
emergence, which produce magnetic dips in the
photosphere (20, 21). The corresponding oppo-
site polarities at the bomb locations are clear
(Fig. 1 and movie S1; see also supplementary
text S2). The resulting U-loop is dragged down
by the mass it accumulated (22, 23), and in the
upper part of the U shape, the magnetic field
reconnects. In response to the explosion caused
by reconnection, the plasma in the photosphere
is heated to almost 100,000 K, and a bidirec-
tional flow channeled by the magnetic field is

SCIENCE sciencemag.org 17 OCTOBER 2014 • VOL 346 ISSUE 6207 1255726-3

Fig. 3. Spectrum of a hot explosion. High-up and downward velocities and cool overlying plasma can be seen in the spectrum of bomb 1 (in a single
spatial pixel in the middle of the diamond marked “1” in Fig. 1). Wavelengths and labeling are identical to those in Fig. 2. The thin red lines show a Si IV
composite spectrum plotted over the C II, Si IV, and Mg II lines (shifted to the respective rest wavelength and scaled in radiance to roughly match the C II
and Mg II lines). The statistical errors in spectral radiance are 0.5 × (DN per pixel)1/2 in the far ultraviolet channels (top and middle row) and 0.24 × (DN
per pixel)1/2 in the near ultraviolet channel (bottom row).

Fig. 4. Scenario for the
hot explosions, or
bombs. Cartoon of the
bomb scenario. An
undulating magnetic field
line emerges, and the
resulting U-loop gets
dragged down. Being
squeezed together, the
magnetic field reconnects,
and plasma is heated
and accelerated deep in
the atmosphere. The
bidirectional outflow from
the reconnection region
causes the double-humped
line profiles of Si IV, C II, and
Mg II, whereas the cool
material above (white
hashed area) causes the
absorption lines.
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Self-reversal +
strong Doppler shift

“Cool” line absorption
on the “hot” spectra

Mg II triplet
in emission

[Peter et al. 2014; see also Vissers+ 2015, Tian+ 2016, Toriumi+ 2017]



• The so-called “IRIS bombs”
• Hinode/SOT vector fields show U-shaped loops in most cases
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Appendix
PILs of Mixed-polarity Events

Figure 10 summarizes the six remaining mixed-polarity
events. Here, except for the two events (shown with red
arrows), the PILs are dominated by the field lines with bald-
patch configurations. Combined with the event introduced in
Section 3.3.1, one can see that five out of seven total mixed-
polarity BPs (71%) reveal bald-patch PILs. The event shown in
the top middle panel of Figure 10 is separated in two patches
with both “dip”-dominated and “top”-dominated PILs (red
arrows), which may also support the importance of bald-patch
PILs for the mixed-polarity events.
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Figure 10. Six remaining mixed-polarity events located at (from top left to bottom right) = -X Y, 335 , 280( ) ( ), -328 , 274( ), -336 , 272( ), -336 , 265( ),
-340 , 265( ), and -333 , 267( ) in Figure 2(b). Each panel shows the SP circular polarization map (black and white), Ca II H contour (red) defining the Ca BPs, and

locations of PILs (dots), where yellow and turquoise indicate that the magnetic fields have “dip” (i.e., bald-patch) and “top” structures, respectively. In the top middle
panel, a single event is separated into two patches at the moment of SOT SP scan.
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U-shaped loops
(bald patch)

Ω-shaped loops

[Titov+ 1993]

[Toriumi et al. 2017: see also Zhao+ 2017]

Bz = 0 and B・∇Bz > 0

2. UV Bursts in EFRs



• The so-called “IRIS bombs”
• Many are found at quasi-separatrix layers (QSLs) at z~1 Mm

found outside the emerging flux region, which is not consistent
with our understanding that bald patches are very common
structures in emerging flux regions (e.g., Cheung &
Isobe 2014).

A strong electric current can form at locations where the
magnetic field has strong gradients of connectivities. The
squashing factor Q can be used to quantify the gradients.
Locations of large Q values form the so-called quasi-separatrix
layers (QSLs), where magnetic reconnection often occurs. We
also investigate the magnetic connectivities in the reconstructed
three-dimensional magnetic field structure by calculating the Q
maps at different heights above the photosphere using the
method of Liu et al. (2016). The Q maps at z=0Mm
(photosphere), z=1.4Mm, and z=3.6Mm are presented in
Figures 10(D)–(F). It appears that at the height of z=1.4 Mm
all UV bursts are located in regions of large Q values. A similar
result is also found at the height of z=0.7Mm (not shown
here). At the layers of z=0Mm and z=3.6 Mm many
UV bursts are still associated with large Q values, though
some bursts are found in regions of small Q values. Such a
result possibly suggests the most probable formation height of
UV bursts around z=1Mm, consistent with our previous
suggestion that UV bursts are generated through magnetic
reconnection in the lower chromosphere or upper photosphere
(Peter et al. 2014; Tian et al. 2016). An analysis of the magnetic

topology using the other two magnetograms taken at 16:48 UT
and 16:24 UT reveals a similar result. At these two times, about
50%–70% of the UV bursts are located at QSLs at z=3.6 Mm.
However, around z=1Mm, almost all, or a larger fraction of
UVBs, are associated with large Q values. Through an
investigation of the magnetic field structure, Pariat et al.
(2004) concluded that EBs are produced by reconnection, not
only at bald patches, but also along their separatrices.
Considering the fact that many UV bursts are connected to
EBs (Tian et al. 2016), our finding is consistent with this
conclusion.

7. Summary

We have presented analysis results of intense local heating
events in a unique IRIS observation of the earliest-stage flux
emergence. Our results provide important constraint to the
modeling of the formation and energization of active regions.
At the beginning, the region observed by IRIS appears to

be a typical quiet-Sun region, showing obvious network
structures in the HMI line-of-sight magnetograms and
IRIS1400Åimages. From the photospheric 2832Åimages,
no sunspots can be identified in the region scanned by
the IRIS slit. As time evolves, HMI observed continuous
emergence of small-scale magnetic bipoles. The ongoing flux

Figure 10. (A)–(C) IRIS/SJI 1400 Å image, HMI line-of-sight magnetogram and SDO/AIA 1700 Å image taken at 16:36 UT. (D)–(F) Images of the squashing factor
at the heights of 0 Mm, 1.4 Mm, and 3.6 Mm above the photosphere. Blue contours outlining the compact brightenings in the 1400 Å image at 16:36 UT are
overplotted in other images. The green dots indicate locations of bald patches.
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many UV bursts may not be related to bald patch reconnection.
We have also performed potential field extrapolation using only
the line-of-sight component of the magnetic field data. The
magnetic topology is notably different from what we have

obtained using the current method. We believe that the
potential field extrapolation is not suitable for the study of
UV bursts occurring during processes of flux emergence. This
is because in the potential field model most bald patches are

Figure 8. (A)–(B) Sequences of IRIS1400 Å images and HMI line-of-sight magnetograms in a small region enclosing bursts 1 and 2. Blue contours outlining the two
UV bursts observed in the 1400 Å images are overplotted in the magnetograms. The size of each image is 11 Mm×18 Mm. (C)–(D) Signed magnetic fluxes
integrated within the rectangular regions shown in (B) and 1400 Å intensity integrated within the contours for the two UV bursts. An animated version of panels (A)
and (B), showing images from 15:18 to 17:08 UT, is available online.

(An animation of this figure is available.)

Figure 9. Left: IRIS/SJI 1400 Å image taken at 16:36 UT. Middle and right: top view of the reconstructed magnetic field lines. The background is the same 1400 Å
image in the middle panel and the simultaneously taken photospheric magnetogram in the right panel.
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・Bald patch
— SJI 1400 Å

Q: squashing 
factor

SJI 1400 Å Blos + extrapolation AIA 1700 Å

Q (z=0 Mm) Q (z=1.4 Mm) Q (z=3.6 Mm)

[Tian et al. 2018;
see also Chitta’s talk]

2. UV Bursts in EFRs



• The so-called “IRIS bombs”
• Some are co-spatial with Ellerman bombs, but some are not

Si IV peak
intensity

Hα core

Hα
blue wing

Hα
red wing

Figure 3. IRIS, NVST, and SDO images showing a ´7 × 7´region enclosing each identified IB. Locations of the IBs are marked by overplotting contours of the Si IV
1393.755 Å peak intensity. The observing times of the IRIS/SJI, NVST, and SDO images are also marked in corresponding panels. The red crosses shown in the Si IV
intensity images indicate the locations where the line profiles presented in Figures 4–9 are obtained.
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HMI BLOS

[Tian et al. 2016; see also Grubecka+ 2016]

2. UV Bursts in EFRs



• Numerical modeling shows the answers
• Bifrost simulation by Hansteen et al. (2017)

overall flame-like structure to the EBs. These results come into
close agreement with the location, morphology,and dynamics
of observed EBs (see also the animation of Figure 1, which
shows the time evolution in the line wing and at +50 pm from
the line core).

Synthetic spectroheliograms from the model (Figures 2(a),
(b)) show that EBs appear assmall (size 1–1.5 Mm) bright
structures in the far wings of Hα and the Mg II h and k lines.

They occur at the interface between opposite polarity fields of
adjacent emerging bipoles (Figure 2(d)). Profound downflows
(Figure 2(e)) occur on either side of the interface, due to plasma
draining along the flanks of the emerging bipoles. The plasma
at photospheric heights in the interface is heated to
(8–9)×103 K (Figure 2(f)), giving onset to EBs.
The synthetic EBs are not visible at the line core of the Hα

and Mg II h lines (Figures 2(g) and (h)) and they are barely

Figure 2. Modeled spectra show signatures that resemble the characteristics of EBs, UV bursts, and small flares. Hα line wing (a), Mg II line wing (b), Si IV total
intensity (c); photospheric magnetogram (Bz) and selected field lines (d), photospheric velocity uz (e), and temperature (f),Hα line core (g), Mg II line core (h), and
line profiles of Hα, Mg II along x=8.5, and Si IV along x=6Mm (i). The red and green cross hairs show the location of a simulated EB and UV bursts, respectively.
In panel (d), yellow field lines have been traced from the EB site (indicated by the red orthogonal lines) and red field lines from the vicinity of the small flare. The
green field lines have been traced from various magnetic polarities at z=0Mm and for x�10 Mm. The animation of this figure shows the synthetic Hα near the line
core (at +50 pm) seen from solar heliocentric angle of μ=1 over a period of 200s showing formation of opaque dark fibrils over the emerging flux region.

(An animation of this figure is available.)
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Figure 6. Overall field-line topology and the onset of an EB, UV burst, and a small chromospheric flare. (a)Selected fieldlines showing the serpentine field at
t=9160s. Yellow and red fieldlines have been traced from the areas highlighted by the black insets (left and right, respectively). The image shows the distribution
of vertical velocity at the photosphere (red color indicates downflowing material). (b)–(c)Close-up of the field lines, which have been traced from within the left inset
in (a), at t=8800s (b) and t=9160s (c). They are colored according to the value of the temperature. The arrows show the projection of the full magnetic field
vector at x=8.4 Mm. The horizontal (dashed) line shows the photosphere. The localized temperature enhancement, just above z=0Mm and y≈3.5 Mm,
illustrates the location of the EB. (d)–(e)Emergence of Ω-loops, out of the serpentine fieldlines ((d), t = 7870 s), leads to expansion and reconnection at the
chromosphere ((e), t = 7930 s) and the triggering of a UV burst. The downward-released reconnected field lines build an arcade anchored in the photosphere. The
chromospheric plasma at, and close to, the reconnection site (e.g., at the top of the arcade, y = 4.7 Mm, z = 1.3 Mm) is heated to high temperatures, triggering a UV
burst. The horizontal slice shows the Bz distribution at the photosphere (white (black) shows positive (negative) Bz, in the range of [−103, 103 G]). The arrows show
the full magnetic field vector at x≈8 Mm. (f)–(g)Close-up of the field lines, which have been traced from within the right inset in (a), at t=8800s (f) and
t=9250s (g). The arrows show the projection of the full magnetic field vector at x≈6 Mm. The two horizontal (dashed) lines show heights at z=1.75 Mm and at
z=0Mm. Nearby emerging loops come into contact and reconnect in a similar manner to the UV burst case. Energy release occurs at the upper chromosphere
(around z = 1.8 Mm, y = 13 Mm), where plasma is less dense, leading to profound plasma heating (106 K) and the onset of a small chromospheric flare.
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2. UV Bursts in EFRs



• Numerical modeling shows the answers
• Bifrost simulation by Hansteen et al. (2017)

overall flame-like structure to the EBs. These results come into
close agreement with the location, morphology,and dynamics
of observed EBs (see also the animation of Figure 1, which
shows the time evolution in the line wing and at +50 pm from
the line core).

Synthetic spectroheliograms from the model (Figures 2(a),
(b)) show that EBs appear assmall (size 1–1.5 Mm) bright
structures in the far wings of Hα and the Mg II h and k lines.

They occur at the interface between opposite polarity fields of
adjacent emerging bipoles (Figure 2(d)). Profound downflows
(Figure 2(e)) occur on either side of the interface, due to plasma
draining along the flanks of the emerging bipoles. The plasma
at photospheric heights in the interface is heated to
(8–9)×103 K (Figure 2(f)), giving onset to EBs.
The synthetic EBs are not visible at the line core of the Hα

and Mg II h lines (Figures 2(g) and (h)) and they are barely

Figure 2. Modeled spectra show signatures that resemble the characteristics of EBs, UV bursts, and small flares. Hα line wing (a), Mg II line wing (b), Si IV total
intensity (c); photospheric magnetogram (Bz) and selected field lines (d), photospheric velocity uz (e), and temperature (f),Hα line core (g), Mg II line core (h), and
line profiles of Hα, Mg II along x=8.5, and Si IV along x=6Mm (i). The red and green cross hairs show the location of a simulated EB and UV bursts, respectively.
In panel (d), yellow field lines have been traced from the EB site (indicated by the red orthogonal lines) and red field lines from the vicinity of the small flare. The
green field lines have been traced from various magnetic polarities at z=0Mm and for x�10 Mm. The animation of this figure shows the synthetic Hα near the line
core (at +50 pm) seen from solar heliocentric angle of μ=1 over a period of 200s showing formation of opaque dark fibrils over the emerging flux region.

(An animation of this figure is available.)
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Figure 2. Modeled spectra show signatures that resemble the characteristics of EBs, UV bursts, and small flares. Hα line wing (a), Mg II line wing (b), Si IV total
intensity (c); photospheric magnetogram (Bz) and selected field lines (d), photospheric velocity uz (e), and temperature (f),Hα line core (g), Mg II line core (h), and
line profiles of Hα, Mg II along x=8.5, and Si IV along x=6Mm (i). The red and green cross hairs show the location of a simulated EB and UV bursts, respectively.
In panel (d), yellow field lines have been traced from the EB site (indicated by the red orthogonal lines) and red field lines from the vicinity of the small flare. The
green field lines have been traced from various magnetic polarities at z=0Mm and for x�10 Mm. The animation of this figure shows the synthetic Hα near the line
core (at +50 pm) seen from solar heliocentric angle of μ=1 over a period of 200s showing formation of opaque dark fibrils over the emerging flux region.

(An animation of this figure is available.)
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Figure 2. Modeled spectra show signatures that resemble the characteristics of EBs, UV bursts, and small flares. Hα line wing (a), Mg II line wing (b), Si IV total
intensity (c); photospheric magnetogram (Bz) and selected field lines (d), photospheric velocity uz (e), and temperature (f),Hα line core (g), Mg II line core (h), and
line profiles of Hα, Mg II along x=8.5, and Si IV along x=6Mm (i). The red and green cross hairs show the location of a simulated EB and UV bursts, respectively.
In panel (d), yellow field lines have been traced from the EB site (indicated by the red orthogonal lines) and red field lines from the vicinity of the small flare. The
green field lines have been traced from various magnetic polarities at z=0Mm and for x�10 Mm. The animation of this figure shows the synthetic Hα near the line
core (at +50 pm) seen from solar heliocentric angle of μ=1 over a period of 200s showing formation of opaque dark fibrils over the emerging flux region.

(An animation of this figure is available.)
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Figure 2. Modeled spectra show signatures that resemble the characteristics of EBs, UV bursts, and small flares. Hα line wing (a), Mg II line wing (b), Si IV total
intensity (c); photospheric magnetogram (Bz) and selected field lines (d), photospheric velocity uz (e), and temperature (f),Hα line core (g), Mg II line core (h), and
line profiles of Hα, Mg II along x=8.5, and Si IV along x=6Mm (i). The red and green cross hairs show the location of a simulated EB and UV bursts, respectively.
In panel (d), yellow field lines have been traced from the EB site (indicated by the red orthogonal lines) and red field lines from the vicinity of the small flare. The
green field lines have been traced from various magnetic polarities at z=0Mm and for x�10 Mm. The animation of this figure shows the synthetic Hα near the line
core (at +50 pm) seen from solar heliocentric angle of μ=1 over a period of 200s showing formation of opaque dark fibrils over the emerging flux region.

(An animation of this figure is available.)
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Figure 6. Overall field-line topology and the onset of an EB, UV burst, and a small chromospheric flare. (a)Selected fieldlines showing the serpentine field at
t=9160s. Yellow and red fieldlines have been traced from the areas highlighted by the black insets (left and right, respectively). The image shows the distribution
of vertical velocity at the photosphere (red color indicates downflowing material). (b)–(c)Close-up of the field lines, which have been traced from within the left inset
in (a), at t=8800s (b) and t=9160s (c). They are colored according to the value of the temperature. The arrows show the projection of the full magnetic field
vector at x=8.4 Mm. The horizontal (dashed) line shows the photosphere. The localized temperature enhancement, just above z=0Mm and y≈3.5 Mm,
illustrates the location of the EB. (d)–(e)Emergence of Ω-loops, out of the serpentine fieldlines ((d), t = 7870 s), leads to expansion and reconnection at the
chromosphere ((e), t = 7930 s) and the triggering of a UV burst. The downward-released reconnected field lines build an arcade anchored in the photosphere. The
chromospheric plasma at, and close to, the reconnection site (e.g., at the top of the arcade, y = 4.7 Mm, z = 1.3 Mm) is heated to high temperatures, triggering a UV
burst. The horizontal slice shows the Bz distribution at the photosphere (white (black) shows positive (negative) Bz, in the range of [−103, 103 G]). The arrows show
the full magnetic field vector at x≈8 Mm. (f)–(g)Close-up of the field lines, which have been traced from within the right inset in (a), at t=8800s (f) and
t=9250s (g). The arrows show the projection of the full magnetic field vector at x≈6 Mm. The two horizontal (dashed) lines show heights at z=1.75 Mm and at
z=0Mm. Nearby emerging loops come into contact and reconnect in a similar manner to the UV burst case. Energy release occurs at the upper chromosphere
(around z = 1.8 Mm, y = 13 Mm), where plasma is less dense, leading to profound plasma heating (106 K) and the onset of a small chromospheric flare.
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←
z=0 Mm

• Ellerman bombs
• Photospheric reconnection
• Brightening in Hα wings
• Not seen in Hα core due to overlying 

canopy fields
• Not clearly seen in Si IV
• Photo temp = 8000–9000 K

2. UV Bursts in EFRs
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adjacent emerging bipoles (Figure 2(d)). Profound downflows
(Figure 2(e)) occur on either side of the interface, due to plasma
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(8–9)×103 K (Figure 2(f)), giving onset to EBs.
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Figure 2. Modeled spectra show signatures that resemble the characteristics of EBs, UV bursts, and small flares. Hα line wing (a), Mg II line wing (b), Si IV total
intensity (c); photospheric magnetogram (Bz) and selected field lines (d), photospheric velocity uz (e), and temperature (f),Hα line core (g), Mg II line core (h), and
line profiles of Hα, Mg II along x=8.5, and Si IV along x=6Mm (i). The red and green cross hairs show the location of a simulated EB and UV bursts, respectively.
In panel (d), yellow field lines have been traced from the EB site (indicated by the red orthogonal lines) and red field lines from the vicinity of the small flare. The
green field lines have been traced from various magnetic polarities at z=0Mm and for x�10 Mm. The animation of this figure shows the synthetic Hα near the line
core (at +50 pm) seen from solar heliocentric angle of μ=1 over a period of 200s showing formation of opaque dark fibrils over the emerging flux region.

(An animation of this figure is available.)
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Figure 2. Modeled spectra show signatures that resemble the characteristics of EBs, UV bursts, and small flares. Hα line wing (a), Mg II line wing (b), Si IV total
intensity (c); photospheric magnetogram (Bz) and selected field lines (d), photospheric velocity uz (e), and temperature (f),Hα line core (g), Mg II line core (h), and
line profiles of Hα, Mg II along x=8.5, and Si IV along x=6Mm (i). The red and green cross hairs show the location of a simulated EB and UV bursts, respectively.
In panel (d), yellow field lines have been traced from the EB site (indicated by the red orthogonal lines) and red field lines from the vicinity of the small flare. The
green field lines have been traced from various magnetic polarities at z=0Mm and for x�10 Mm. The animation of this figure shows the synthetic Hα near the line
core (at +50 pm) seen from solar heliocentric angle of μ=1 over a period of 200s showing formation of opaque dark fibrils over the emerging flux region.

(An animation of this figure is available.)
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intensity (c); photospheric magnetogram (Bz) and selected field lines (d), photospheric velocity uz (e), and temperature (f),Hα line core (g), Mg II line core (h), and
line profiles of Hα, Mg II along x=8.5, and Si IV along x=6Mm (i). The red and green cross hairs show the location of a simulated EB and UV bursts, respectively.
In panel (d), yellow field lines have been traced from the EB site (indicated by the red orthogonal lines) and red field lines from the vicinity of the small flare. The
green field lines have been traced from various magnetic polarities at z=0Mm and for x�10 Mm. The animation of this figure shows the synthetic Hα near the line
core (at +50 pm) seen from solar heliocentric angle of μ=1 over a period of 200s showing formation of opaque dark fibrils over the emerging flux region.
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Figure 2. Modeled spectra show signatures that resemble the characteristics of EBs, UV bursts, and small flares. Hα line wing (a), Mg II line wing (b), Si IV total
intensity (c); photospheric magnetogram (Bz) and selected field lines (d), photospheric velocity uz (e), and temperature (f),Hα line core (g), Mg II line core (h), and
line profiles of Hα, Mg II along x=8.5, and Si IV along x=6Mm (i). The red and green cross hairs show the location of a simulated EB and UV bursts, respectively.
In panel (d), yellow field lines have been traced from the EB site (indicated by the red orthogonal lines) and red field lines from the vicinity of the small flare. The
green field lines have been traced from various magnetic polarities at z=0Mm and for x�10 Mm. The animation of this figure shows the synthetic Hα near the line
core (at +50 pm) seen from solar heliocentric angle of μ=1 over a period of 200s showing formation of opaque dark fibrils over the emerging flux region.

(An animation of this figure is available.)
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• UV bursts
• Reconnection in higher altitude
• Clearly seen only in Si IV (intensity 

200 times stronger than average)

Figure 6. Overall field-line topology and the onset of an EB, UV burst, and a small chromospheric flare. (a)Selected fieldlines showing the serpentine field at
t=9160s. Yellow and red fieldlines have been traced from the areas highlighted by the black insets (left and right, respectively). The image shows the distribution
of vertical velocity at the photosphere (red color indicates downflowing material). (b)–(c)Close-up of the field lines, which have been traced from within the left inset
in (a), at t=8800s (b) and t=9160s (c). They are colored according to the value of the temperature. The arrows show the projection of the full magnetic field
vector at x=8.4 Mm. The horizontal (dashed) line shows the photosphere. The localized temperature enhancement, just above z=0Mm and y≈3.5 Mm,
illustrates the location of the EB. (d)–(e)Emergence of Ω-loops, out of the serpentine fieldlines ((d), t = 7870 s), leads to expansion and reconnection at the
chromosphere ((e), t = 7930 s) and the triggering of a UV burst. The downward-released reconnected field lines build an arcade anchored in the photosphere. The
chromospheric plasma at, and close to, the reconnection site (e.g., at the top of the arcade, y = 4.7 Mm, z = 1.3 Mm) is heated to high temperatures, triggering a UV
burst. The horizontal slice shows the Bz distribution at the photosphere (white (black) shows positive (negative) Bz, in the range of [−103, 103 G]). The arrows show
the full magnetic field vector at x≈8 Mm. (f)–(g)Close-up of the field lines, which have been traced from within the right inset in (a), at t=8800s (f) and
t=9250s (g). The arrows show the projection of the full magnetic field vector at x≈6 Mm. The two horizontal (dashed) lines show heights at z=1.75 Mm and at
z=0Mm. Nearby emerging loops come into contact and reconnect in a similar manner to the UV burst case. Energy release occurs at the upper chromosphere
(around z = 1.8 Mm, y = 13 Mm), where plasma is less dense, leading to profound plasma heating (106 K) and the onset of a small chromospheric flare.
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overall flame-like structure to the EBs. These results come into
close agreement with the location, morphology,and dynamics
of observed EBs (see also the animation of Figure 1, which
shows the time evolution in the line wing and at +50 pm from
the line core).

Synthetic spectroheliograms from the model (Figures 2(a),
(b)) show that EBs appear assmall (size 1–1.5 Mm) bright
structures in the far wings of Hα and the Mg II h and k lines.

They occur at the interface between opposite polarity fields of
adjacent emerging bipoles (Figure 2(d)). Profound downflows
(Figure 2(e)) occur on either side of the interface, due to plasma
draining along the flanks of the emerging bipoles. The plasma
at photospheric heights in the interface is heated to
(8–9)×103 K (Figure 2(f)), giving onset to EBs.
The synthetic EBs are not visible at the line core of the Hα

and Mg II h lines (Figures 2(g) and (h)) and they are barely

Figure 2. Modeled spectra show signatures that resemble the characteristics of EBs, UV bursts, and small flares. Hα line wing (a), Mg II line wing (b), Si IV total
intensity (c); photospheric magnetogram (Bz) and selected field lines (d), photospheric velocity uz (e), and temperature (f),Hα line core (g), Mg II line core (h), and
line profiles of Hα, Mg II along x=8.5, and Si IV along x=6Mm (i). The red and green cross hairs show the location of a simulated EB and UV bursts, respectively.
In panel (d), yellow field lines have been traced from the EB site (indicated by the red orthogonal lines) and red field lines from the vicinity of the small flare. The
green field lines have been traced from various magnetic polarities at z=0Mm and for x�10 Mm. The animation of this figure shows the synthetic Hα near the line
core (at +50 pm) seen from solar heliocentric angle of μ=1 over a period of 200s showing formation of opaque dark fibrils over the emerging flux region.

(An animation of this figure is available.)

4

The Astrophysical Journal, 839:22 (12pp), 2017 April 10 Hansteen et al.

overall flame-like structure to the EBs. These results come into
close agreement with the location, morphology,and dynamics
of observed EBs (see also the animation of Figure 1, which
shows the time evolution in the line wing and at +50 pm from
the line core).

Synthetic spectroheliograms from the model (Figures 2(a),
(b)) show that EBs appear assmall (size 1–1.5 Mm) bright
structures in the far wings of Hα and the Mg II h and k lines.

They occur at the interface between opposite polarity fields of
adjacent emerging bipoles (Figure 2(d)). Profound downflows
(Figure 2(e)) occur on either side of the interface, due to plasma
draining along the flanks of the emerging bipoles. The plasma
at photospheric heights in the interface is heated to
(8–9)×103 K (Figure 2(f)), giving onset to EBs.
The synthetic EBs are not visible at the line core of the Hα

and Mg II h lines (Figures 2(g) and (h)) and they are barely

Figure 2. Modeled spectra show signatures that resemble the characteristics of EBs, UV bursts, and small flares. Hα line wing (a), Mg II line wing (b), Si IV total
intensity (c); photospheric magnetogram (Bz) and selected field lines (d), photospheric velocity uz (e), and temperature (f),Hα line core (g), Mg II line core (h), and
line profiles of Hα, Mg II along x=8.5, and Si IV along x=6Mm (i). The red and green cross hairs show the location of a simulated EB and UV bursts, respectively.
In panel (d), yellow field lines have been traced from the EB site (indicated by the red orthogonal lines) and red field lines from the vicinity of the small flare. The
green field lines have been traced from various magnetic polarities at z=0Mm and for x�10 Mm. The animation of this figure shows the synthetic Hα near the line
core (at +50 pm) seen from solar heliocentric angle of μ=1 over a period of 200s showing formation of opaque dark fibrils over the emerging flux region.

(An animation of this figure is available.)
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Figure 2. Modeled spectra show signatures that resemble the characteristics of EBs, UV bursts, and small flares. Hα line wing (a), Mg II line wing (b), Si IV total
intensity (c); photospheric magnetogram (Bz) and selected field lines (d), photospheric velocity uz (e), and temperature (f),Hα line core (g), Mg II line core (h), and
line profiles of Hα, Mg II along x=8.5, and Si IV along x=6Mm (i). The red and green cross hairs show the location of a simulated EB and UV bursts, respectively.
In panel (d), yellow field lines have been traced from the EB site (indicated by the red orthogonal lines) and red field lines from the vicinity of the small flare. The
green field lines have been traced from various magnetic polarities at z=0Mm and for x�10 Mm. The animation of this figure shows the synthetic Hα near the line
core (at +50 pm) seen from solar heliocentric angle of μ=1 over a period of 200s showing formation of opaque dark fibrils over the emerging flux region.

(An animation of this figure is available.)
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Figure 2. Modeled spectra show signatures that resemble the characteristics of EBs, UV bursts, and small flares. Hα line wing (a), Mg II line wing (b), Si IV total
intensity (c); photospheric magnetogram (Bz) and selected field lines (d), photospheric velocity uz (e), and temperature (f),Hα line core (g), Mg II line core (h), and
line profiles of Hα, Mg II along x=8.5, and Si IV along x=6Mm (i). The red and green cross hairs show the location of a simulated EB and UV bursts, respectively.
In panel (d), yellow field lines have been traced from the EB site (indicated by the red orthogonal lines) and red field lines from the vicinity of the small flare. The
green field lines have been traced from various magnetic polarities at z=0Mm and for x�10 Mm. The animation of this figure shows the synthetic Hα near the line
core (at +50 pm) seen from solar heliocentric angle of μ=1 over a period of 200s showing formation of opaque dark fibrils over the emerging flux region.

(An animation of this figure is available.)
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• Small flares
• Reconnection in higher altitude 

(~1.8 Mm for this event)
• Upper chrom heated to 106 K
• Brightening seen in Si IV as well 

as in Hα core

Figure 6. Overall field-line topology and the onset of an EB, UV burst, and a small chromospheric flare. (a)Selected fieldlines showing the serpentine field at
t=9160s. Yellow and red fieldlines have been traced from the areas highlighted by the black insets (left and right, respectively). The image shows the distribution
of vertical velocity at the photosphere (red color indicates downflowing material). (b)–(c)Close-up of the field lines, which have been traced from within the left inset
in (a), at t=8800s (b) and t=9160s (c). They are colored according to the value of the temperature. The arrows show the projection of the full magnetic field
vector at x=8.4 Mm. The horizontal (dashed) line shows the photosphere. The localized temperature enhancement, just above z=0Mm and y≈3.5 Mm,
illustrates the location of the EB. (d)–(e)Emergence of Ω-loops, out of the serpentine fieldlines ((d), t = 7870 s), leads to expansion and reconnection at the
chromosphere ((e), t = 7930 s) and the triggering of a UV burst. The downward-released reconnected field lines build an arcade anchored in the photosphere. The
chromospheric plasma at, and close to, the reconnection site (e.g., at the top of the arcade, y = 4.7 Mm, z = 1.3 Mm) is heated to high temperatures, triggering a UV
burst. The horizontal slice shows the Bz distribution at the photosphere (white (black) shows positive (negative) Bz, in the range of [−103, 103 G]). The arrows show
the full magnetic field vector at x≈8 Mm. (f)–(g)Close-up of the field lines, which have been traced from within the right inset in (a), at t=8800s (f) and
t=9250s (g). The arrows show the projection of the full magnetic field vector at x≈6 Mm. The two horizontal (dashed) lines show heights at z=1.75 Mm and at
z=0Mm. Nearby emerging loops come into contact and reconnect in a similar manner to the UV burst case. Energy release occurs at the upper chromosphere
(around z = 1.8 Mm, y = 13 Mm), where plasma is less dense, leading to profound plasma heating (106 K) and the onset of a small chromospheric flare.
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• Numerical modeling shows the answers

• Bifrost simulation by Hansteen et al. (2017)
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visible in the Si IV139.3nm band (Figure 2(c)). Just as the Hα
core, the line core of the Mg II h and k lines are also mainly
formed in the high chromosphere (Leenaarts et al. 2013a).
Emission in the Si IV139.3nm line requires temperatures of at
least 2×104 K in the dense photosphere or (6 –8)×104 K in
the less dense corona, where the coronal approximation is
valid. Thus, they are not responsive to the EBs generated here,
which remain below <104 K at photospheric heights. In the far
wings of Mg II lines, and at the continuum near the Si IV line,
(Figure 2(i)) lessening opacity allows brightening from the EBs
to become visible through the overlying canopy, forming a
bright “moustache” (see also Figure 3).

On the other hand, the Hα line core (Figure 2(g)) reveals the
existence of extended “dark” loops (e.g., at x= 14Mm,
y= 0–14Mm, see also the animation of Figure 2,which shows

the time evolution in Hα at +50 pm as seen from above),
which are lying along the overarching fieldlines (e.g., green
fieldlines in Figure 2(d)) that connect distant opposite
polarities in the emerging flux region. These newly formed
loops carry cool and dense plasma from the photosphere/
chromosphere and they may account for Hα arch-filament
systems.
At other locations, there is strong emission at Si IV, with no

obvious corresponding signal in Hα (core or wing) and only
weak enhancement in Mg II. For instance, the Si IV signal for
the brightening at [x, y]=[8.5, 12]Mm (Figures 2(c), (i)) is
200 times stronger than the average, while showing no obvious
brightening in Hα nor the Mg II h line. The absolute intensity
of this brightening is of the same order of magnitude as hot
explosions discovered by IRIS (e.g., Peter et al. 2014, see also

Figure 3. Synthetic line profiles from threeselected Ellerman bombs, as seen from straight above, showing Hα (first column), the Mg II h line, Mg II triplet lines
(middle columns), and Si IV 139.3744nm (fourth column) including the Ni II139.3324nm line located 93kms−1 bluewardof the Si IV line center. Each row
represents a different event. The red line shows the EB spectra, the black lines show the average profiles of the entire simulation snapshot, while the blue lines show
average spectra in the vicinity of the EB.
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Figure 4. Synthetic line profiles from fourselected UV bursts, as seen from straight above, showing Hα (first column), the Mg II h line, Mg II triplet lines
(middle columns), and Si IV 139.3744nm (fourth column), including theNi II 139.3324nm line located 93kms−1 bluewardof the Si IV line center. Each
row represents a different event. The red line shows the UV burst spectraandthe black lines show the average profiles of the entire simulation snapshot, while the blue
lines show average spectra in the vicinity of the UV burst.
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Hierarchy of reconnection events in EFRs
• EBs: photospheric (8–9×103 K)
• UV bursts: low/mid-chromospheric (7–8×104 K)
→ not necessarily photospheric

• Small flares: ~ 1 MK



• Variety of activity phenomena seen in LBs

• EBs and surge ejections in Hα [Roy 1973; Asai+ 2001]
• Repetitive jets in Ca II H [Shimizu+ 2009]
• UV brightening [Berger & Berdyugina 2003]
• Vigorous convection [Sobotka+ 1994, Lagg+ 2014]

[Shimizu et al. 2009]

Hinode/SOT G-band and Ca II HNo. 1, 2009 MAGNETIC FIELDS OF A SUNSPOT LIGHT BRIDGE L67
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Figure 1. G-band picture of the well-developed sunspot in NOAA Active Region
10953. The square (11 × 11 arcsec) gives the field of view in the subsequent
figures. North is up and west is to the right.

which covers the entire sunspot with 0.′′32 effective pixel
size. The spectral sampling is 21.549 mÅ pixel−1. After the
standard calibration, we applied a Stokes inversion assuming a
Milne–Eddington atmosphere to derive magnetic field vectors
and other parameters. The 180 deg ambiguity in the azimuth
angle of magnetic field was resolved with a modified version
of the AZAM utility (Lites et al. 1995), where the azimuth
was selected to minimize spatial discontinuities in the field
orientation. The small field of view completely covering the
LB was spatially aligned with subarcsec accuracy according to
Shimizu et al. (2007).

3. RESULTS

3.1. Chromospheric Ejections

Chromospheric ejections began to occur from around 19:50
UT on April 29. They became frequent after 22 UT on April 29
and ejections were intermittently and recurrently observed in the
entire period of April 30. Several ejections were still observed
until the middle of May 1.

Figure 2 has four images showing that bright chromospheric
ejections are intermittently and recurrently launched from along
the edge of the LB. The lengths of the apparent extended
structures are 1500–3000 km, which is much smaller than the
typical length (10,000 km) of the previously reported surges
in Hα images (Roy 1973; Asai et al. 2001) where they are
seen as dark features. However, the magnetic field inclination
derived from the SP data is 166.7 deg on average at the footpoint
area of ejections, where 0 and 180 deg are the line-of-sight
directions. Assuming that the materials are ejected along the
direction extrapolated from this inclination, the actual length
of the ejections is estimated as 6500–13,000 km, which is the
typical length of the Hα surges.

Fan-shaped ejections are sometimes observed in the Ca ii H
movie (online material). A chain of ejections is launched from

one end to the other end along the line. Ejections seem to be
successively launched along each of the frameworks of the fan
tracing magnetic field lines. A dark feature can be seen at the
west side of the bright footpoint enhancement. The majority
of ejections are launched from the east side of the solid line
marked in Figure 2, which is located along the east edge of the
LB (Figure 3). In contrast, only a very limited number of weak
chromospheric ejections are observed at the west side of the LB.

The apparent upward speed of ejectors can be estimated
from positional changes in the head of ejectors in succes-
sive frames (60 s cadence) giving a wide distribution of 6–
40 km s−1. Considering the inclination of magnetic field lines
(166.7 deg), the actual upward speed may be 26–180 km s−1.
Note that the derived values may contain large uncertainties be-
cause we traced the positional change of faint head of ejectors
with the 60 s cadence data.

3.2. Magnetic Fields and Electric Currents

Figure 3 shows the magnetic field vectors derived from the SP
measurements for the 2 days; the April 30 data were acquired
during the period when series of chromospheric ejections were
frequently observed, whereas the April 29 data were acquired
about 4 hr before starting chromospheric ejections. The data
show that a highly inclined magnetic field is newly formed
along the LB on April 30. The inclination is 120–140 deg on the
local frame coordinate, where 90 and 180 deg are horizontal and
vertical to the solar surface, respectively. The magnetic strength
is 700-1700 G, which is much lower than in the umbral cores
(2000 G or higher). A lower field strength is formed along the
LB on April 29, but with no highly inclined field.

A remarkable feature is the significant enhancement of the
vertical component of the electric current density along the LB
on April 30. The vertical current density Jz was computed from
the inferred values of the horizontal field components Bx and
By: µ0Jz = (∇ × B)z = ∂By/∂x − ∂Bx/∂y, where µ0 is the
magnetic permeability. Large positive values (60–175 mA m−2,
red in Figure 3) are observed in line along the LB (4 arcsec long,
1 arcsec wide). The current enhancement is located almost in
the middle, not at the edge, of the LB where the magnetic fields
are directed toward the southwest direction with 120–140 deg
inclination. Positive values mean that the direction of the electric
current is upward from the surface. Assuming a field-aligned
current which flows along a magnetic flux tube lying along the
LB, the magnitude of the field-aligned current is estimated to
be 80–220 mA m−2. The existence of field-aligned current is
equivalent to twisted fields along the tube. Moreover, another
strong enhancement patch with opposite current direction (100–
220 mA m−2 in 2 × 1 arcsec) was observed exactly on the
interface between the inclined magnetic field and pre-existing
vertically oriented umbral field. Note that the umbra is slightly
twisted clockwise, producing negative vertical currents with
10–20 mA m−2.

3.3. Chromospheric Ejections and Photospheric Downflow

The strong current patch with the negative sign is located at
the site where several chromospheric ejections were launched
after 8:40 UT on April 30. A small patch of downflow was also
detected with the SP inside the strong current patch during a
scan between 8:56 to 8:59 UT. The left panel in Figure 4 shows
the spatial distribution of the line-of-sight (Doppler) velocity
field. The peak velocity is +0.73 km s−1, when the average
of the velocities over the field of view is used as the zero
velocity. The positive value is a red shift, indicating downward

3. Dynamics in Light Bridges
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Oscillating “Light Walls” by 
leaked p-mode waves/shocks

Reconnection jets caused by 
magneto-convective evolution

Both types may co-exist

<ADS search: “IRIS” + “light bridge” in abstract>
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chromosphere and transition region above an LB, and we give
this ensemble a new name, light wall. The light wall is brighter
than the surrounding regions, and the top and base of the light
wall are much brighter than the wall body. In addition, we use
the NVST and AIA multi-wavelength data to study the
properties of the light wall. We find that the wall top appeared
as a similar bright structure in 1330, 171, and 131 Å images,
while it cannot be identified in the Hα line. The wall body
appeared as a bright structure in 1330 Å and as a dark structure
in the other lines. The wall top moved upward and downward
successively, performing continuous oscillations. The depro-
jected average height, amplitude, and oscillation velocity are
about 3.6 Mm, 0.9 Mm, and 15.4 km s−1, respectively. By
applying the wavelet analysis method to the heights of the light
wall, we find that the main oscillation period is 3.9 minutes. In
another series of IRIS 1330 Å images, we find that the wall top
in the upward motion phase was brighter than in the downward
phase.

The previous studies (Sobotka et al. 2013; Yuan et al.
2014b) about LB oscillations were done by examining the
intensity variations or the Doppler characters in LBs. In the
present paper, we find a dynamical light wall rooted in the LB
and have directly observed the light-wall oscillations in height
for the first time. The dominant period of the light-wall
oscillations is 3.9 minutes, comparable to that (4.2 minutes)
determined by Sobotka et al. (2013). We interpret the
oscillations of the light wall as the leakage of p-modes from

below the photosphere. The p-modes are global resonant
acoustic oscillations appearing as photospheric velocity and
intensity pulsations. The p-modes can leak enough energy to
drive upward flows (De Pontieu et al. 2004), resulting in the
oscillations of the light wall.
Over the LB in NOAA AR 10132, Berger & Berdyugina

(2003) observed persistent brightness enhancement in the
1600 Å images from the Transition Region and Coronal
Explorer satellite. They interpreted the enhanced LB brightness
in 1600 Å as magnetic heating through some kind of magnetic
reconnection, which is still unclear. According to Klimchuk
(2006), oscillations can carry acoustic flux, a significant energy
flux, to higher atmosphere to heat the solar atmosphere.
Moreover, in a study of the LB in NOAA 11005, Sobotka et al.
(2013) measured the acoustic power flux leaking along the
magnetic fields in the LB from the photosphere to the
chromosphere and found that the transferred energy flux is
sufficient to balance the total radiative losses of the LB in the
chromosphere. In the present study, for the light wall on
October 25, the wall top appeared as a constant enhancement in
brightness, which can be observed in 1330, 171, and 131 Å
lines, implying that there exists some kind of atmospheric
heating. However, it is difficult to know which one is the exact
mechanism for the wall-top heating: the persistent small-scale
reconnection or the magneto-acoustic waves. For the light wall
on October 29, the wall top was significantly brighter in the
upward motion stage than in the downward phase, implying

Figure 3. Panels (a1)–(a5): sequence of the 1330 Å images showing the evolution of a section of the light wall. The upper and the lower plus symbols mark the top
and base of the wall, respectively, at different times. Panel (b): space–time plot along slice “C-D” marked in panel (a5). The solid curve delineates the wall top, and
the dashed line marks the wall base. Panels (c) and (d): wavelet power spectrum and the global power of the light-wall oscillations.
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[see also Hou+ 2016a, Hou+ 2016b, Yang+ 2016, Yang+ 2017]

3. Dynamics in Light Bridges
• Oscillating “Light Walls”

• Oscillating chrom jets rooted in LBs → “light walls”
• Height: 3.6 Mm, Amplitude: 0.9 Mm, Velocity: 15.4 km s-1

• Period: 3.9 min → Leakage of p-mode from below photosphere



• UV bursts and extended jets

• IRIS + Hinode/SOT + SDO + simulation
• Brightening shows “IRIS bomb” spectra
• Height: ≤ 35 Mm (plane-of-sky; parabolic), Period: 10-20 min
• Simulation shows magneto-convective evolution (flux emergence) in LBs
→ Reconnection jets driven by convection

[Toriumi et al. 2015a]
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Horizontal LB field

of the bridge boundary: see the slight dip in the Doppler
velocity between y = −1.2 and −1.8 Mm in this figure. In the
pores ( y 1.5 Mm∣ ∣ 2 ), the magnetic field has a large negative
value (Bz ∼ −2000 G) and is more vertical, while the Doppler
velocity is much weaker (VD ∼ 0 km s−1). The low-atmo-
spheric brightening, AIA 1600 Å, peaks around y = 0.5 Mm,
i.e., in the middle of the light bridge. The peak of the
brightening is spatially offset from the strong currents atboth
edges and is located in between the two convective upflows, as
shownin Figures 3(a) and (e).

The temporal evolution of the light bridge is given in
Figure 4, the time-sliced HMI magnetogram. The slit of this
diagram is set along the x-axis, which is roughly parallel to the
long axis of the bridge. In the eastern half of Figure 4 (x
8Mm), the LOS magnetic fields show a coherent apparent
motion to the east with a typical pattern velocity of Vx = −1 to
−4 km s−1. In contrast, the western half (x 8Mm) shows a
westward propagation with Vx ∼ 3 km s−1. In Figure 4, this
divergent flow pattern continues for at least2 hr and the typical
timescale of the pattern is 10–15 minutes.

Combined with the Dopplergram of Figure 3(e), one can see
that the large-scale, long-term velocity structure has an upflow
in the light bridge, which turns into the divergent flow in the
horizontal direction and finally sinks down at the narrow edge
of the bridge. Superimposed on this large-scale flow pattern are
smallerscale, shorterlived convection cells with an elongated
shape. The faint divergent magnetic pattern in Figure 4
suggests the continuous supply of weak magnetic flux from
the solar interior, transported by the large-scale upflow of the
light bridge.

4. DYNAMIC ACTIVITY PHENOMENA

4.1. Chromospheric Brightenings

In Figure 2, we found that a small-scale, intermittent
brightening located at the western end of the light bridge
(brightening A) repeatedly appears in the chromospheric
images (AIA 1600 and 1700 Å, IRIS 1330 and 1400 Å, and
SOT Ca II H). However, in this figure, similar brightenings can
also be found outside of the bridge. In order to approach the

Figure 3. (a)–(e) SOT/SP data around the light bridge structure. This FOV is scanned westward from 00:16 to 00:23 UT, 2014 February 14. (a) Vertical magnetic
field strength Bz. The vertical electric current density jz∣ ∣ computed from (Bx, By) is overlaid with purple contours. The contour levels are j 100 mA mz

2∣ ∣ = - and
200 mA m−2. In addition, AIA 1600 Å intensity at 00:20 UT is overlaid with orange contours. For the magnetic field, we use the local coordinates (x, y, z), where ẑ is
in the local radial direction. (b) Horizontal field strength Bx. Solid and dashed contours show Bz = 400 and 200 G levels and Bz = −200 and −400 G levels,
respectively (the same as for panels (c)–(f)). (c) Vertical current density j .z∣ ∣ (d) Inclination angle of the magnetic fields with respect to the local vertical. (e) Doppler
(LOS) velocity VD, where positive (blue) and negative (red) signs indicate the upward and downward velocity, respectively. Orange contours indicate the AIA 1600 Å
intensity levels. (f) AIA 1600 Å intensity at 00:20 UT. (g) One-dimensional (y-)profiles across the light bridge averaged over x15. 0 22. 5.- - Black solid, black
dashed, blue, green, and purple lines indicate the vertical field strength Bz, the horizontal field strength Bx, the Doppler velocity VD, the inclination angle of the
magnetic field, and the vertical electric current density j ,z∣ ∣ all obtained from SOT/SP. Orange line indicates the AIA 1600 Å intensity at 00:20 UT, 2014 February 14.
The origin of the y-axis is set at the middle between the two current ( jz∣ ∣) maxima, while the dotted line shows the Bz = Bx = VD = 0 level.
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• UV bursts and extended jets

• IRIS + Hinode/SOT + SDO + simulation
• Brightening shows “IRIS bomb” spectra
• Height: ≤ 35 Mm (plane-of-sky; parabolic), Period: 10-20 min
• Simulation shows magneto-convective evolution (flux emergence) in LBs
→ Reconnection jets driven by convection

[Toriumi et al. 2015a]
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Figure 6. IRIS spectra for the three brightening events. (a) Wavelength-time plots of Mg II h & k for brightenings A, B, and C. Each diagram shows a temporal
evolution in a single spatial pixel of the IRIS raster scan. The top axis shows the Doppler shift relative to the rest wavelength of Mg II k3. Yellow arrows indicate the
dark transitions (see the text for details). (b) Profiles of the three lines (Mg II, C II, and Si IV) for the three events. Black lines show the averaged quiet-Sun spectra,
while red lines show the profiles at the selected times indicated by white arrows in (a). Here, the quiet-Sun profiles of C II and Si IV are multiplied by factors of 2 and
10, respectively.
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(redshifted), while the central reversal is located at+5.5 km s−1

(redshifted). A similar dip is also seen in the C II spectrum. This
anomalous dip corresponds to the dark feature (intensity
reduction) in the wavelength-time plot (marked by yellow
arrows in panel (a)). This feature appears repeatedly with a
lifetime of 10–20 minutes (four events: 22:39–22:47 UT and
23:13–23:25 UT on February 13 and 00:16–00:38 UT and from
00:35 UT on February 14), eachshowing a sudden appearance
of the blueshift and a smooth transition from the blue to the red
side. We will discuss the cause of this anomalous intensity
reduction in Section 4.2.

4.2. Ejection of Dark Surges

In the EUV images of Figure 2, we found the recurrent
ejection of a dark surge (jet) from the light bridge, especially
from brightening A. In order to investigate the nature of the
dark surges, along with its relationship with the chromospheric
brightenings and the magnetic field of the light bridge, we
examine the temporal evolutions of the surge, the brightening,

and the surface magnetic field. In Figures 7(a) and (b), we plot
the time-slit diagrams for the two EUV images (AIA 304 Å and
335 Å), where the slit is set along the surges as indicated in
Figure 2(d). One can see from Figures 7(a) and (b) that there is
a recurrent extension of dark features (i.e., surges) with a
typical lifetime of 10–20 minutes. The observed surges have a
parabolic trajectory, which indicates that the ejected material is
impulsively accelerated upward and decelerated by gravity. In
all EUV channels, the surges are seen in absorption, implying
that the material is cool and dense. However, in some channels
such as AIA 304 Å in Figure 7(a), the front of each surge (the
rim of the parabolic profile) appears in emission.
Table 1 summarizes the properties of the surges (lifetime,

length, and acceleration). The length parameter in this table is
defined as the maximum spatial extension of each surge along
the slit in Figure 7(b), which is not necessary the same as the
maximum height of the surge because of the projection effect
and the inclination of the surge. Also, we calculated the
acceleration of the surge from the length and lifetime as
a L t8 ,DS DS DS

2= where aDS, LDS, and tDS are the acceleration,
length, and lifetime of the dark surge, respectively, under the
assumption that the launched plasma is decelerating at a
constant rate. The obtained accelerations (1.1 × 104–4.0 ×
104 cm s−2) are of the same order of magnitude as the surface
gravity (2.7 × 104 cm s−2), indicating the gravitational
deceleration.
In Figures 7(c) and (d), we plot the normalized light curves

at the brightening A for the two UV images, IRIS 1330 Å SJI
and AIA 1600 Å, respectively. The light curves are measured
within abox of the size of 3 3´ indicated in Figure 2(d).
Here, the brightening events have a duration of 10–20 minutes
and, at the same time, the light curves show much more rapid
fluctuations of a timescale over 3–5 minutes. Compared to the
EUV images (Figures 7(a) and (b)), it is remarkable that each
intensity enhancement in the light curves occurs just prior to
the dark surge ejection (compare the numbered events in these
panels of Figure 7). In each event, the light curve reaches its
maximum about 5–15 minutes before the surge attains its
maximum length. This temporal relationship suggests the
causality between the chromospheric brightenings and the dark
surges.

Figure 7. Slit-time evolution for the (a) AIA 304 Å and (b) AIA 335 Å images,
normalized light curves for (c) IRIS SJI 1330 Å and (d) AIA 1600 Å, and (e)
the (smoothed) flux “decay” rate d dt- F measured using HMI magnetogram
(see the text for details). The slit used in (a) and (b), which is shown by a
rectangle in Figure 2(d), has a width of 2 5 and the AIA intensities are
averaged over the width. The light curves in (c) and (d) and the flux rate in (e)
are measured within the box shown also in Figure 2(d). The size of the box is
3″ × 3″. In each panel, we numbered sevenevents to provide better
correspondence.

Table 1
Properties of the Dark Surge and Brightening

# Dark Surgea Brighteningb

Lifetime Length Acceleration Duration Max. Intensity
(minutes) (Mm) (104 cm s−2) (minutes)

1 15 11 1.1 25 0.40
2 11 22 4.0 ″ ″

3 10 8.6 1.9 12 0.31
4 9.0 7.2 2.0 6.8 0.27
5 13 15 2.0 6.8 0.73
6 17 34 2.6 12 0.74
7 23 27 1.1 21 1.0

Notes.
a The lifetime and length of the dark surge are measured from the AIA 335 Å
slit-time diagram (Figure 7(b)), while the acceleration is calculated from the
lifetime and length assuming a constant acceleration (see the text for details).
b The duration and maximum normalized intensity of brightening measured
from the AIA 1600 Å light curve (Figure 7(d)). Events #1 and 2 share
common physical values since it is difficult to separate the two events.
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3. Dynamics in Light Bridges
• UV bursts and extended jets

• IRIS + Hinode/SOT + SDO + simulation
• Brightening shows “IRIS bomb” spectra
• Height: ≤ 35 Mm (plane-of-sky; parabolic), Period: 10-20 min
• Simulation shows magneto-convective evolution (flux emergence) in LBs
→ Reconnection jets driven by convection



• UV bursts and extended jets

• SST/CRISP + Hinode/SOT/SP
• Repeated fan-shaped jets of up to 40 Mm with ~100 km s-1, following 

chrom brightening
• Horizontal field trapped by vertical field
→ Reconnection is the driver

blue wing (-45 km/s) Hα core red wing (+45 km/s)

[Robustini et al. 2016]

3. Dynamics in Light Bridges



• Reconnection-driven jets? Acoustic shocks?

• BBSO/GST + IRIS show two types of jets
• Persistent “light walls” : 0.5–4 Mm, 10–30 km s-1

• Impulsive ejections: 10 Mm or more, at selected location
→ The two types may co-exist.

[Tian et al. 2018]

[see also Zhang+ 2017 and Hou+ 2017]

3. Dynamics in Light Bridges



the penumbra, a radial outflow called the Evershed flow is
observed (Evershed 1909). Moreover, Katsukawa et al. (2007a)
found small-scale jetlike features (penumbral microjets), which
are possibly caused by magnetic reconnection between the
interlocking fields. In fact, the magnetoconvective pattern of
the simulated penumbra is, to a large extent, similar to that of

the light bridges in our present study (Rempel et al. 2009a,
2009b; Rempel 2011, 2012). Also, convective overturning
motions similar to our cases have been found in the
observations (see, e.g., Zakharov et al. 2008).
The similarities and consistencies among the umbral dots,

light bridges, and penumbral filaments, which are summarized
in Table 2, point to the generality of the magnetoconvection in
a strong background field. Moreover, such a convection may
produce a variety of activity events through magnetic
reconnection. Therefore, we can conclude that the magneto-
convection is not only a common physical phenomenon
associated with the aforementioned features, but is also the
essential driver of dynamic activity in sunspot regions.

5. CONCLUDING REMARKS

In this series of papers, we studied the nature of light bridges
in newly developing ARs. From these studies, we present a
consistent physical picture of light bridges based on both
observations and numerical simulations.
The formation of a light bridge in an emerging flux region is

shown in Figure 9(a). The magnetic fields emerge through the
convection zone in the form of split multiple flux bundles,
which are observed as fragment polarities (pores) in the
photosphere (Zwaan 1985). As the flux bundles emerge,
weakly magnetized local plasma with upflow is entrained
between the bundles and appears as a light bridge at the visible
surface. The pores of the same polarities merge together and,
eventually, sunspots are formed.
As shown in Figure 9(b), the bridge has a deep convective

upflow in its center, which carries horizontal magnetic fields to
the surface layer. Due to the radiative cooling, the ascending
plasma loses buoyancy and sinks down at the narrow downflow
lanes. At the bridge boundaries, the magnetic shear between the
horizontal fields of the bridge and the vertical fields of the
ambient pores forms a strong electric current layer. Some
external vertical fields are connected to the internal horizontal
field at the bridge boundary with concave dips, which are
caused by strong downflows. In the upper atmosphere above
the light bridge, the external vertical fields fan out and form
canopy structures.
Various activity phenomena come about as a natural result of

the bridge formation. In the cusp-shaped current layer formed
above the light bridge, magnetic reconnection takes place. The
heating of local plasma is observed as intensity enhancements
of chromospheric (or upperphotospheric) lines, while the
reconnection outflow of cool, dense plasma is observed as dark
surges ejected into the coronal heights. Since the horizontal
flux is continuously provided by convection, the activity
phenomena last longer with a periodic and intermittent nature.
The large-scale velocity structure is depicted in Figure 9(c).

Along with the convection within the cross-section, the upflow
also turnsin the direction along the length of the bridge. The
diverging (bi-directional) outflow transports the magnetic flux
to both ends of the bridge. Interestingly, rapid uni-directional
horizontal flows are observed, which may be driven by the bent
field lines connecting external vertical fields and internal
horizontal fields. In the shallower layers, smallerscale, short-
erlived convection cells are superposed. As Cheung &
Cameron (2012) pointed out, the Hall effect may generate the
velocity and (as a result of advection) the magnetic field in the
direction of bridge axis.

Figure 9. (a) Light bridge formation in an emerging flux region. Darker and
lighter rounded rectangles are the pores, from which the magnetic fields are
extended downward into the convection zone. On the left side, a light bridge
structure is sandwiched between the pores. The brigade has a broad upflow
region (blue) with a narrow downflow lane (red). Flux emergence shows a
diverging motion (green arrow), which results in the coalescence of pores of
the same polarities. (b) Cross-sectional view of the light bridge and the
surrounding pores. The light bridge has an upflow (blue), which transports a
horizontal magnetic flux to the surface layers. The iso-τ levels are elevated by
this upflow: the dashed line indicates the τ = 1 level. Narrow downflow lanes
(red) are formed at the bridge boundary. Outside of the bridge are the vertical
magnetic fields of the surrounding pores. (c) Illustration showing the
convection patterns within the cusp structure. In the light bridge, the plasma
shows an upflow (blue), which diverges and turns into downflows (red) at the
bridge boundary. The upflow also diverges to the direction of the light bridge,
showing a bi-directional flow (light green). At the bridge boundary, a fast uni-
directional flow (dark green) is also formed.
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surface. The pores of the same polarities merge together and,
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upflow in its center, which carries horizontal magnetic fields to
the surface layer. Due to the radiative cooling, the ascending
plasma loses buoyancy and sinks down at the narrow downflow
lanes. At the bridge boundaries, the magnetic shear between the
horizontal fields of the bridge and the vertical fields of the
ambient pores forms a strong electric current layer. Some
external vertical fields are connected to the internal horizontal
field at the bridge boundary with concave dips, which are
caused by strong downflows. In the upper atmosphere above
the light bridge, the external vertical fields fan out and form
canopy structures.
Various activity phenomena come about as a natural result of

the bridge formation. In the cusp-shaped current layer formed
above the light bridge, magnetic reconnection takes place. The
heating of local plasma is observed as intensity enhancements
of chromospheric (or upperphotospheric) lines, while the
reconnection outflow of cool, dense plasma is observed as dark
surges ejected into the coronal heights. Since the horizontal
flux is continuously provided by convection, the activity
phenomena last longer with a periodic and intermittent nature.
The large-scale velocity structure is depicted in Figure 9(c).

Along with the convection within the cross-section, the upflow
also turnsin the direction along the length of the bridge. The
diverging (bi-directional) outflow transports the magnetic flux
to both ends of the bridge. Interestingly, rapid uni-directional
horizontal flows are observed, which may be driven by the bent
field lines connecting external vertical fields and internal
horizontal fields. In the shallower layers, smallerscale, short-
erlived convection cells are superposed. As Cheung &
Cameron (2012) pointed out, the Hall effect may generate the
velocity and (as a result of advection) the magnetic field in the
direction of bridge axis.

Figure 9. (a) Light bridge formation in an emerging flux region. Darker and
lighter rounded rectangles are the pores, from which the magnetic fields are
extended downward into the convection zone. On the left side, a light bridge
structure is sandwiched between the pores. The brigade has a broad upflow
region (blue) with a narrow downflow lane (red). Flux emergence shows a
diverging motion (green arrow), which results in the coalescence of pores of
the same polarities. (b) Cross-sectional view of the light bridge and the
surrounding pores. The light bridge has an upflow (blue), which transports a
horizontal magnetic flux to the surface layers. The iso-τ levels are elevated by
this upflow: the dashed line indicates the τ = 1 level. Narrow downflow lanes
(red) are formed at the bridge boundary. Outside of the bridge are the vertical
magnetic fields of the surrounding pores. (c) Illustration showing the
convection patterns within the cusp structure. In the light bridge, the plasma
shows an upflow (blue), which diverges and turns into downflows (red) at the
bridge boundary. The upflow also diverges to the direction of the light bridge,
showing a bi-directional flow (light green). At the bridge boundary, a fast uni-
directional flow (dark green) is also formed.
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4. Summary and Discussion
• UV dynamics and magnetic evolution

• LB jets may have two origins; impulsive reconnection-driven jets and 
steady acoustic wave-driven jets

• EBs and IBs are reconnection events in EFRs, coupled with convection. 
Difference may originate from their altitudes and mag circumstances

• But the exact location of mag reconnection is not covered yet…



[from Kubo-san’s talk in this morning]4. Summary and Discussion



4. Summary and Discussion [from Kubo-san’s talk in this morning]



• Multi-temperature obs by Solar-C_EUVST

Figure 6. Overall field-line topology and the onset of an EB, UV burst, and a small chromospheric flare. (a)Selected fieldlines showing the serpentine field at
t=9160s. Yellow and red fieldlines have been traced from the areas highlighted by the black insets (left and right, respectively). The image shows the distribution
of vertical velocity at the photosphere (red color indicates downflowing material). (b)–(c)Close-up of the field lines, which have been traced from within the left inset
in (a), at t=8800s (b) and t=9160s (c). They are colored according to the value of the temperature. The arrows show the projection of the full magnetic field
vector at x=8.4 Mm. The horizontal (dashed) line shows the photosphere. The localized temperature enhancement, just above z=0Mm and y≈3.5 Mm,
illustrates the location of the EB. (d)–(e)Emergence of Ω-loops, out of the serpentine fieldlines ((d), t = 7870 s), leads to expansion and reconnection at the
chromosphere ((e), t = 7930 s) and the triggering of a UV burst. The downward-released reconnected field lines build an arcade anchored in the photosphere. The
chromospheric plasma at, and close to, the reconnection site (e.g., at the top of the arcade, y = 4.7 Mm, z = 1.3 Mm) is heated to high temperatures, triggering a UV
burst. The horizontal slice shows the Bz distribution at the photosphere (white (black) shows positive (negative) Bz, in the range of [−103, 103 G]). The arrows show
the full magnetic field vector at x≈8 Mm. (f)–(g)Close-up of the field lines, which have been traced from within the right inset in (a), at t=8800s (f) and
t=9250s (g). The arrows show the projection of the full magnetic field vector at x≈6 Mm. The two horizontal (dashed) lines show heights at z=1.75 Mm and at
z=0Mm. Nearby emerging loops come into contact and reconnect in a similar manner to the UV burst case. Energy release occurs at the upper chromosphere
(around z = 1.8 Mm, y = 13 Mm), where plasma is less dense, leading to profound plasma heating (106 K) and the onset of a small chromospheric flare.
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Telescope Unit structure is the main support structure of the instrument module and has provisions 
to mount the Spectrograph Unit structure. The opto-mechanical layout of the system is shown in 
Figure 15.2. The Telescope Unit will consist of a front door assembly, the single-mirror telescope 
assembly (an off-axis parabola with pointing capabilities), the guide telescope, the telescope 
electronics, the heat rejection assembly and the deflector plate assembly. It provides a solar image 
in the focal plane, the entrance to the Spectrograph Unit, and provides image stabilization and 
pointing capabilities. The Spectrograph Unit houses the slit assembly, the slit imaging assembly, the 
grating assembly, the focal plane assemblies, CCD electronics box, the intensified CCD (ICCD) 
electronics box and the detector radiator assembly. It accepts the light from the telescope passing 
through the entrance slit towards the grating and the detector assemblies. 
 

  
図の修正：mounting legs, telescope E-box à Spectrograph E-box, ICCD->IAPS 
Figure 15.1: Physical block diagram of the instrument, showing major components in the 
instrument and digital communication links. 
 

 
Figure 15.2: The instrument opto-mechanical layout 
 
 
15.1.2.  EUVST Optical Configuration and Assembly Dependencies 
 

• Wide temperature coverage: 
0.01—20 MK

• High spatial resolution: 0.4”
• High temporal resolution: 
exp time 0.1—20 s

• Launch: mid-2020s

Epsilon (ε-1 for Hisaki)
[Hansteen et al. 2017]
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the penumbra, a radial outflow called the Evershed flow is
observed (Evershed 1909). Moreover, Katsukawa et al. (2007a)
found small-scale jetlike features (penumbral microjets), which
are possibly caused by magnetic reconnection between the
interlocking fields. In fact, the magnetoconvective pattern of
the simulated penumbra is, to a large extent, similar to that of

the light bridges in our present study (Rempel et al. 2009a,
2009b; Rempel 2011, 2012). Also, convective overturning
motions similar to our cases have been found in the
observations (see, e.g., Zakharov et al. 2008).
The similarities and consistencies among the umbral dots,

light bridges, and penumbral filaments, which are summarized
in Table 2, point to the generality of the magnetoconvection in
a strong background field. Moreover, such a convection may
produce a variety of activity events through magnetic
reconnection. Therefore, we can conclude that the magneto-
convection is not only a common physical phenomenon
associated with the aforementioned features, but is also the
essential driver of dynamic activity in sunspot regions.

5. CONCLUDING REMARKS

In this series of papers, we studied the nature of light bridges
in newly developing ARs. From these studies, we present a
consistent physical picture of light bridges based on both
observations and numerical simulations.
The formation of a light bridge in an emerging flux region is

shown in Figure 9(a). The magnetic fields emerge through the
convection zone in the form of split multiple flux bundles,
which are observed as fragment polarities (pores) in the
photosphere (Zwaan 1985). As the flux bundles emerge,
weakly magnetized local plasma with upflow is entrained
between the bundles and appears as a light bridge at the visible
surface. The pores of the same polarities merge together and,
eventually, sunspots are formed.
As shown in Figure 9(b), the bridge has a deep convective

upflow in its center, which carries horizontal magnetic fields to
the surface layer. Due to the radiative cooling, the ascending
plasma loses buoyancy and sinks down at the narrow downflow
lanes. At the bridge boundaries, the magnetic shear between the
horizontal fields of the bridge and the vertical fields of the
ambient pores forms a strong electric current layer. Some
external vertical fields are connected to the internal horizontal
field at the bridge boundary with concave dips, which are
caused by strong downflows. In the upper atmosphere above
the light bridge, the external vertical fields fan out and form
canopy structures.
Various activity phenomena come about as a natural result of

the bridge formation. In the cusp-shaped current layer formed
above the light bridge, magnetic reconnection takes place. The
heating of local plasma is observed as intensity enhancements
of chromospheric (or upperphotospheric) lines, while the
reconnection outflow of cool, dense plasma is observed as dark
surges ejected into the coronal heights. Since the horizontal
flux is continuously provided by convection, the activity
phenomena last longer with a periodic and intermittent nature.
The large-scale velocity structure is depicted in Figure 9(c).

Along with the convection within the cross-section, the upflow
also turnsin the direction along the length of the bridge. The
diverging (bi-directional) outflow transports the magnetic flux
to both ends of the bridge. Interestingly, rapid uni-directional
horizontal flows are observed, which may be driven by the bent
field lines connecting external vertical fields and internal
horizontal fields. In the shallower layers, smallerscale, short-
erlived convection cells are superposed. As Cheung &
Cameron (2012) pointed out, the Hall effect may generate the
velocity and (as a result of advection) the magnetic field in the
direction of bridge axis.

Figure 9. (a) Light bridge formation in an emerging flux region. Darker and
lighter rounded rectangles are the pores, from which the magnetic fields are
extended downward into the convection zone. On the left side, a light bridge
structure is sandwiched between the pores. The brigade has a broad upflow
region (blue) with a narrow downflow lane (red). Flux emergence shows a
diverging motion (green arrow), which results in the coalescence of pores of
the same polarities. (b) Cross-sectional view of the light bridge and the
surrounding pores. The light bridge has an upflow (blue), which transports a
horizontal magnetic flux to the surface layers. The iso-τ levels are elevated by
this upflow: the dashed line indicates the τ = 1 level. Narrow downflow lanes
(red) are formed at the bridge boundary. Outside of the bridge are the vertical
magnetic fields of the surrounding pores. (c) Illustration showing the
convection patterns within the cusp structure. In the light bridge, the plasma
shows an upflow (blue), which diverges and turns into downflows (red) at the
bridge boundary. The upflow also diverges to the direction of the light bridge,
showing a bi-directional flow (light green). At the bridge boundary, a fast uni-
directional flow (dark green) is also formed.
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• IRIS with other instruments and simulations revealed mechanisms of
• LB jets: reconnection-driven and p-mode-driven
• EFR reconnection events: EBs and UV bursts

• New capabilities may widen the pictures
• Chrom field measurement (e.g. DKIST and Sunrise-III)
• Multi-temp dynamics (e.g. Solar-C_EUVST)



NAOJ Hinode VR App
To be released in mid-July

Freely walk around the solar surface, look up and look down the AR, and get 4 cool movies.
Available on iOS (App Store) and Android (Google Play). It’s free!



Thank you for your attention!


