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ABSTRACT

SMALL-SCALE DYNAMICS OF PHOTOSPHERIC MAGNETIC
ACTIVITIES AND THEIR CHROMOSPHERIC RESPONSES

by
Jiasheng Wang
The evolution of photospheric magnetic fields is considered as the fundamental source
of forming atmospheric structures and triggering most solar activities, including flares
and mass ejections on various scales (CMEs, jets, etc.). With implementation of
high-resolution observational instruments, small-scale details of magnetic features
are recognized that can provide important information regarding the evolution in
active regions and the connection between photospheric magnetic reconnection and
jet-like ejections in the quiet Sun. This research takes advantage of the exceptionally
high-resolution measurements of vector magnetic field and imaging observations by
the Goode Solar Telescope, and UV/EUV imaging observations from space-based
instruments. The studied topics include structural evolution of penumbra and shear
flows in response to a flare eruption, flux emergence in the formation of an active
region, and small-scale magnetic reconnections in the photosphere in a coronal

boundary. The main findings in this dissertation work are listed as follows:

e Using high-resolution imaging observation in the TiO band by GST and
photospheric vector magnetic field observation by the Helioseismic and Magnetic
Imager, strong shear flow expansion in a precursor kernel near the polarity
inversion line (PIL) is found to be closely associated with the M6.5 flare in AR
12371, which indicates a linkage between small-scale magnetic changes and the
flare eruption. Flow field of the penumbra in the flaring core region is calculated
using the differential affine velocity estimator. An enhancement of penumbral
flows (up to an unusually high value of 2 km s™!) and an extension of penumbral
fibrils after the first peak of the flare hard X-ray (HXR) emission are observed
to be accompanied by a rapid increase of horizontal field. These results provide
evidence of the back reaction theory of coronal restructuring on the photosphere
as a result of flare energy release.

e Taking advantage of high-resolution magnetic field measurements, TiO continuum,
and Ha observations by GST, small-scale magnetic flux emergences in the AR



12665 are observed in two types of topology: magnetic flux sheet emergence
associated with the newly forming granules, and the traditional magnetic flux
loop emergence. Both types of flux emergence are associated with darkening
of granular boundaries, while only flux sheets elongate granules along the
direction of emerging magnetic fields and expand laterally. Ha observations
reveal transient brightenings in the events of magnetic loop emergence, which
are most probably the signatures of Ellerman bombs.

Statistical study of small-scale magnetic reconnections around the coronal
hole boundary is achieved by tracking magnetic features with the Southwest
Automatic Magnetic Identification Suite (SWAMIS). The tracking results show
that the magnetic energy release rate by small-scale cancellation inside the
coronal hole is 3 times higher than that outside the coronal hole. Spicules are
likely associated with these kinds of reconnections, while only a small portion
of the release magnetic energy is directly deposited to hot plasma.
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Figure

LIST OF FIGURES

1.1 Flare-productive NOAA AR 12371. Images of the observation are

obtained from SDO and the ground-based instrument in BBSO/GST.
Light curve of GOES soft X-ray 1-8 A indicates solar radiation changes
due to flares associated with magnetic eruptions.

Image sources: BBSO/GST, AIA/SDO, GOES . . . . . . . .. ... ...

1.2 Magnetic structure of a semi-torus as it erupts onto the solar surface.

The panel (a) shows the distribution of the vertical component of the
magnetic field (scaled between +17 kG) at z = —7.5 Mm. The panel
(b) shows the corresponding magnetic map at z = 0 (scaled between
+2 kG), which highlights the serpentine nature of the magnetic field
lines near the surface as a consequence of the interaction between the
emerging field and the granular convective flows.

Adapted from [34] . . . ..o

1.3 Left: (a) a magnetogram and (b) the Ha nominal line-center intensity of

1.4 A

1.5 A

the NOAA AR 5617. Overlaid vector field shows the average velocity
of facular elements. Right: a model of undulatory flux tubes in vertical
sheets, of which each produces a sequence of aligned flux emergence
events.

Adapted from [195] . . . . ..o

modified CSHKP—plasmoid ejection model for compact-loop flares and
standard two-ribbon flares. Evidence of HXR is observed on top of the
heated loop by Yohkoh.

Adapted from [178] . . . . . . .o

schematic figure of tether-cutting model, in which ejective eruption
(lower right panel) and confined eruption (lower left panel) both begin in
the same way: the two opposite elbow ends of the sigmoid, with crossed
arms over the neutral line, brighten and expand as a new bright sheared
arcade appears and grows below the crossed arms. A new bright strand
connecting the far ends of the elbows appears above the crossed arms
and rises upward. The envelop field blows open in association with a
CME in ejective eruptions and transforms to closed long-duration flare
arcade, whereas the explosions are enclosed in the sigmoidal bipole with
a shorter period of flare in confined eruptions.

Adapted from [140] . . . . . . .o
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Figure

LIST OF FIGURES
(Continued)

2.1 Solar images taken in different wavelengths, by ATA and HMI on board

the SDO. In the dissertation, HMI magnetograms of 135 s cadence and
AIA images at 171, 193, and 1700 A are used for the study of magnetic
evolution and UV /EUV responses, respectively.

Credit: NASA/SDO/Goddard . . . . . . . .. .. ... .. .. .....

3.1 Event overview. (a—c) Pre-flare, post-flare, and difference (19:22:30 UT

frame subtract 17:34:23 UT frame) BBSO/GST TiO images, overlaid
with the red contour indicating the newly formed penumbral region R
determined based on the difference image. The vertical red line marks
the slit used for the space-time slice image shown in Figure 3.3. (d-
e) Pre- and post-flare SDO/HMI horizontal magnetic field maps, also
overplotted with the contour of region R. (f) Pre-flare SDO/AIA 1700 A
image, showing flare precursor K. The yellow contours superimposed in
all panels represent the co-temporal PILs. The boxed region in (a) and
(f) indicates the FOV of Figure 3.2. . . . . . . ... ... ... ....

3.2 Flow field in BBSO/GST TiO band. (a) and (b) Pre-flare (at 17:34:23 UT)

and post-flare (at 19:22:30 UT) TiO images overplotted with arrows
illustrating the flow vectors derived with DAVE. For clarity, arrows
pointing northward (southward) are coded yellow (magenta). The white
and red contours denote the PIL and the region R (see Figure 3.1),
respectively. (c¢) and (d) Azimuth maps of corresponding flow vectors
in (a) and (b), also overplotted with the PIL, precursor kernel, and
region R contours. The shear flow region P showing the most obvious
flare-related enhancement is outlined using the dashed ellipse, with its
major axis quasi-parallel to the PIL. . . . . .. ... ... ... ...

3.3 Space-time slice image based on BBSO/GST TiO intensity images (a) and

the derived time sequence of DAVE velocity field (b). The slit is marked
as the red vertical line in Figure 3.1(a)—(c). The vertical dashed line
denotes the time of the first HXR peak at 17:52:31 UT, the horizontal
solid line denotes intersections of slit with region R in Figure 3.2(a)
(b). The overplotted red lines in (a) trace several prominent evolving
penumbral fibril features, and are used to estimate the flow velocity
based on their slope. . . . . . ... oo oo

3.4 Temporal evolution of physical properties (mean values) in the growing

penumbral region R. (a) TiO intensity. (b) FLow velocity. (c)
Horizontal magnetic field strength. (d) Magnetic inclination angle. In
(c) and (d), data are fit to a step function (see Equation (3.1)). The
overplotted magenta curve represents the Fermi HXR 25-50 keV flux.

Xiv
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Figure

LIST OF FIGURES
(Continued)

3.5 Temporal evolution of physical properties (mean values) in the shear

flow region P (the elliptical region in Figure 3.2d). (a) TiO intensity.
(b) Shear flow velocity. (c) Horizontal magnetic field strength. (d)
Magnetic inclination angle. In (c¢) and (d), data are fit to a step function
(see Equation (3.1)). The overplotted magenta curve represents the
Fermi HXR 25-50 keV flux. . . . ... ... ... .. ... ....

4.1 Evolution of flare ribbons and magnetic fields. (a) Ha + 1.0 A image

near the flare peak showing the two major flare ribbons. The magenta
lines contour B, map (smoothed by a window of 0.77 x 0.7") at
+1600 G. (b) B, image superimposed with curves (color-coded by
time) that depict the progression of flare ribbon fronts. Note that the
western ribbon and its evolution are not entirely captured due to the
limited FOV of GST. The overplotted lines S1-S4 and SC indicate
the slit positions of the time slices and vertical cross sections shown
in Figures 4.2 and 4.5, respectively; the magnetic field evolution in
several sample positions (P1, P2a, P2b, and P3) is plotted in Figure 4.3.
(¢) B, image superimposed with arrows (color-coded by direction; see
the color wheel) that illustrate DAVE4VM flows averaged between
17:52:56-18:13:17 UT (sunspot rotation phase; Liu [122]) subtracted by
the flow field averaged between 17:32:35-17:51:29 UT. The two white
circles mark the regions of rotational motion. A window size of 23 pixels
was set for DAVE4VM tracking. (d)—(f) Maps of By, in the pre- and
postflare states and their difference. The PIL is overplotted in (a)—(b)
and (d)—(f). All the images in this study are aligned with respect to
17:34:03 UT. . . .o

4.2  Correlation between flare ribbon motion and By, change. The background

portrays time slices for the slits S1-S4 (as denoted in Figure 4.1(b))
using the fixed difference images (relative to the preflare time at
17:34:03 UT) of By, showing the Bj change. The superimposed
black lines are contours (at 600 DN) of time slices for the slits S1-S4
(smoothed by a window of 0.23” x 0.23”) using the running difference
Ho + 1.0 A images, showing the motion of ribbon front. The estimated
ribbon velocities along each slit are denoted. In particular, along the slit
S2, the speed of the ribbon front is ~15 km s~! during 17:52-17:55 UT
and ~1.5 km s™! during 17:55-18:06 UT, as denoted in (b). For all
the slits, the distance is measured from the end closest to the PIL. The
horizontal dashed lines mark the positions of P1, P2a, P2b, and P3
relative to their corresponding slits. The vertical dashed line indicates
the time of the first main HXR peak at 17:52:31 UT. . . . . . . . . ..
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Figure

LIST OF FIGURES
(Continued)

4.3 Time profiles of flare Hao + 1.0 A emission and changes of photospheric

magnetic field at sample positions P1, P2a, P2b, and P3 (as marked
in Figure 4.1(b)). The Ha light curves are plotted in blue and in an
arbitrary unit. The quantities plotted in red are, from top to bottom
rows, By, B,, inclination angle, magnetic shear, and azimuth angle. In
each panel, the grey error bars indicate a 1o level of the fluctuation
of corresponding magnetic field parameter in the preflare time (from
16:43:15 to 17:38:24 UT). When appropriate, the field evolution is fitted
using a step function (green lines). . . . . ... ... ... ... ...

4.4  Flare ribbon and induced Lorentz-force change. (a) Ha + 1.0 A image at

17:53:08 UT near the first main HXR peak, overplotted with contours
(smoothed by a window of 0.55” x 0.55”) at 600 DN (same level as
that used in Figure 4.2) based on the running difference Ha + 1.0 A
image (i.e., 17:53:08 minus 17:52:40 UT) that highlight the ribbon front.
(b) Running difference image of B, at about the same time. (c) The
corresponding B, image (scaled from —1000 to 3000 G) overplotted
with arrows (color-coded by direction; see the color wheel) representing
dF}, vectors. The contours in (b) and (c¢) are the same as those plotted

4.5 Distributions of magnetic field and current in the preflare (a, ¢, e) and

postflare (b, d, f) states in vertical cross sections S1, SC, and S3, the
bottom sides of which are slits S1, SC, and S3, respectively, as denoted
in Figure 4.1(b). The distance on the surface is measured from east
to west for all slices. The background shows J, in logarithmic scale,
overplotted with black arrows representing the transverse field vectors
in the vertical slices. The preflare field vectors are also shown in gray
in the corresponding postflare maps. The red, blue, and white contours
are at levels of 0.015, 0.023, and 0.031 A m™2, respectively. . . . . ..

5.1 Overview of the emergence observations. Multi-wavelength observations

from GST at 21:46 UT is displayed in the figure. Panel (a) shows
vertical magnetic field map, whose magnitude is represented in gray
scale with black (white) meaning negative (positive) polarity. Grayscale
of the vertical field map saturates at £500 G. Panel (b) and (d) show
Ha images at +1.0 and —0.4 A, respectively. Green circles indicate
regions of observed emergence events and white dashed boxes (F1
and F2) indicate FOV of 5.2 and 5.5 Panel (c) is TiO image that
shows photospheric structures. Panel (c¢) and (d) are overplotted with
vertical field contours of £150 G, in which green (red) indicate negative
(positive) values. . . . . . ..
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Figure
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5.2 Temporal evolution of emergence event 1. The figure shows snapshots of

emergence event 1 from 21:46 UT to 22:06 UT. Panels (a) show vertical
field superimposed with horizontal field vectors, whose directions are
represented by vector colors and magnitude is represented by length.
Panels (b) show horizontal field on top of TiO images. Panels (c¢) show
TiO images overlied with vertical magnetic elements, the red (green)
contours represent positive (negative) magnetic elements at level of 150
G. The blue circle in Figure 5.2(a3) and (b3) indicates the location
of emergent flux sheet with correspondent expanding granule in the
background. . . . .. ...

5.3 Horizontal field and dopplermaps in event 1. Panels (a) show horizontal

field map superimposed with vertical field contours at level of 150 G.
Panels (b) show upflows (downflows) of Dopplergrams in blue (red)
color. The line-of-sight component the correspondent velocity is in
range of 3.0 km s~!. Panels (c) present TiO images superimposed
with horizontal field contours at levels of 200 G and 400 G, indicated
by dark and light blue, respectively. The green (red) contours in (a) and
(b) represent magnetic elements of negative (positive) polarity at level
of 150 G. Blue circle in (b3) and (c3) indicate the location of expanding
granule. intergranular lane is outlined with ellipse in (c4) and (c6).
Blue (red) arrows in (b4) and (b6) indicate strong Doppler blue-shift
(red-shift) at footpoints. . . . . .. ... oL

5.4 Time-space diagram of event 1. Panels (a) and (b) show time-space

diagrams of horizontal field and TiO along the red slit as shown in (f),
which correspond to flux sheet emergence stage. Green lines in (a) and
(b) trace the expanding granule. Panels (c) and (d) show time-space
diagrams of vertical field and TiO along the yellow slit as shown in (f),
which represent negative footpoint motions in the intergranular lane.
Red lines in (c) and (d) trace and are used to estimate speed of motion
of the magnetic element. Green (red) contours in (e) and (f) outline
the concentrated negative (positive) magnetic elements. . . . . . . . .

5.5 Temporal evolution of emergence event 2. The figure shows snapshots of

emergence event 2 from 21:13 UT to 22:02 UT. Panels (a) show vertical
field superimposed with horizontal field vectors, whose directions are
represented by vector directions and magnitude is represented by
length. Panels (b) show TiO images overlied with horizontal field
vectors. Panels (c) and (d) show Ha images at +1.0 and —0.4 A, the
green (red) contours represent negative (positive) magnetic elements at
level of 150 G. . . . . . . .
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Figure
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5.6  Horizontal field and dopplergrams in event 2. Panels (a) show horizontal

field map superimposed with vertical field contours at level of 150 G.
Panels (b) show upflows (downflows) of Dopplergrams in blue (red)
color. The line-of-sight component the correspondent velocity is in
range of £3.0 km s™'. Panels (c) present TiO images superimposed
with horizontal field contours at levels of 200 G and 400 G, indicated
by dark and light blue, respectively. The green (red) contours in (a) and
(b) represent magnetic elements of negative (positive) polarity at level
of 150 G. The red arrow in (a3) indicates horizontal component of the
magnetic loop. The yellow arrows in (b2) indicate Doppler blue-shifts

between the magnetic footpoints. . . . . . . .. ... ... ... ..

5.7 Time-space diagrams of event 2. Panels (a) and (b) show time-space

diagrams of vertical and horizontal field along the slit in the TiO
image as shown in (c¢). Yellow lines in (a) and (b) trace and are
used to estimate the speed of separation of the emerged magnetic
polarities. Green (red) contours outline the magnetic elements of
negative (positive) polarity. . . . . . ... ... oL

5.8 The evolution of magnetic flux, mean brightness, and magnetic fields in

event 2. Red and blue light curve in (a) shows averaged vertical flux
evolution at footpoints FP3 and FP2 in Figure 5.5, respectively, in unit
of 10'® Mx. Blue (red) light curve in (b) shows normalized intensity of
Ha —0.4 A(41.0 A) in the loop (at footpoint FP1). Blue (red) light
curve in (c) shows horizontal field in the loop (footpoints) in unit of
Gauss. Dashed lines in figure mark two episodes of flux emergence,
with red (black) dashed line represents start (end) time. . . . . . ..

6.1 Identification of cancelling magnetic elements with corresponding Ho

spicules and EUV eruptions. Panel (A) shows magnetograms at
16:46:44 UT superimposed with Ha blue wing image at -0.8 A off
linecenter. Panel (B) shows AIA 193 A image of the same FOv, with
dark area indicating the coronal hole. Panel (C) shows locations of
cancellations of opposite magnetic clements with He -0.8 A image in
the background. Panel (D) shows Ha blue wing image at -1.0 A off
linecenter. . . . . . . ..
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6.2 Identification of cancellation site in magnetogram. Panel (a) show

locations of cancellation events occurrence. The green star symbols
indicate where the opposite magnetic flux cancel out (with unsigned
flux decrease). The purple contours represent boundaries of the coronal
hole in the FOV, of which the northwest region is inside coronal hole.
The belt between gray lines is a rough dividend of coronal hole and QS.
Panels (b) and (c) show two cases of cancellation events in the coronal
hole and at coronal hole boundary, respectively. Blue and red contours
indicate positive and negative magnetic conponents at +100 G.

6.3 Magnetic field properties at coronal hole boundary. Panel (a) show time

evolution of total magnetic energy, energy of cancelling magnetic flux,
and cumulative released energy through cancellations. Panel (b)-(d)
show distribution histograms of net flux, size of cancelling magnetic
elements, and lifetime of cancellation events, respectively. . . . . . ..

6.4 Magnetic field properties in coronal hole. Panel (a) show the magnetic

field in coronal hole with cancellation site indicated by green star
symbols. Grayscale of the magnetogram is in range of -400 G to 200 G.
Panel (b) show time profile of total magnetic energy, energy of cancelling
magnetic flux, and released energy through cancellation. Panel (c)-(e)
show distribution histograms of net flux, size of cancelling magnetic
elements, and lifetime of cancellation events, respectively. Blue box in
panel (c¢) show net flux distribution before before cancellation of each
event. ..o L

6.5 Magnetic field properties outside coronal hole. Panel (a) show the

magnetic field in the QS with cancellation site indicated by green star
symbols. Panel (b) show time profile of total magnetic energy, energy
of cancelling magnetic flux, and released energy through cancellation.
Panel (c¢)-(e) show distribution histograms of net flux, size of cancelling
magnetic elements, and lifetime of cancellation events, respectively.

6.6 Magnetograms and Ha images of the evolution of cancellation event 1.

Panels (a)-(d) show Ha images (-1.0, -0.8 A), magnetograms, and
ATA 193 A images of the small-scale cancellation associated with jetlet
eruptions from location in Figure 6.2(c). Yellow and red arrows in third
frame of panel (b) indicate base and spire of the jetlet, respectively.
Blue and red in panel (c) represent positive and negative polarities

above 200 G of field strength. . . . .. .. ... ...
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6.7 Time evolution of vertical flux of event 1. The temporal evolution

from 16:39:08-16:50:14 UT of converging positive (negative) magnetic
flux in the Figure 6.6 is displayed in blue (red) curve. The black
and red vertical dashed lines represent formation of arched Ha dark
feature and onset of the Ha eruptions, respectively. Error bars of each
curve represent uncertainty of measured magnetic flux from noise of
magnetograms. . . . ... .. L Lo

6.8 Magnetograms and Ha images of the evolution of cancellation event 2.

Panels (a)—(d) show Ha images (-1.0, -0.8 A), magnetograms, and AIA
193 A images of the small-scale cancellation associated with Ha spicular
activities from location in Figure 6.2(b). Blue and red in panel (c)

represent positive and negative polarities above 200 G of field strength.

6.9 Time evolution of vertical flux of event 2. The temporal evolution from

16:39:08-17:26:08 UT of positive (negative) magnetic flux in the Figure
6.8 is displayed in blue (red) curve. The black vertical dashed lines
represent onset of the Ha eruptions as seen in event 1. Error bars of
each curve represent uncertainty of measured magnetic flux from noise
of magnetograms. . . . . . . ...

A.1 Comparison between BBSO/GST NIRIS and SDO/HMI vector magne-

tograms of NOAA AR 12371. The data were taken at about the
same time and processed in a similar fashion (Stokes inversion, azimuth
disambiguation, and deprojection; see text for details). (a)—(b) Images
of B, superimposed with arrows (color-coded by direction; see the color
wheel) representing vectors of By. (c)—(f) Scatter plots of NIRIS vs.
HMI measurements of B,, B,, B,, and azimuth angle for the boxed
region marked in the upper panels (the higher resolution NIRIS images
are downsampled by a factor of 6.4). Also indicated are the linear
Pearson correlation coefficient (C.C.) and slope of linear fit of the data
points (red lines). The underlying blue lines have a slope of 1.. . . . .

A.2  Changes of 1564.8 nm Stokes profiles at P2b associated with the arrival

of flare ribbon. The profiles of Stokes I (a), overall linear polarization
magnitude (Q? + U?)Y/2 (b), and Stokes V (c) at 17:34:03 UT (blue)
and 18:04:34 UT (red) are plotted. In (c), the orange dotted line shows
the difference profile (the profile at 18:04:34 UT is subtracted by that
at 17:34:03 UT). . . . . . . . o

A.3 Same as Figure 4.2 but the background shows time slices for the slits

S1-S4 using the fixed difference images of SDO/HMI By,. . . . . . ..
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A.4 Evolution of flare ribbon and magnetic field. (a) Ha + 1.0 A image near
the flare peak blended with the slog) map calculated at a preflare time
at 17:36:44 UT, showing that in front of the major eastern flare ribbon,
there is elongated emission as pointed to by the white arrow that is
located at the high-@ line. Panels (b) and (c) are similar to those
shown in Figures 4.2 and A.3, respectively, but for the slit S5 marked

xx1



CHAPTER 1

INTRODUCTION

Solar activities exert perpetual influences to the solar system on various time scales,
from milliseconds to thousands of years. Of the most important and specific interest
to solar scientists are the eruptive solar activities, i.e., solar flares. Although even
the strongest flares can hardly perturb the total solar irradiance (1367 W m™?),
such dynamic explosions are capable of releasing substantial amount of energy up
to 10%%ergs in 100-1000 s and are often accompanied with coronal mass ejections
(CMEs) and solar energetic particles (SEPs). The accelerated ionized particles fill
the interplanetary space through solar wind and put threats to our modern society
and technology, including electronic communications, air transportation, and near
earth satellite safeties. Thus study of the solar flare mechanisms and evolution of
solar eruptions is critical in terms of advancing the predictability of space weather.
In the solar atmosphere (photosphere, chromosphere, and corona), manifestations of
flares are associated with magnetic energy storage and release. Magnetic fields play
an important role in varying the solar atmospheric structures. Taking advantage of
the state-of-the-art ground based telescopes (e.g., Goode Solar Telescope, GREGOR
Solar Telescope) and space-based instruments (e.g., Helioseismic and Magnetic Imager
(HMI) on board the Solar Dynamic Observatory (SDO), Solar Optical Telescope
(SOT) on board Hinode), our understandings of the magnetic structures and evolution
are considerably advanced. However, the details of magnetic evolution are still
not fully understood, especially the small-scale magnetic energy budget in the

photosphere.



1.1 Formation of the Active Regions

An active region (AR) on the Sun is where the strong magnetic flux is lifted from
solar interior to the solar atmosphere. Typically, the areas of concentrated radial
photospheric magnetic fields of ~kG in ARs are called sunspots. Parker [154],
Wilson [250], and Ponomarenko [159] proposed that the formation of sunspots in
ARs start with magnetic flux rope emerging into photosphere through magnetic
buoyancy and convergence of supergranule flux through convection. During formation
of an AR, strong radial magnetic fields in a sunspot spread out and intrude below
the photosphere, thus turn into horizontally inclined fields at edges of the sunspot,
which are observed as penumbra in white light continuum. Based on the difference
of magnetic topology in ARs, sunspot groups are commonly categorized by Mount
Wilson classification [105]: « — a sunspot group of same polarity; 5 — a bipolar
sunspot group with a simple division between sunspots of opposite polarities; v —a
sunspot group of complex polarities so that the polarity inversion line (PIL) cannot
be identified; and the configuration of 4 group — umbrae of opposite polarities locate
in the same penumbra. Flare productive ARs often consist of various magnetic
classifications in sunspot groups, of which the studies (e.g., [267, 133, 206, 210])
show that the existence of é—sunspots is highly correlated to flare eruptions. Figure
1.1 shows high-resolution images of a flare producing AR on the Sun. Near the disk
center, a group of fyd—sunspots with flare ribbons are clearly seen in the ultraviolet
(UV) 1600 A image (the top left panel taken by the Atmospheric Imaging Assembly
(AIA; [111]) on board the Solar Dynamics Observatory (SDO)). According to the
National Oceanic and Atmospheric Administration (NOAA), this region is numbered
as 12371, which produced diverse solar eruptions on different scales in its life cycle,
including four M-class flares and one C-class flare.

As the fundamental source of most of the phenomenal solar activities, magnetic

field of ARs is of great interest to solar physicists. With the availability of
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Figure 1.1 Flare-productive NOAA AR 12371. Images of the observation are
obtained from SDO and the ground-based instrument in BBSO/GST. Light curve
of GOES soft X-ray 1-8 A indicates solar radiation changes due to flares associated
with magnetic eruptions.

Image sources: BBSO/GST, AIA/SDO, GOES

magnetograms, understandings of structure and nonpotentiality of the photospheric
magnetic field are greatly advanced. The generation of ARs is investigated from

two perspectives: flux emergence modelling from solar interior and multiwavelength

observations of reconnections of emerging flux in the solar atmosphere.

1.1.1 Flux Emergence Theory
A vastly accepted flux emergence model forming ARs is the toroidal magnetic flux
rope rising from the deep convection zone through magnetic buoyancy [154]. Basic

physics of flux emergence from solar interior is derived based on ideal gas assumptions.



Assuming a magnetic flux tube of field strength B is embedded in convection zone,

when the magnetic structure reaches pressure equilibrium,

BQ
pe:pi+§> (11)

where p,. and p; are thermal pressures of the ambient environment and in the magnetic
flux tube, respectively. The magnetic pressure is p,, = %ﬁ. In this case, gas thermal
pressure satisfies the relation p, > p;. If the magnetic structure is also in thermal
equilibrium with ambient background (7; = T, = T), then Equation (1.1) can be

rewritten as,
B2 m

—_— 1.2
8 k’BT’ ( )

Pe = pPi +
where p. (p;) is density in background (magnetic structure), m is molecule mass,
and kp is Boltzmann constant. The unbalance of gas pressure is then caused by the
density deficiency in the magnetic structure, i.e., Ap = p; — p. < 0, which drives the

magnetic structure to surface from surroundings. The magnetic buoyancy force is

fus = Apg = —B""pg, (1.3)

where plasma—( is defined as the ratio of thermal pressure and magnetic pressure
(87p/B?). Hence, buoyancy dominates the evolution of the highly magnetized plasma
with field strength above 10* G in absence of significant convection [154].

Generally, the numerical simulations of the buoyant magnetic structures
emerging from the convection zone exclude influences other than magnetic buoyancy,
such as pressure gradient and Lorentz force, from consideration of initial equilibrium
setup (for details see Chapter 3 in [33]). The magnetic evolution of flux emergence
is developed by inserting a horizontal flux tube wrapped in twisted field. In this
case the perturbed magnetic structure rises into arched flux tube as a result of

three-dimensional buoyant instability while still remains coherent in its emerging



process [55]. Because of the significant vertical gradient of gas pressure through
convection zone [189, 37, 220], the magnetic tube must expand laterally to maintain
gas pressure equilibrium with its surroundings [141, 34, 148]. Due to vortex motion
associated with flux emergence, relatively weak poloidal field is sufficient for magnetic
flux tube to rise to the solar surface while generate twist of the emerging flux tube
[85, 9]. The typical model of formation of ARs through flux emergence shows that
the twisted rising magnetic flux tube deforms to an 2-loop and enters photosphere
so that an AR with opposite polarities is developed [56].

In the radiative MHD simulations, Cheung et al. [34] found that the
semitorus-shaped flux tube emerges into the photosphere with an upward speed of
0.5-1 km s~ ! in ~4-5 hours before small pores appear in multiple locations. Sunspots
are formed at the locations where semitorus footpoints are rooted in two hours. In the
presence of convective flows generated by photospheric cooling in the upper convection
zone, magnetic flux emerges as small-scale undular transient in the first stage (see
Figure 1.2(b)), followed by a gradual flux concentration process. Such serpentine
nature of granular-sized magnetic field is explained as an interplay of convective
downflow and buoyantly rising magnetic field [195, 152, 36]. Simulations of the
photospheric properties of emerging flux regions (EFRs) show the enhancement of
evanescent horizontal field in the neighboring granular cells with upflowing plasma in
darkening continuum counterparts [36, 144].

The upward motions and horizontal expansion of magnetic field and plasma
are responsible for the chromospheric eruptions at different heights. The undular
topology of the emerging magnetic field can lead to the formation of bald patches, in
which the U-loops under the solar surface can generate Ellerman bombs (EBs) [94, §]
and the Q-loops that are more profoundly associated with jet eruptions [143, 142, 201,

253]. Such eruptions are produced by magnetic reconnection due to the emergence of



(b)

Figure 1.2 Magnetic structure of a semi-torus as it erupts onto the solar surface.
The panel (a) shows the distribution of the vertical component of the magnetic field
(scaled between +17 kG) at z = —7.5 Mm. The panel (b) shows the corresponding
magnetic map at z = 0 (scaled between +2 kG), which highlights the serpentine
nature of the magnetic field lines near the surface as a consequence of the interaction
between the emerging field and the granular convective flows.

Adapted from [34]

magnetic field. At the same time, a large fraction of mass confined in the rising field

is discharged from magnetic structure and drain below the surface.

1.1.2 Flux Emergence Observations

In the process of flux emergence, magnetic flux contents is observed in a wide range
of sizes, from as large as sunspots of 30 Mm in diameter carrying 10*> Mx to pores,
ephemeral regions, and faculae with flux in 10'¥-10% Mx [76, 203]. Flux emergence
regions evolve actively to form active regions and generate consequent long-term
photopsheric evolution and abrupt solar activities. Since the discovery of magnetic
field in sunspots [77], evolution of the solar active regions are quantified extensively by
their magnetic characteristics. The lifetime of active regions shows close relations with
the embedded magnetic flux, i.e., as shown in Table 1.1 (summarized in Chapter 2 of
van Driel-Gesztelyi and Green [215]). The typical lifetime has a positive correlation
with maximum magnetic flux of an AR. Zwaan [270] summarized that the bipolar
emerging signature does alter its surrounding magnetic structure and as the emerging

flux region grows, it ranges from a small bipole with magnetic flux ®<x10?° Mx that



does not develop beyond an ephemeral active region, to a large AR with ®>x10%! Mx
that structures sunspots. A dark pore can attain magnetic field of 1900-2600 G at end
of the emergence phase while sunspots umbrae typically contain field over ~3000 G
[269, 20]. Study of the horizontal dynamics in large EFRs shows that small magnetic
elements of opposite polarities scatter in the whole region in an organized manner,
in which a string of pores extend from the major preceding sunspot to the major
following sunspot, making a thread-like distribution of magnetic flux in magnetograms

[194].

Table 1.1 Relations of Typical Magnetic Flux, Lifetime, and Ratio of
Emergence Phase to AR Lifetime

Regions Magnetic flux® Lifetime

(M)
Large (with sunspots) 5-30x 102 weeks—months
Small (pores, no spots) 0.1-5x10%! days—weeks
Ephemeral 0.3-10x10% hours—= 1 day

*Unsigned magnetic flux in one polarity of the active region.

Besides the appearance of magnetic concentrations in the photosphere, vector
magnetic field product reveals that in the emergence of small bipolar active regions,
horizontally inclined field of 200-600 G rises through solar surface at an apparent
speed of ~1 km s7![116]. The magnetic field of individual emerging elements can
reach kG when the emerged flux diverges from emergence site rapidly and attains
more vertical field in the process. From a statistical study of 37 emerging ARs,
strong magnetic field distribution is seen to be significantly reduced comparing to
prior peak of flux emergence. Dacie et al. [40] proposed the evolution of field

distribution as a result of magnetic flux reprocessing by magneto-convection. Moving



magnetic features resulted from convective flows remove magnetic field from the
decaying AR. At the same time, emerged fluxes of opposite polarities are concentrated
along boundaries of supergranules. They coalesce with each other and descend into
subsurface. The cancelled flux is redistributed by near surface convection and emerges
in the intranetwork.

Due to the serpentine nature of small-scale emerging field in the EFR, recurring
emergence and cancellation of magnetic elements are observed in the photosphere
with high spatial resolution data [194, 195]. Such frequent magnetic reconnections
are driven by horizontal motion of granules and faculae embedded in the intergranular
lanes. Figure 1.3 shows properties of dynamic small-scale structure in the emerging
NOAA AR 5617. Near the PIL, small-scale emergences repeatedly occur on
10 minutes timescale and display braided pattern in magnetograms (see Figure 1.3(a))
and aligned arch filament system in Ha (see Figure 1.3(b)). During the lifetime of
individual small-scale emergence, footpoints of the flux tube separate in an average
speed of 1.4 km s~!, moving toward the edge of the active region with the same
polarity of their own.

With high-resolution photospheric vector magnetograms and Ha blue wing
images, Pariat et al. [152] found EBs [54] in the dipped field lines of undulatory
flux tubes during flux emergence. They proposed that EBs could be due to magnetic
reconnection where field lines present a U-loop shape, which is defined as bald
patch. This type of reconnection discharges magnetic flux from the dipped field
with dense material trapped in photosphere (also see [240, 219, 218]). UV/EUV
emissions in chromosphere and transition region are also witnessed to be associated
with magnetic energy release in the form of flux cancellation during the emergence
process. Particularly, intense transient brightenings in 1400 A, 1600 A, and 1700 A
are identified as UV bursts [209, 205], which are caused by small-scale reconnections

in the lower atmosphere. Jets, on the other hand, are usually observed in EUV
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Figure 1.3 Left: (a) a magnetogram and (b) the Ha nominal line-center intensity
of the NOAA AR 5617. Overlaid vector field shows the average velocity of facular
elements. Right: a model of undulatory flux tubes in vertical sheets, of which each
produces a sequence of aligned flux emergence events.

Adapted from [195]

and X-ray wavelengths. They are characterized to have a size of 4,000-10,000 km,
transverse velocity of 50-100 km s™!, and lifetime of 2-4 minutes [31]. The onset of
jet ejections is divided into two classes: standard jets — the rising arch of untwisted
magnetic field reconnects with ambient open field so that heated plasma escapes
upward, and blowout jets — the highly sheared and twisted core arch field produces
an ejective eruption as it also reconnects with ambient open field [139]. The blowout
jets are often associated with small-scale filament eruptions, by which coronal heating
process may be powered [191]. With availability of high-resolution observations

(SDO/ATA, Hinode/XRT, IRIS), both types of jet ejections are observed on various

scales, including coronal jets, macrospicules, and spicules (e.g., [119, 261, 1, 190, 151]).

1.2 Solar Flares
Solar flares are a sudden release of energy in the atmospheric layers of the Sun. The

discovery of solar flares is dated back to 1859 September 1, when Carrington [26] and



Hodgson [82] witnessed a brilliant brightening in a large group of sunspots in white
light. Although solar flare eruptions are detectable in a broad range of spectrum,
white light flares are exceedingly rare, comparing to those in X-ray, UV/EUV, and
radio wavelengths. Thanks to the invention of spectroheliograph by G.E Hale, the
first photographic figure of solar flare on 1892 July 15 was obtained in Hea line,
following which observations of solar flares in the optical wavelength of Ha line by
spectrohelioscope became easier and increased over the time. In the optical aspect of
flare observations, flare emission is most responsive in the lowest Balmer series (i.e.,
Ha) in the early phase of flare development. When flares reach maximum phase, the
whole spectrum in the range of 3550-6600 A turns into emission. Flare classification
based on flaring area and maximum brightness is denoted ascendantly as S—1-2-5—4,
in which S represents subflares and 4 represents the most extensively large flares that
cause interplanetary and terrestrial disturbances [223]. Nowadays, flare strengths are
classified by their soft X-ray brightness in the wavelength range of 1-8 A taken by
the Geostationary Operational Environmental Satellite (GOES; [65]). There are five
categories in logarithm order of peak flux, A, B, C, M, X, corresponding to 1078,
1077, 1075, 107%, 107* W m~? at 1 AU, respectively.

Triggering mechanisms of solar flares with manifestation of emissions in a wide
range of wavelengths have been investigated extensively from magnetic perspective
since the discovery of magnetic field on the sun [77]. It is now generally believed
that solar flares are powered by free magnetic energy stored in the corona [161],
and that the energy released via magnetic reconnection causes plasma heating and
particle acceleration [177], producing various flaring signatures at multiple heights
in the solar atmosphere. Following the observational results, a series of classical
models were proposed by Carmichael [25], Sturrock [196], Hirayama [81], and Kopp
and Pneuman [104] to describe solar flare eruptions based on two-dimensional (2D)

magnetic reconnection theory. These models are collectively called CSHKP model
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and have been regarded as a standard model. This classical two-ribbon-flare model
predicts that in long-duration-event (LDE) flares the rising closed magnetic field
is opened by MHD instability in association with filament eruption, followed by
reconnection in the vertical current sheet at magnetic null point due to inflow driven
by Lorentz force. In addition, observations of hard X-ray emissions and fast MHD
shock (termination shock) on top of the reconnected loop indicate hot plasmoid
ejection in impulsive compact-loop flare production [64, 178, 213]. A schematic
picture of the modified CSHKP model was introduced by Shibata [178] to depict
basic features of both LDE and impulsive flares (see Figure 1.4).

The free energy released in the process of flare eruption is usually defined
as an excess of magnetic field energy in the active region over the potential field
energy in the same boundary conditions. The photospheric magnetic field properties
such as total magnetic flux, photospheric free energy, and total vertical current are
closely associated with flare productivity. In combination with measures of magnetic
shear, these photospheric magnetic quantities can serve as a flare indicator [107, 98].
The importance of magnetic shear for the onset of flares and CMEs is emphasized
in the tether-cutting model [140], in which a sigmoid configuration is formed by
magnetic bipoles with their footpoints connected by sheared core fields. In this
scenario, runaway tether-cutting reconnection occurs in the sheared core field of the
crossed arms of the two binding magnetic loops (see Figure 1.5). Observations of
the brightened sigmoid and the new enveloping flare arcade after reconnection were
achieved in soft X-ray wavelengths.

Although tremendous efforts have been devoted to flare studies, many funda-
mental physical problems are still not well understood, such as the energy build-up
and triggering of flares, and the consequent back reaction into the low atmosphere
as a result of the sudden coronal restructuring (see Wang & Liu[229] and Toriumi &

Wang[211] for recent reviews). Since coronal magnetic fields are anchored to the dense
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Figure 1.4 A modified CSHKP—plasmoid ejection model for compact-loop flares
and standard two-ribbon flares. Evidence of HXR is observed on top of the heated
loop by Yohkoh.

Adapted from [178]

photosphere, insights into these problems can be obtained by studying the structural
evolution of photospheric magnetic field and the closely coupled plasma flow field

leading to and from flare events. In general, the first problem above is often related

to relatively long-term (in hours to days) evolution of magnetic and flow fields (e.g.,
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Figure 1.5 A schematic figure of tether-cutting model, in which ejective eruption
(lower right panel) and confined eruption (lower left panel) both begin in the same
way: the two opposite elbow ends of the sigmoid, with crossed arms over the neutral
line, brighten and expand as a new bright sheared arcade appears and grows below
the crossed arms. A new bright strand connecting the far ends of the elbows appears
above the crossed arms and rises upward. The envelop field blows open in association
with a CME in ejective eruptions and transforms to closed long-duration flare arcade,
whereas the explosions are enclosed in the sigmoidal bipole with a shorter period of
flare in confined eruptions.

Adapted from [140]

13



emerging fluxes, shear and converging flows), while the second problem above deals
with short-term (in tens of minutes) flare-induced changes of magnetic/flow fields

down to the photosphere of solar eruption.

1.2.1 Photospheric Magnetic Field Evolution

It is particularly noticeable that back reaction due to flares is traditionally considered
to be small because of the large inertia of the photosphere. The reconfiguration
of coronal field is the focus of almost all models of flares and the often associated
coronal mass ejections (CMEs), which generally do not consider the restructuring
of magnetic and flow fields in the photosphere due to the assumed line-tying effect.
Magnetic shear build up and associated rapid change of vector magnetic field in the
flaring region, especially of the transverse field across the PILs, were firstly observed in
photospheric magnetographs over two decades ago [224, 227]. Based on the principles
of energy and momentum conservation, Hudson et al. [89] and Fischer et al. [61]
quantitatively investigated the back reaction on the solar surface and interior as a
result of the coronal field evolution (specifically, implosion) after energy release, and
pointed out that flares/CMEs would make the photospheric magnetic field become
more horizontal at the flare-related magnetic PILs. The authors formulated the
resulted changes of the integrated vertical (downward) and horizontal Lorentz force
exerted on the photosphere from the corona, and suggested that the former may
energize seismic waves and the latter may cause plasma bulk motions.

Thus far, these predictions of the back reaction theory have been substantiated
by many aspects of observational results of flare-related photospheric magnetic field
changes, including the rapid and permanent step-like increase of horizontal field
at flaring PILs (e.g., [224, 120, 236, 228, 118, 200, 157, 199]), possible linkage
to the excitation of seismic waves (e.g., [5, 117]), and sunspot displacement and

rotations (e.g., [7, 237, 122]). The downward collapse of coronal current systems
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presumably due to coronal implosion following flares/CMEs is also corroborated by
time sequence of nonlinear force-free field models (e.g., [200, 117]) and is reflected in

MHD simulations (e.g., [57, 58]).

1.2.2 Flow Field Evolution

Besides magnetic field variations, changes of sunspot structure in white light have
also been found to be consistent with the back reaction scenario. Notably, sunspot
penumbrae are a direct indication of horizontal photospheric field, with their fibrils
following the direction of magnetic azimuth [185]. The outward plasma flows along

1

fibrils (known as Evershed flows) can have a velocity up to ~4 km s~" in photosphere

from spectroscopic observations (e.g., [186]), and can reach up to ~8 km s~ ! in
chromosphere [13], while optical penumbral flows measured by flow tracking methods
based on imaging observations generally result in a velocity on the order of ~1 km s*
(e.g., [202, 217]). The penumbral structure and its carried flows are governed by the
magnetic field strength and especially the field inclination, as revealed by previous
observations (e.g., [90, 51]) and MHD simulations [165, 103]. Thus, the expected more
horizontal photospheric field configuration in response to the coronal restructuring
as described above is strongly evidenced by observations of flare-related darkening
and /or formation of penumbral structure, together with strengthened horizontal field
and decreased inclination angle, near central flaring PILs [120, 49, 32, 113, 232, 256].
It can be noted that these works studied the structural evolution of penumbra mainly
based on the overall intensity of penumbral segments, without examining in detail
the associated penumbral flows.

Understandably, studying the flare-related flow field evolution requires high-
quality, high-resolution observations that cover the entire flare interval, which are,

however, relatively rarely available. Using high-resolution (0.2”) G-band images from

Hinode, Tan et al. [202] observed enhancement of the central penumbral region of
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the ¢ spot in NOAA AR 10930 associated with the December 13 X3.4 flare. By
employing the local correlation tracking (LCT) technique, the authors were able to
detect shear flows (i.e., opposite-directed flows at the two sides of the PIL) in the
penumbral region, which exhibited a significant decrease associated with the flare,
probably due to the magnetic restructuring and energy release. Importantly, shear
flows can contribute to the build up of magnetic nonpotentiality in flaring regions
[79, 6, 241] and thus flare triggering, as in high resolution they show a close spatial
proximity to the initial flare kernels [259, 53]. It is obvious that more studies of both
the flow and magnetic field evolution in penumbrae can help to shed further light on

our understanding of the photosphere-corona coupling related to flaring activities.

1.3 Features of Quiet Sun Reconnection

With improvement of spatial resolution of solar observations over the past decades,
detection of small-scale features are made possible, which substantially advances our
understandings of magnetism of quiet Sun photosphere. The quiet Sun appears to
be dominated by granulation in the continuum images and the transient nature of
their webbing magnetic field leads to magnetic flux accumulation in the photosphere
through horizontal photospheric advection. Magnetic fluxes raised into the solar
surface by granulation are therefore the potential candidates of chromospheric
heating.

Magnetic concentrations of kG field in the quiet sun photosphere forms
boundaries of supergranulation, of which each cell has a typical horizontal scale
of 30-35 Mm and a lifetime of 24-48 hours. Supergranules often exhibit strong
horizontal flow of 300400 m s™! and very weak vertical flow of 20-30 m s!
[166]. The boundary of supergranulation is called network [176], which expands with

convective evolution and eventually transports flux to the chromosphere [184, 16]. As

outlined by the internetwork inside the supergranule cells, granulation shows more
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dynamic evolution, with a lifetime of 5-10 minutes and a horizontal length scale
of 0.5-2 Mm [167]. Analysis of high-resolution magnetograms found well balanced
magnetic energy budget and release in quiet Sun, where the magnetic flux appearance
rate in internetwork regions is 12043 Mz cm™2 day™' (3.7£0.4x10* Mz day*
over the entire solar surface) and flux disappearance rate from the internetwork is
12546 Mz cm™2 day™! (3.940.5x10%** Mz day™") [75].

Small-scale reconnection in the quiet Sun is often accompanied with magnetic
flux decay involving cancellation of opposite polarities and drainage of internetwork
elements. Chromospheric responses of the enhanced photospheric magnetic activities
are jets and spicules. Particularly, spicules and macrospicules are pervasive small-
scale, thin plasma features that are often seen in strong chromospheric spectrol lines,
such as Ha and Ca II lines, against solar disk (e.g., [265, 258, 106, 175]) as well as
off the limb (e.g., [225, 257, 42, 198, 14]). The discovery of inverted Y-shaped Ca
jets by high-resolution Hinode/SOT observation revealed that the small-scale jets
occur frequently associated with ubiquitous reconnection in the lower atmosphere
(photosphere, chromosphere) [179]. The typical apparent velocity of Ca jets is 10—
20 km s~'. Study of Ellerman bombs in the quiet Sun shows that chromospheric
counterparts of the small-scale jetlike ejections have apparent velocity of 50-80 km s*
[164]. While the ultimate energy source comes from convection zone, it is increasingly
clear that the direct energy deposit for coronal/chromospheric heating is resulted
from recurrent small-scale reconnection by stressing their footpoints. Such prominent
features play a crucial role in heating chromosphere by releasing magnetic energy
at a rate of 0.2-1x10%** ergs s7! and cancelling flux at a rate of 10 Mz s7! in
the cancellation regions [153]. Study of the small fraction of magnetic structure in

photosphere is a key apsect of resolving the heating mechanisms that cause solar wind

acceleration.
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1.4 Scientific Goal and Dissertation Outline

Since the discovery of magnetic field in sunspots, it is evidently confirmed in modelling
and observational studies that the most dynamic solar activities such as flares and
CMEs are originated by the complexity of evolving magnetic fields. The evolution of
photospheric flow and magnetic fields before and after flares can provide important
information regarding the flare triggering and back reaction processes. However, such
studies on the flow field are rare due to the paucity of high-resolution observations
covering the entire flaring period. On the other hand, magnetic free energy build
up in the corona are closely related to reconnection processes such as those in
flux emergence and cancellation in the lower atmosphere. While such evolution of
magnetic structures occurs in various scales, it is worth noting that small-scale flux
cancellation is ubiquitous in the photosphere and plays an important role in heating
corona.

This research takes advantage of the exceptionally high-resolution data of the
ground-based Goode Solar Telescope, focusing on the magnetic structure and flow
fields evolution in the photosphere. Studies are conducted with the unprecedented
high-resolution magnetic measurements taken by GST/NIRIS, together with sharp
TiO continuum images by GST/VIS and supplementary data at multiple wavelengths
from SDO/HMI, SDO/AIA, and GOES. For statistical analysis of the small-scale
magnetic properties, an advanced magnetic feature tracking method is employed
to characterize the intermittent magnetic reconnection driven by the evolution of
magnetic elements.

The scientific goal of this dissertation is to understand photospheric magnetic
field changes by investigating high-resolution magnetic structures in both flare active
regions and ephemeral regions. With the most advanced data from the ground
observation accomplished by BBSO/GST, this dissertation addresses the science

questions by studying the important role of magnetic field in solar activities from two
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aspects, flare-induced magnetic changes in restructuring photosphere and small-scale
magnetic evolution associated with energy release using case studies and statistical
analysis. As much as the study of space weather concerns, the source of solar wind
acceleration can be traced back to the ubiquitous photospheric magnetic structures
and reconnection in the lower atmosphere, which leads to the key science questions:
What are the rapid changes of magnetic field and flow field in response to flare
eruptions, what is the significant morphological and magnetic properties of small-scale
magnetic evolution, and to what extent the energy released in this kind of impulsive
magnetic reconnection can contribute to coronal heating and acceleration of solar

wind.
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CHAPTER 2

DATA SOURCES AND OBSERVATIONS

2.1 Data Sources
Solar imaging in the near-infrared wavelengths is accessible to ground-based obser-
vations and is widely utilized for accurate magnetic field measurement because of
Zeeman sensitivity [160]. With the improvement of spatial and temporal resolution
of magnetic field measurement, fine structures of the magnetic field that are essential
regarding to the magnetic energy buildup in low atmosphere and its linkage to a flare
or jet can be observed comprehensively. Due to transmittance of earth atmosphere,
only wavebands of visible light, near-infrared and radio waves are accessible in ground
observations. The image quality is greatly advanced by large aperture, adaptive
optics control system, and post-processing techniques (e.g., speckle reconstruction
[251]). Hence, high-resolution optical and infrared observations gain popularity in
the study of solar activities with the state-of-the-art ground-based telescopes. On the
other hand, X-ray and UV/EUV radiations are completely absorbed in the earth’s
mesosphere (~30-80 km) and thermosphere (above 80 km), respectively, which makes

them impossible to be received on the ground.

2.1.1 Ground-based Observations

This dissertation is accomplished with the unprecedentedly high-resolution data
taken by the Goode Solar Telescope (GST), given its upgraded AO system for
steady quality and coverage of long observing period. Since completion of telescope
upgrade, GST entered its commission phase in January 2009. This telescope performs
diffraction-limited observations in an all reflecting off-axis Gregorian system with a
1.6 m clear aperture. Routine observation is conducted by Nasmyth focus filtergraphs

which achieve high spatial resolution broad/narrow band photometric measurement
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in visible and near-infrared wavelengths. The utilized instruments are Broad-band
Filter Imager (BFI), Visible Imaging Spectrometer (VIS), and Near Infra-Red Imaging
Spectropolarimeter (NIRIS). All available optical observations with each instrument
are listed in the Table 2.1.

For the study of solar photospheric dynamics, data obtained by GST ground
observations contain TiO continuum (7057 A with 10 A bandpass) by BFI that
resolves photopsheric granulations and sunspots, Ha of eleven line positions (0, £0.2,
4+0.4, 0.6, £0.8, £1.0 A) around the central line (6562.8A with 0.07 A bandpass)
that identify filaments, jets, and spicules, and full spectroscopic measurement, i.e.,
full Stokes I, Q, U, V, obtained in Fe I 1.56 pym doublets. BFI captures 100 frames
per each burst in cadence of 15 s in all available lines, and VIS captures 60 frames
(25 best) per each burst in every line position.

The latest adaptive optics system, AO-308 on GST telescope, was installed
and in effect since 2013 [180]. AO-308 uses a 357 actuators deformable mirror and
its wave front sensor has 308 sub-apertures, which provide high order correction
of Earth’s atmospheric seeing. With speckle-masking image reconstruction [251],
angular resolution of GST observations is designed to reach diffraction limit from
0.4 pym to 1.7 um wavelengths in a FOV of over 85”.

NIRIS uses dual Fabry-Pérot etalons of 100mm aperture to simultaneously
capture left and right polarization states side-by-side, with each taking 1024x1024
pixels of the 2048 x 2048-pixel Teledyne camera, achieving a image scale of 0.083” /pixel.
In 85” round field of view, the instrument scans over 100 line positions in each
full spectroscopic measurement at a cadence of 10 s, and in each line position the
polarimetry is measured at 16 sampled phase angles by rotating the waveplate. NIRIS
covers spectral wavelength range from 1000 to 1700 nm, with spectral resolving power
(A/AM) in the order of 10°. There are two particular interference filters, 1083 nm and

1565 nm, and NIRIS can be operated in four modes: polarimetric mode, spectroscopic
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Table 2.1 Operating Instruments and Available Wavelengths in BBSO

Instrument | Filter® Wavelength| FOV | Image | Angular | Cadence
(bandpass) scale resolution
(/pixel)
Ho Zeiss 6562.8A | full-disk | 1” 1" 1 min
full-disk (0.25A)

BFI
red 6684A 70" | 0.034” | 0.09” 15 s
continuum | (4A)
G-band | 4305A 55" | 0.027" | 0.06" 15 s
(5A)
VIS
Fel 6300A 707 | 0.034" | 0.1 15 s/line
(0.07A)
Na I 5890A 707 | 0.034” | 0.09” 15 s/line
(0.07A)
NIRIS

10 s/Stokes

measurement

%Instruments used in the dissertation are shaded in the table.

mode, Doppler mode (a few selected spectral points), and photometric mode. In
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this dissertation, polarimetric mode is used to obtain a full spectral profile with
polarization optics.

Magnetic features in the deepest photospheric layers are explored by the highly
Zeeman sensitive (~107%1.) Fe I line doublet at 1564.85 nm and 1565.29 nm, which
are close to the opacity minimum of 1.6 gm. The Milne-Eddington inversion of these
data provides magnetic field product. When the system is operated in a fixed-phase-
angle, dual-polarization mode allows speckle reconstruction of Stokes I and V for

diffraction-limited line-of-sight magnetic field diagnostics.

2.1.2 Space-based Observations

Since the launch on February 11, 2010, SDO provides views of the Sun’s atmosphere
in multi-layers from photosphere to active region corona. There are two imaging
instruments utilized in this space-based observatory, the Atmospheric Imaging
Assembly (AIA; [111]) and Helioseismic and Magnetic Imager (HMI; [172]), which
in total image the Sun in 12 different wavelengths. AIA consists of four telescopes
of 4096x4096 pixel CCD that employ normal-incidence, multilayer-coated optics to
take full-disk solar images including the entire corona in ten wavelengths from 94 A to
4500 A nearly simultaneously, at a resolution of ~0.6” and a cadence of 12 s (at EUV
wavelengths) to 24 s (at UV wavelengths). It provides a high signal-to-noise ratio
in ~3 s exposure, which reaches as high as 10,000 in the high-temperature channels
and 100 in the low-temperature channels in quiet Sun. The narrow-band imaging of
seven EUV bands is centered on the specific lines: Fe XVIII (94 A), Fe VIII, XXI
(131 A), Fe IX (171 A), Fe XII, XXIV (193 A), Fe XIV (211 A), He II (304 A), and
Fe XVI (335 A) The temperature diagnostics of the EUV emissions is in the range of
6x10*-2x107 K. Particularly, EUV images at 171 A can detect emissions in emergent
magnetic loops in the quiet Sun corona, and EUV images at 193 A are usually used

for the identification of coronal holes due to its capability of hot coronal material
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(10% K) detection. UV images observed at C IV line (1600 A) and in continuum

(1700 A) detect emissions in the upper photosphere of 10,000 K and emissions in the

solar surface of 4500 K, respectively, where precursors of solar flares are detectable.
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Figure 2.1 Solar images taken in different wavelengths, by ATA and HMI on board
the SDO. In the dissertation, HMI magnetograms of 135 s cadence and ATA images
at 171, 193, and 1700 A are used for the study of magnetic evolution and UV/EUV
responses, respectively.

Credit: NASA/SDO/Goddard
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HMI observes the full disk solar photosphere at 6173 A Fe I absorption line
with a resolution of 1”. There are four main types of data available: dopplergrams
on the solar surface, broad-band continuum, line-of-sight magnetograms, and vector
magnetic field products. HMI contains two identical 4096 x4096 pixel CCD cameras,
which can be read out in about 2.3 seconds. Filtergram cadence of each camera
is 3.75 s. Summation of all the scans through six spectral tuning positions gives
the overall cadence of Dopplergrams, intensity, and LOS magnetograms at best 45 s.
Vector magnetic field is measured by a set of waveplates at different angle for detecting
Stokes I, Q, U, V in six observed wavelengths spanning the range +£172.5 mA around
the central wavelength of 6173 A. The basic cadence of vector field sequence therefore
is 135 s. The vector field is computed using the Very Fast Inversion of the Stokes
Vector (VFISV) algorithm based on HMI Stokes parameters [83].
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CHAPTER 3

EVOLUTION OF PHOTOSPHERIC FLOW AND MAGNETIC FIELDS
ASSOCIATED WITH THE M-CLASS FLARE

3.1 Introduction

Since the discovery of rapid and permanent magnetic change in the photosphere
associated with flare eruptions [224, 197], impact of the large-scale reconnection on
the photospheric structural evolution is broadly investigated. Recent ground-based
observation reported the sudden flare-induced rotation of a sunspot using the
unprecedented resolution of the recently commissioned 1.6 m Goode Solar Telescope
(GST; [71, 24, 70, 216]) at Big Bear Solar Observatory (BBSO) with complementary
magnetic data from SDO [123]. Tt is proposed the downward Poynting flux is injected
into lower atmosphere from corona, by which the surface Lorentz force change plays
an important role in driving the sunspot rotation.

In this work, we take advantage of the unprecedented resolution of the GST
observations to investigate the photospheric flow field associated with the 2015 June
22 M6.5 flare, and also study the corresponding magnetic field using data from the
Helioseismic and Magnetic Imager (HMI; [172]) on board the SDO. We concentrate
on the structural evolution of penumbra near the flaring PIL, and make quantitative
characterizations of the flare-related changes of the flow and magnetic properties.
We compare our results with previous studies and discuss their implications in the
context of the back reaction theory. The structure of this chapter is as follows. We
introduce the observations and data analysis methods in Section 3.2, and describe the
observational results in Section 3.3. Major findings are summarized and discussed in

Section 3.4.
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3.2 Observations and Data Processing

With excellent seeing condition, BBSO/GST achieved diffraction-limited imaging on
2015 June 22 during ~16:25-22:50 UT, thanks to the high-order AO-308 system (with
308 sub-apertures) and speckle image reconstruction. The obtained multiwavelength
observations have revealed many interesting properties of the fully covered M6.5 flare,
including flare precursors, sunspot rotation, and various fine structures [230, 122, 100].
The essential data used in this study for tracking the photospheric flows are the
images taken by the GST’s Broad-Band Filter Imager at the TiO band (7057 A 10A
bandpass), a proxy for the continuum photosphere, using a 2048 x 2048 pixels CCD
camera with a ~70” field of view (FOV). The spatial resolution (at diffraction limit
0 = \/D) of TiO images is 0.09”, and the temporal cadence is 15 s. As for magnetic
field, we used 135 second cadence vector magnetograms from HMI’s full-disk vector
field data product [83, 199], which is provided by the Joint Science Operations Center.
The pixel scale of HMI data is 0.5”. The TiO images and magnetograms are aligned
based on sunspot and plage features, with an alignment accuracy within ~0.3”, which
is the best accuracy by using interpolation. Also used are the 25-50 keV hard X-ray
(HXR) time profile from the Fermi Gamma-Ray Burst Monitor (GBM; [135]) for
studying the timing of flare energy release, and 1700 A continuum (5000 K) images
from the Atmospheric Imaging Assembly (AIA; [111]) on board SDO for disclosing
the flare precursor brightenings in the low atmosphere.

To derive the flow field on photosphere based on the TiO observation, we aligned
TiO images to sub-pixel precision, normalized the intensity to that of a quiet-Sun area,
and applied a 2 x 2 image binning to increase the S/N ratio; we then applied the
differential affine velocity estimator (DAVE; [173]), which is a demonstrated technique
for flow detection and tracking. Here we set the tracking window to 25 pixels, trying
to include enough structure information and at the mean time achieving a good

resolution. We estimate quantitative uncertainty by analyzing data with tracking
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window range from 20 to 30 pixels, which results in a maximum relative standard
deviation (RSD) as 5%. For a validity check, we repeated the flow tracking using
the LCT method [146], which produced similar results. To minimize the effects of
atmospheric seeing and five-minute period photospheric oscillation, a five minute

running average was further made to the derived DAVE velocity vectors.

3.3 Analysis and Results
The flare-productive NOAA AR 12731 appears in the 8vd configuration on 2015 June
22. The M6.5 flare of interest occurred in this region starts at 17:39 UT in GOES
1-8 A soft X-ray flux, and shows three main peaks in Fermi 25-50 keV HXR flux at
17:52:31, 17:58:37, and 18:12:25 UT [122]. The separating two ribbons of the flare
originate from penumbral regions very close to the PIL, and subsequently sweep across
the main sunspot umbrae of opposite magnetic polarity [230, 100]. In this work we
focus on the evolution of the central penumbral region of this § configuration from
the pre- to post-flare states. Similar to previous studies, stepwise changes of physical

properties are observed and are quantified by fitting to a step function [197]

B(t)=a+bt+c{l+ itan_l[n(t —to)]}, (3.1)

where a and b describe the strength and evolution of the background, ¢ is time, ¢
represents half amplitude of the step, n controls the slope of the step, and ¢y is the
middle point of the step. In this equation the time of the start of the change is

to — 0.5mn =L

3.3.1 Evolution of Growing Penumbra Region
From TiO continuum observation, one can easily identify the most prominent flare-
related penumbral evolution, that is, one segment of the central penumbra lying in

the negative field becomes much enhanced (in terms of flow dynamics) and extends
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to the north, with a close temporal relationship with the flare. This can be readily
seen by comparing the pre- (17:34 UT) and post-flare (19:22 UT) TiO images as
shown in Figure 3.1(a) and (b), respectively. The difference image in Figure 3.1(c)
(post-flare minus pre-flare state) displays a main darkened region R (encompassed by
the red contour), which corresponds to the newly formed portion of the penumbra that
was occupied by photospheric granulations. In Figure 3.2, we show the maps of flow
vectors and azimuth derived with DAVE in the pre- and post-flare states. It is evident
that after the flare, the flow vectors strengthen vastly, not only in the northern newly
formed penumbral region R but also in the previously existing, common penumbral
area; moreover, the azimuth of flows become more uniform, predominantly toward
the north direction. An accompanying gradual increase of penumbral flow speed is
shown in time-lapse flow maps. A similar overall enhancement of horizontal magnetic
field across the existing and newly formed penumbra regions is also observed (cf.
Figure 3.1(d) and (e)).

To better depict the temporal evolution of the penumbral structure, in
Figure 3.3(a) we construct the space-time slice image for a slit (marked as the red
line in Figure 3.1(a)-(c)) along the penumbral growing direction, based on the TiO
intensity images, and estimate speed of segmental motions of penumbra. We see
that this penumbral segment begins to grow rapidly toward north from around the
time of the first HXR peak (~17:52 UT), with its northern end of fibrils extending
for a distance of 2.6” (£0.3”) in about 20 minutes (from which we found that the
north end of fibrils extends at an average speed of 1.5(40.05) km s™!); later on, it
continues to slowly extend northward for about two hours (at an average speed of
0.17(£0.01) km s7!). We also trace several prominent evolving fibril features of the
main penumbral body using red lines in Figure 3.3(a), which exhibit that after the first
HXR peak, the penumbral flows become more conspicuous, with a velocity reaching

up to 2.3(£0.12) km s~! (estimated based on the slope of red lines). The evolution
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of flow velocity is also directly manifested in Figure 3.3(b), which is the space-time
slice image for the same slit but built upon the time sequence of the velocity field
derived with DAVE. The penumbral flows strengthens from an average velocity of
0.8(£0.04) km s™! at 30 minutes before the first HXR peak to 2.2(£+0.11) km s!
at 90 minutes afterwards within the region R edges, which is comparable with the
velocity estimation using the time slices. It is pertinent to point out that this velocity
(2.2(£0.11) km s7!) of penumbral flows is about twice as large as that measured based
on Hinode G-band images [202], presumably due to (1)the higher resolution of the
TiO data used in the present analysis, and (2) intrinsic property of this specific active
region we studied.

In Figure 3.4, we further plot time profiles of mean TiO intensity, flow velocity,
horizontal field strength, and magnetic inclination angle (defined as the angle of
magnetic field vector with respect to solar surface) of the newly developed penumbral
region R, and compare their timings with the HXR emission. The results show that
after about the first HXR peak, the region R begins to show an increase of penumbral
flow velocity together with a penumbral darkening, an increase of horizontal magnetic
field strength, and a decrease of field inclination angle. Specifically, according to the
step function fittings, starting from 18:00 UT the intensity decreases 15(£2)% in
30 minutes; meanwhile, the horizontal field increases 150(£15) G in ~18 minutes
from 17:50 UT to 18:08 UT, with inclination angle decreasing 5(40.5)° in the same
time period. Then horizontal field continues with a gradual increase of 200(£20) G
from 18:08 UT to 19:40 UT, while inclination angle decreases 6(%0.6)° for that
time. In contrast, the flow velocity evolves more gradually, leading to an increase of

1.2(£0.1) km s™! from 30 minutes before the first HXR peak to 90 minutes afterwards.
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3.3.2 Evolution of Shear Flow near PIL
By examining the time sequence of TiO flow maps, we also find pronounced shear
flows along the PIL in this flaring region. As can be seen in Figure 3.2(a), around
region P the flows in the eastern side of the PIL pointing toward southwest while
those in the western side of the PIL pointing toward northeast, constituting a clear
shear flow pattern. In the azimuth map computed using the derived flow vectors
(Figure 3.2(c)), the shear flow pattern can be recognized as a green-magenta feature
with the central dividing line running along the PIL. We note that (1) this shear
flow region is co-spatial with a “magnetic channel” structure (with multiple polarity
inversions) that can be identified using high-resolution magnetic field observations for
this region [230], and is also adjacent to a low-atmospheric, flare precursor brightening
kernel K (cf. Figure 3.1(f) and 3.2(a)(c)). Such a spatial correlation between shear
flows and initial flare kernels was also found before using high-resolution observations
[259, 53], suggesting that the shear flow may contribute to the flare triggering process.
(2) Most intriguingly, the shear flow enhances and its region expands substantially
after the flare (cf. Figure 3.2(a)(c) and (b)(d)). For a quantitative analysis, we define
the magnitude of shear flow velocity as Ushear = Tpos — Uneg, Where Tpos (Tneg) is the
flow velocity in the positive (negative) field region, in the direction parallel to the
PIL. For the results in this study, positive value of vgnear represents counterclock-wise
direction of shear. In Figure 3.5(b), we plot the time profile of the shear flow velocity
averaged over the region P (in Figure 3.2(d)). A gradual increase of shear flow is
seen from the first HXR peak, and later reaches 0.9(#0.05) km s~! at 19:30 UT. This
magnitude of shear flows is 50(£5)% larger than that of the maximum shear flows in
the event of Tan et al. [202].

The shear flow region P has an insignificant intensity variation (within 5%)
associated with the flare (Figure 3.5(a)). Nevertheless, it still shows appreciable,

stepwise changes of magnetic properties. Fittings using a step function indicate that
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starting from 17:50 UT (co-temporal with the first HXR peak), the horizontal field
strength increases 220(£20) G from 17:50 UT to 18:20 UT (Figure 3.5(c)), while the
field inclination angle decreases 5(£0.5)° from 17:50 UT to 18:20 UT (Figure 3.5(d)).
Compared to the growing penumbral region R, the transition time of horizontal field

changes in shear region P is longer and followed by a flater gradual increase.

3.4 Conclusions and Discussion
We have presented a detailed study of the structural evolution of photospheric flow
and magnetic fields associated with the 2015 June 22 M6.5 flare, concentrating
on the central penumbrae of the 6 region around the flaring PIL. We tracked the
penumbral flow field with the DAVE method using high-resolution TiO images from
BBSO/GST, and also analyzed the associated magnetic field using SDO/HMI vector

magnetograms. The main results are summarized as follows.

1. Beginning from the first HXR peak, one segment of penumbra lying in
the negative field experiences a distinct grow, extending northward at 1.5
(£0.05) km s~ for a distance of 2.6”(40.3"); meanwhile, the flow velocity within
the entire penumbral region becomes more pronounced, gaining a 115(+10) %
increase reaching up to 2.2(+0.11) km s™* at ~90 minutes after first flare peak.
These structure and flow field evolutions are accompanied by a step-like increase
of horizontal magnetic field by 150(£15) G and decrease of inclination angle by
5(£0.5)° in 18 minutes from 17:50 UT to 18:08 UT.

2. A region of shear flow at the flaring PIL is found next to the location of a
flare precursor brightening, and expands significantly after the flare. From the
first HXR peak, the shear flow velocity increases gradually by 0.4(40.1) km s=*
from 0.5(+0.05) km s7! at 17:30 UT to 0.9(£0.05) km s~! at 19:30 UT. As for
magnetic field properties in the shear flow region, the horizontal field strength
increases 220(£20) G while the inclination angle decreases 5(+0.5)° from 17:50
UT to 18:20 UT, both following a stepwise fashion. In comparison with the
extending penumbral segment, the transition time of step-like magnetic field
changes in the shear flow region is ~10 minutes longer.

Our results of the strengthening of penumbral structure at the center of ¢ region,
the associated increase (decrease) of horizontal field (inclination angle), and their

close timing relationship to the flare energy release strongly favor the back reaction of
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coronal fields as the underlying cause, which results in a more horizontal configuration
of photospheric field. While most other work only deals with the flare-related
overall intensity change of penumbral structure, we are able to study the evolution
of penumbral flow field owing to the high-resolution BBSO/GST data. We show
that although noticeable intensity darkening is only observed in the newly formed
penumbral portion, the strengthening of penumbra is predominantly manifested as
the enhancement of penumbral flow velocity and enlargement of penumbral area. The
inconsistency of our results with the claim of darkening of central penumbral feature
in some previous studies may due to the limitation of the used low-resolution images
(e.g., [120]) and also the complexity of the central penumbral area near PIL [230].
The also revealed spatial correlation between the shear flow and flare precursor
brightening kernel corroborates the importance of photospheric flow field in triggering
flares. In this event, the precursor brightenings are caused by the reconnection
between emerging fluxes in the magnetic channel with ambient large-scale sheared
loops [230]. The produced lower-lying fields near the PIL could be readily subject to
the downward collapse of coronal fields [118], which may explain the observed more
rapid magnetic field changes in the shear flow region. We also remark that the change
of shear flows associated with flares is an observational fact of particular interest but
its study has been lacking. Like penumbral enhancement, we also tend to attribute
the observed increase of shear flow after the present flare to the more horizontal
photospheric fields due to back reaction. An increase of shear flows near the PIL
was also found by Deng et al. [53] associated with an X10 flare in NOAA AR 10486,
although the shear flows are not located in the central penumbra with accompanied
magnetic field changes. To our knowledge, the study most closely related to our work
was conducted by Tan et al. [202] on an X3.4 flare in NOAA AR 10930. Contrarily,
the authors saw a rapid decrease of shear flow in the central penumbral region, and

explained it as a signature of magnetic energy relaxation between the two major
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magnetic polarities of the ¢ spot, one of which shows a continuous rotation before
the flare. Such a relaxation could be viewed in line with the finding of sudden release
of magnetic shear in the horizontal direction along the PIL of § spots, as reported
by Wang [226]. We speculate that the evolution of shear flows, due to their special
locations along the flaring PILs, could be affected by both the back reaction from
the above corona and the response of photospheric magnetic polarities to the energy
release. The back reaction creates sheared flux system near the surface [227] that
may be reflected as increased shear flow, while relaxation of large scale system may
reduce shear flow.

In summary, high-resolution observations of photospheric flow field evolution
from pre- to post-flare stages, together with the analysis of magnetic field changes,
will be valuable in advancing our understanding of flare triggering and back reaction
processes. Further studies in this direction are highly desired and would certainly
contribute to the science preparation in high-resolution flare studies for the upcoming

4 m Daniel K. Inouye Solar Telescope.

34



(2) BBSO/GST 101

Y (arcsec)

80
X (arcsec)

Figure 3.1 Event overview. (a—c) Pre-flare, post-flare, and difference (19:22:30 UT
frame subtract 17:34:23 UT frame) BBSO/GST TiO images, overlaid with the red
contour indicating the newly formed penumbral region R determined based on the
difference image. The vertical red line marks the slit used for the space-time slice
image shown in Figure 3.3. (d—e) Pre- and post-flare SDO/HMI horizontal magnetic
field maps, also overplotted with the contour of region R. (f) Pre-flare SDO/AIA
1700 A image, showing flare precursor K. The yellow contours superimposed in all
panels represent the co-temporal PILs. The boxed region in (a) and (f) indicates the

FOV of Figure 3.2.
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Figure 3.2 Flow field in BBSO/GST TiO band. (a) and (b) Pre-flare (at
17:34:23 UT) and post-flare (at 19:22:30 UT) TiO images overplotted with arrows
illustrating the flow vectors derived with DAVE. For clarity, arrows pointing
northward (southward) are coded yellow (magenta). The white and red contours
denote the PIL and the region R (see Figure 3.1), respectively. (c¢) and (d) Azimuth
maps of corresponding flow vectors in (a) and (b), also overplotted with the PIL,
precursor kernel, and region R contours. The shear flow region P showing the most
obvious flare-related enhancement is outlined using the dashed ellipse, with its major
axis quasi-parallel to the PIL.
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Figure 3.3 Space-time slice image based on BBSO/GST TiO intensity images (a)
and the derived time sequence of DAVE velocity field (b). The slit is marked as the
red vertical line in Figure 3.1(a)—(c). The vertical dashed line denotes the time of
the first HXR peak at 17:52:31 UT, the horizontal solid line denotes intersections
of slit with region R in Figure 3.2(a) (b). The overplotted red lines in (a) trace
several prominent evolving penumbral fibril features, and are used to estimate the
flow velocity based on their slope.
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Figure 3.4 Temporal evolution of physical properties (mean values) in the growing
penumbral region R. (a) TiO intensity. (b) FLow velocity. (c) Horizontal magnetic
field strength. (d) Magnetic inclination angle. In (c¢) and (d), data are fit to a step
function (see Equation (3.1)). The overplotted magenta curve represents the Fermi
HXR 25-50 keV flux.
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Figure 3.5 Temporal evolution of physical properties (mean values) in the shear
flow region P (the elliptical region in Figure 3.2d). (a) TiO intensity. (b) Shear flow
velocity. (c) Horizontal magnetic field strength. (d) Magnetic inclination angle. In
(c) and (d), data are fit to a step function (see Equation (3.1)). The overplotted
magenta curve represents the Fermi HXR 25-50 keV flux.
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CHAPTER 4

EVOLUTION OF PHOTOSPHERIC VECTOR MAGNETIC FIELD
ASSOCIATED WITH MOVING FLARE RIBBONS AS SEEN BY GST

4.1 Introduction

The reconfiguration of coronal magnetic field due to energy release is the focus of
almost all models of flares/CMEs, which generally do not consider the restructuring of
magnetic and flow fields in the dense photosphere partially due to the often assumed
line-tying effect [163]. Nonetheless, observational evidences of rapid (in minutes),
significant, and permanent photospheric structural changes apparently as a response
to flare/CME occurrences have been accumulated over the past 25 years from both
ground- and space-based instruments (see e.g., Wang & Liu [229] for a recent review).
These include stepwise changes of line-of-sight (LOS) and vector magnetic fields (e.g.,
(224, 197, 228, 118, 200, 157, 117, 188, 199, 27]), morphological changes of sunspot
penumbrae (e.g., [231, 120, 49, 256, 255]), changes of photospheric flow field (e.g., [202,
47,237, 234]), and sunspot displacement and rotations ([7, 121, 237, 122, 17, 18, 255]).
Although it is sometimes challenging to disentangle the cause-and-effect relationship
between flare/CME processes and photospheric structural changes, studying this
topic can shed new insights into the photosphere-corona coupling under the context
of energy and momentum transportation in the flare-related phenomena, and help
advance and constrain flare/CME models.

The aforementioned various aspects of photospheric evolution closely associated
with flares/CMEs were largely studied separately. It might be possible that they can
be accommodated by the back reaction of coronal restructuring on the photosphere
and interior [89]. In this scenario, the coronal magnetic field would contract inward

due to magnetic energy release [88], and the central photospheric field vectors may be
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loosely expected to tilt toward the surface (i.e., becoming more horizontal) as a result
of this contraction. Such a magnetic field change would correspond to a Lorentz-force
change that is exerted at and below the photosphere [89, 61, 158]. Furthermore, the
inward collapse of coronal field might also be accompanied by an upward turning
of fields in the peripheral regions [120]. These are well in line with observations of
flare-induced contraction of coronal loops (e.g., [128, 126, 127, 125, 73, 181, 235]),
and with photospheric observations that flaring sites usually exhibit an enhancement
of horizontal magnetic field B, and penumbral structure at the center, surrounded by
regions of weakened B), and penumbrae; also, the resulting Lorentz-force change seems
to be able to drive the observed surface flows and sunspot motions (see references
above). It should be noted that although the overall magnetic field in three dimension
(3D) must become more potential after the release of magnetic energy, the near-
surface field could become more stressed after flares/CMEs (e.g., [99, 118]).

It is worth noting that due to resolution limitation imposed by data, a majority
of previous studies rely on the comparative analysis of pre- and postflare structures.
Meanwhile, this approach avoids the concern that heating from flare emissions change
spectral line profiles, leading to transient anomaly in the magnetic field measurement
(e.g., [156, 268, 162, 132, 199]). For flare-related permanent magnetic field changes,
the most prominent one could be the irreversible strengthening of B), in regions around
central flaring PILs and between double flare ribbons. This has been corroborated
by results from not only observations but also MHD modeling (e.g., [112, 92, 93]).
However, there are only rare reports about permanent changes of photospheric
magnetic and flow field in association with the spatial and temporal evolution of
flare emissions, specifically, flare ribbons. Using LOS magnetograms from the Global
Oscillation Network Group, Sudol & Harvey [197] pointed out in several events that
the step-like LOS field change appears to propagate at a speed similar to those of

ribbons. A propagating motion of Bj enhancement across the flaring region in a
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major flare event was also noticed by Sun et al. [199] using vector magnetic field
data from the HMI on board the SDO. Importantly, higher resolution data at both
the chromospheric and photospheric levels are needed to fully exploit the association
between flare ribbon motions and magnetic/flow field changes, which could provide
major clues to the origin of flare-related restructuring on the surface.

Recently, based on chromospheric Ha and photospheric TiO images at unprece-
dented resolution obtained with the 1.6 m GST [72, 24, 70, 216] at Big Bear Solar
Observatory (BBSO), Liu et al. [122] discovered that a sunspot experiences a
differential rotation, where the moving front corresponds to a flare ribbon that moves
across the sunspot during the 2015 June 22 M6.5 flare event (SOL2015-06-22T18:23)
in NOAA active region (AR) 12371. This finding implies that the surface rotation
is directly linked to the magnetic reconnection process in the corona [10]. Naturally,
this revives the question of whether the photospheric magnetic field would change
permanently as ribbons sweep by. Motivated by our observation, Wheatland et
al. [242] presented a theoretical model in which this kind of flare-ribbon-related
photospheric change results from a downward propagating shear Alfvén wave from
the coronal reconnection region. Another natural question is whether the velocity
u of ribbon propagation would be affected concurrently by the possible field change,
since under a simplified two-dimensional magnetic reconnection model, u is correlated
with the vertical field B, on the surface as u = E/B,, where E is the electric field
strength in the reconnecting current sheet [21].

Several other works have also studied this 2015 June 22 M6.5 flare from various
perspectives. Mainly using data from BBSO/GST’s VIS and NIRIS, Wang et al. [230]
reported small preflare brightenings near magnetic channels that may be precursors
to the event onset. With nonlinear force-free field (NLFFF) modeling, Awasthi et
al. [11] revealed that the initial magnetic reconnection may occur within a multiple

flux rope system. Jing et al. [97] observed a propagating brightening in the flare
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decay phase, which may be linked to a slipping-type reconnection. More relevant to
the present study, Wang et al. [234] analyzed GST TiO and HMI observations and
found flare-related enhanced penumbral and shear flows as well as Bj, around the
PIL, which could be attributed to the coronal back reaction. Using HMI observations
and NLFFF models, Bi et al. [18] presented that the main sunspots on either side of
the PIL rotate clockwise during the flaring period, when coronal fields are found to
contract significantly. In addition, with NIRIS data Deng et al. [48] studied magnetic
field property and flare-related evolution of umbral fine structures, and Xu et al. [254]
showed a transient rotation of surface field vectors seemingly associated with one flare
ribbon. Related discussions will be given below.

In this work, we further investigate the 2015 June 22 M6.5 flare event
by comparatively studying high spatiotemporal resolution VIS chromospheric Ho
off-band images and NIRIS photospheric near-infrared vector magnetograms from
BBSO/GST. These state-of-the-art observations are essential for achieving our goal of
scrutinizing the intimate relationship between the motion of flare ribbons and possible
permanent changes of the local vector field, which was not studied before. Special
attention is paid to By, which is the component exhibiting the most clear flare-related
changes (e.g., [228, 229, 61]). Concerning the aforementioned flare-produced transient
magnetic anomaly, we note that the contamination of NIRIS polarimetry from
flare emissions was claimed not to be present in this event, as no significant
changes are detected in NIRIS intensity profiles ([254], also see the Appendix and
Figure A.2). Moreover, we mainly concern ourselves with permanent magnetic field
changes associated with the flare. For the purposes of data validation and results
corroboration, HMI vector magnetograms are analyzed as well. In order to examine
the evolution of 3D magnetic field above the flaring AR, we also build a time sequence
of NLFFF extrapolation models based on HMI data. The plan of this chapter is as

follows. In Section 4.2, we first introduce observations and data processing procedures.
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In Section 4.3, we describe results derived from analyses of observations and magnetic
field models, and remark on their implications. In Section 4.4, we summarize major

findings and discuss the results.

4.2 Observations and Data Processing

BBSO/GST employs a combination of a high-order adaptive optics system with 308
subapertures [180] and the post-facto speckle-masking image reconstruction technique
[251]. During ~16:50-23:00 UT on 2015 June 22, GST makes observations of the
then near-disk-center (8°W, 12°N) NOAA AR 12371 and achieves diffraction-limited
resolution under an excellent seeing condition, fully covering the M6.5 flare. The
data taken include images in TiO (705.7 nm; 10 A bandpass) by the Broad-band
Filter Imager with a field of view (FOV) of 70" at 0.1” resolution and 15 s cadence,
Fabry-Pérot spectroscopic observations around the Ha line center at +1.0, £0.6, and
0.0 A (0.07 A bandpass) by VIS with a 70" circular FOV at 0.1” resolution and
28 s cadence, and spectropolarimetric observations of the Fe 1 1564.8 nm line (0.1 A
bandpass) by NIRIS with a 85" round FOV at 0.24” resolution and 87 s cadence
(for a full set of Stokes measurement). Bursts of 100 and 25 frames are processed
for speckle reconstruction at TiO and each Ha line position, respectively. In this
study, we aligned Ha + 1.0 A images with sub-pixel precision and used these He far
red-wing images to best trace the evolution of flare ribbon fronts (e.g., [52]).

It is notable that this M6.5 flare is one of the first major flare events observed by
NIRIS, which is dedicated to the 1564.8 nm doublet band observation. This spectral
line is the most Zeeman sensitive probe (with the maximum splitting factor Landé
g = 3) of the magnetic field within a small height range at the atmospheric minimum
opacity, the deepest photosphere [187], and is the best spectral line for umbral
magnetic field observations in the entire electromagnetic spectrum [78, 129]. Although

it has a lower diffraction limit than some visible lines and the issue of thermal noise
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Figure 4.1 Evolution of flare ribbons and magnetic fields. (a) Ha + 1.0 A image
near the flare peak showing the two major flare ribbons. The magenta lines contour B,
map (smoothed by a window of 0.7 x 0.7”) at £1600 G. (b) B, image superimposed
with curves (color-coded by time) that depict the progression of flare ribbon fronts.
Note that the western ribbon and its evolution are not entirely captured due to the
limited FOV of GST. The overplotted lines S1-S4 and SC indicate the slit positions of
the time slices and vertical cross sections shown in Figures 4.2 and 4.5, respectively;
the magnetic field evolution in several sample positions (P1, P2a, P2b, and P3)
is plotted in Figure 4.3. (c) B, image superimposed with arrows (color-coded by
direction; see the color wheel) that illustrate DAVE4VM flows averaged between
17:52:56-18:13:17 UT (sunspot rotation phase; Liu [122]) subtracted by the flow field
averaged between 17:32:35-17:51:29 UT. The two white circles mark the regions of
rotational motion. A window size of 23 pixels was set for DAVE4VM tracking. (d)—(f)
Maps of By, in the pre- and postflare states and their difference. The PIL is overplotted
in (a)—(b) and (d)—(f). All the images in this study are aligned with respect to
17:34:03 UT.
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has to be mitigated, the 1564.8 nm line has lower scattered light, produces more
stable images under the circumstances of atmospheric turbulence, and only exhibits
emissions in some extremely energetic flares. Equipped with two Fabry-Pérot etalons
in a dual-beam optical design, NIRIS captures two simultaneous polarization states
and images them side-by-side onto half of a closed-cycle, helium-cooled 2048 x 2048
HgCdTe infrared array. Significant efforts have been devoted to develop the NIRIS
data processing pipeline at BBSO [3, 2|, which essentially includes dark and flat field
correction, image alignment and destretching for dual beams (with 60 wavelength
sampling), calibration of instrumental crosstalk (by measuring the detector response
to pure states of polarization passing through the telescope optics), and Stokes
inversion using the Milne-Eddington (M-E) atmospheric approximation (with initial
parameters pre-calculated to resemble the observed Stokes profiles). For a proper
exploration of NIRIS vector field measurement, we further resolved the 180° azimuthal
ambiguity using the MEO code originally developed for Hinode vector data [108, 109]
that is based on the “minimum energy” algorithm [136, 137], removed the projection
effect by transforming the observed vector fields to heliographic coordinates [67], and
conducted a validation of data processing by comparing to HMI data products (see
the Appendix and Figure A.1). The NIRIS vector magnetograms deduced from the
above procedures were used in our previous study of this event [230]. Note that
following the convention of Hinode, the disambiguated azimuth angle in this chapter
ranges counterclockwise from —180° to 180°, with the direction of zero azimuthal angle
pointed to the solar west. In order to minimize the seeing effect (spatially varying
image motion) in the ground-based observations, in this work we also performed image
destretching to intensity images from the inversion, and then applied the determined
destretch to the time sequence of NIRIS vector magnetograms. NIRIS intensity
images were also used to accurately co-align NIRIS vector field observations with

Ha far red-wing images through matching sunspot and plage areas.
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Figure 4.2 Correlation between flare ribbon motion and B, change. The
background portrays time slices for the slits S1-S4 (as denoted in Figure 4.1(b))
using the fixed difference images (relative to the preflare time at 17:34:03 UT) of
By, showing the By, change. The superimposed black lines are contours (at 600 DN)
of time slices for the slits S1-S4 (smoothed by a window of 0.23” x 0.23") using
the running difference Ho 4+ 1.0 A images, showing the motion of ribbon front. The
estimated ribbon velocities along each slit are denoted. In particular, along the slit S2,
the speed of the ribbon front is ~15 km s~! during 17:52-17:55 UT and ~1.5 km s~!
during 17:55-18:06 UT, as denoted in (b). For all the slits, the distance is measured
from the end closest to the PIL. The horizontal dashed lines mark the positions of
P1, P2a, P2b, and P3 relative to their corresponding slits. The vertical dashed line
indicates the time of the first main HXR peak at 17:52:31 UT.
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The SDO/HMI observations used to accompany the NIRIS data analysis are
full-disk vector magnetograms at 1” resolution and 135 s cadence [199]. The HMI
instrument takes filtergrams of Stokes parameters at six wavelength positions around
the Fe 1 617.3 nm spectral line. The Stokes inversion technique implemented to
routinely analyze HMI pipeline data is also based on the M-E approximation [19], and
a variant of the MEO code is used for azimuthal disambiguation [83]. The retrieved
HMI data were processed (mainly for combining disambiguation results with azimuth,
and deprojection) using standard procedures in the Solar SoftWare (SSW) provided
by the HMI team, and were expanded in size to match and align with NIRIS. For
NLFFF extrapolations, we remapped HMI magnetograms of the entire AR at original
resolution using Lambert (cylindrical equal area) projection centered on the middle
point of the AR. After adjusting the photospheric boundary with a preprocessing
procedure to better suit the force-free condition [246], we constructed a time sequence
of NLFFF models using the “weighted optimization” method [243, 244] optimized for
HMI data [245, 248]. The calculation was made using 2 X 2 rebinned magnetograms
within a box of 472 x 224 x 224 uniform grid points (corresponding to about 348
X 165 x 165 Mm?). In addition, soft- and hard X-ray (HXR) emissions of the 2015
June 22 M6.5 flare were recorded by the Geostationary Operational Environmental
Satellite (GOES)-15 and Fermi Gamma-Ray Burst Monitor [135], respectively. In
GOES 1.6-12.4 keV energy flux, the flare of interest starts at 17:39 UT, peaks at
18:23 UT, and ended at 18:51 UT, with the first main peak in Fermi 25-50 keV HXR
flux at 17:52:31 UT [122].

4.3 Analyses and Results
Figure 4.1 presents an overview of the evolution of chromospheric ribbons and
photospheric field in the 2015 June 22 M6.5 flare. Here the FOV of BBSO/GST covers

the central core region of the flare. From images of VIS Ha + 1.0 A and NIRIS B., it

48



P2b

T 400

2400

2300

(@)

2200

(G deg 10°)

o0 Azimuth

-30
E -40
g
-50
-60
17:00 17:20 17:40 18:00 18:20 18:40 17:00 17:20 17:40 18:00 18:20 18:40 17:00 17:20 17:40 18:00 18:20 18:40 17:00 17:20 17:40 18:00 18:20 18:40
Start Time (22-Jun-15 16:43:15) Start Time (22-Jun-15 16:43:15) Start Time (22-Jun-15 16:43:15) Start Time (22-Jun-15 16:43:15)

Figure 4.3 Time profiles of flare Hoe + 1.0 A emission and changes of photospheric
magnetic field at sample positions P1, P2a, P2b, and P3 (as marked in Figure 4.1(b)).
The Ha light curves are plotted in blue and in an arbitrary unit. The quantities
plotted in red are, from top to bottom rows, B, B., inclination angle, magnetic
shear, and azimuth angle. In each panel, the grey error bars indicate a 1o level of
the fluctuation of corresponding magnetic field parameter in the preflare time (from
16:43:15 to 17:38:24 UT). When appropriate, the field evolution is fitted using a step
function (green lines).
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can be clearly seen that (1) two main flare ribbons move away from the PIL and sweep
through two sunspot regions of opposite polarities (also see Figure 4.1(a) and (b)),
and (2) both sunspots undergo a clockwise rotation during the flare period, which is
unambiguously demonstrated with flow tracking using the differential affine velocity
estimator for vector magnetograms (DAVE4VM; [174]) method (see Figure 4.1(c)).
This is consistent with previous studies using TiO and HMI observations [122, 18].
Interestingly, the southern part of the eastern ribbon apparently slows down when
approaching the center of the eastern rotating sunspot (cf. Figure 4.1(b) and (c)).
A similar but less obvious slowdown is discernible for the central part of the western
ribbon. A comparison between pre- and postflare images (see Figure 4.1(d) and
(e)) shows that there is a pronounced enhancement of Bj in an extended region
mainly along the PIL (red-colored region in Figure 4.1(f)). To better disclose the
Bj, evolution, we make fixed difference B; images relative to a preflare time. It is
remarkable to notice that the enhancement of Bj not only shows up around the
PIL [234], but also moves away from the PIL and spreads across the flaring region,
mimicking the flare ribbon motion. More intriguingly, a negative d By, front, meaning a
transient weakening of By, appears to precede the moving Bj, enhancement, especially
at the southern portion of the eastern ribbon and the entire western ribbon.

To accurately characterize the Bj evolution associated with the flare ribbon
motion, time-distance maps along slits S1-S4 (drawn in Figure 4.1(b)) based on the
fixed difference B, images are presented as the backgrounds of Figure 4.2. They are
overplotted with contours of the same time-distance maps but based on the running
difference Ha + 1.0 A images that highlight the ribbon fronts. We constructed
these slits by orientating elongated windows (with various length but a common
short side of 0.78”) approximately perpendicular to the observed ribbon motion at
26° counterclockwise from the solar west, and averaged the pixels across the short

sides. The distance shown is measured from the ends of slits closest to the PIL. In
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Figure 4.3, the temporal evolution of Ha + 1.0 A emission (blue) is compared with
that of vector magnetic field (red; in terms of By, B,, inclination angle relative to
the vertical direction, magnetic shear, and azimuth angle) at several representative
positions P1, P2a, P2b, and P3 along the slits (as marked in Figure 4.1(b); values
averaged over 7 x 7 pixels® centered on them). Here the magnetic shear for evaluating
the nonpotentiality is computed as B -6 [227, 233], where B = |B| and 6 = cos™!(B-
B,)/(B B,), with the subscript p representing the potential field, which we derived
using the fast-Fourier transform method [4]. When appropriate, we also fit these
time profiles of magnetic properties with a step function (green lines; [197]). Based
on these results, we observe the following.

Along the slit S1, there exists a close spatial and temporal correlation between
the motion of the eastern flare ribbon and the enhancement of B;, (Figure 4.2(a)),
especially after the time of the first main HXR peak (vertical dashed line). At P1 (see
Figure 4.3, first column), with the arrival of ribbon front the photospheric field turns
more inclined relative to the surface, with B, and inclination angle increased stepwise
by 244424 G and 6.440.6° in ~0.5 and 1.5 minutes, respectively; also, magnetic shear
sharply increases by ~250% but then returns to the preflare level in about 20 minutes.
In contrast, B, evolved more gradually without an abrupt change. In the meantime,
a transient increase of azimuth angle meaning a temporary counterclockwise rotation
of field vectors can be noticed [254].

Along the slit S2 across the center of the eastern rotating sunspot, the
propagation of the eastern flare ribbon exhibits a prominent deceleration, and the
arrival of the ribbon front is coincident with a transient decrease of B; followed by
an increase (see Figure 4.2(b)). At P2a (see Figure 4.3, second column), B and
inclination angle temporarily decrease by ~300 G and ~8° and then increases by
~600 G and ~13° in ~30 minutes, respectively; meanwhile, magnetic shear shows

a step-like increase by ~86% in ~15 minutes. After a transient increase like at P1,
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Figure 4.4 Flare ribbon and induced Lorentz-force change. (a) Ha + 1.0 A image
at 17:53:08 UT near the first main HXR peak, overplotted with contours (smoothed
by a window of 0.55” x 0.55") at 600 DN (same level as that used in Figure 4.2) based
on the running difference Ha + 1.0 A image (i.e., 17:53:08 minus 17:52:40 UT) that
highlight the ribbon front. (b) Running difference image of B, at about the same
time. (c) The corresponding B, image (scaled from —1000 to 3000 G) overplotted
with arrows (color-coded by direction; see the color wheel) representing ¢ F}, vectors.
The contours in (b) and (c) are the same as those plotted in (a).

azimuth angle begins to decrease, connoting the observed clockwise sunspot rotation
[122] that drags the magnetic field with it. Compared to P2a, the magnetic field
evolution at P2b (around the rotation center) bears a resemblance but displays a more
prolonged decrease of Bj, and inclination angle; remarkably, B, at P2b undergoes a
permanent increase of 266+20 G in ~13 minutes around 18 UT (see Figure 4.3, third
column), when the speed of the flare ribbon has evidently reduced (Figure 4.2(b)).
Since darker umbrae evince stronger vertical fields [131], the irreversible increase of B,
of this rotating sunspot is also evidenced by a ~7% decrease of its overall intensity in
TiO and 1564.8 nm after the flare [122, 48]. A line profile analysis further corroborates
that the transient decrease of Bj (and also increase of B,) at P2b is irrelevant to
magnetic anomaly due to flare heating (see the Appendix and Figure A.2). Assuming
a uniform reconnecting electric field along the entire eastern ribbon, the observed

slowdown of flare ribbon motion with concurrent increase of B, at a portion of the
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ribbon could be expected [21]. From about 18:08 UT, the northern section of the
ribbon curves southward and overtakes the motion of the ribbon along S2.

In Figure 4.4, we further compare the locations of the eastern flare ribbon front,
0By, and the horizontal Lorentz-force change 0F, = ﬁ [dAJ(B,By) [61], at a time
close to the first main HXR peak. Note that the newly brightened ribbon region (e.g.,
the ribbon front) is cospatial with the region of decreased Bj. This, together with
the increased By, at the region just swept by the ribbon, yields a vortex pattern in the
0F}, map. Obviously, the torque provided by this 0F}, vortex has the same direction
(i.e., clockwise) as the observed sunspot rotation. This implies that the Bj, decrease
preceding its increase may create a moving horizontal Lorentz-force change to drive
the differential sunspot rotation as observed [122].

Along the slit S3, the motion of the western ribbon is correlated with magnetic
field changes in a way similar to those found along the slit S2, e.g., showing a transient
decrease followed by an increase of Bj, and inclination angle (see Figure 4.2(c) and
light curves of P3 in the fourth column of Figure 4.3). A ribbon deceleration together
with a prolonged decrease of Bj also seems to be present along the slit S4 across
the center of the western rotating sunspot (see Figure 4.2(d)). It is worthwhile to
mention that despite of a lower resolution, vector magnetograms from HMI show very
similar magnetic field changes related to flare ribbon motions as described above (see
the Appendix and Figure A.3), which substantiates the NIRIS results.

Finally, we investigate the flare-related coronal field evolution in terms of the
distribution of horizontal component of the total electric current density |J,| = (J2 +
J;)l/ 2 in several vertical slices to the extrapolated 3D coronal magnetic field. These
slices intersect with the surface at locations of the same slits S1 and S3 as above
through the regions of flare ribbons and another slit SC perpendicularly across the
central PIL (as denoted in Figure 4.1(b)). Plotted in the top and bottom rows of

Figure 4.5 are the distributions of J, for the pre- and postflare states, respectively, in
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Figure 4.5 Distributions of magnetic field and current in the preflare (a, ¢, ) and
postflare (b, d, f) states in vertical cross sections S1, SC, and S3, the bottom sides of

respectively, as denoted in Figure 4.1(b). The distance

on the surface is measured from east to west for all slices. The background shows J;
in logarithmic scale, overplotted with black arrows representing the transverse field

vectors in the vertical slices.

Y

which are slits S1, SC, and S3

The preflare field vectors are also shown in gray in

the corresponding postflare maps. The red, blue, and white contours are at levels of

0.015, 0.023, and 0.031 A m~2, respectively.
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these vertical slices, which are superimposed with arrows representing the transverse
magnetic field vectors. From the results spanning the flaring period, it transpires that
a downward collapse of coronal field occurs intimately associated with the flare (e.g.,
[200, 118, 117]). This is visualized by the dramatic change of the coronal currents
above the PIL, from a vertically elongated source reaching 12” to a substantially
enhanced, horizontally elongated source concentrated close to the surface below 9”
(cf. Figure 4.5(c) and (d)). We further show that the collapse is also manifested by
the clockwise (counterclockwise) turning of magnetic field vectors in the east (west)
side of the PIL (except that the near-surface region in S3 has a clockwise turning),
which leads to a more horizontal (i.e., inclined) configuration of magnetic fields at
and above regions of the PIL and flare ribbons, conforming to the observed surface
By, enhancement therein. We note that (1) field vectors in the far east portion of S1
(and also the upper portion of S3) become more vertical after the flare. This reflects
the fact that in the outer flaring region, By, is observed to decrease (see Figures 4.1(f)
and 4.2(a)) together with weakened penumbral features (not shown), which may be
coherent with the collapse of the central fields (e.g., Liu et al.[120]). (2) Although not
well demonstrated by the present extrapolations, it is plausible to expect that a time
sequence of coronal field models with higher spatial and temporal resolution might

show the successive turning of field vectors with the motion of flare ribbons.

4.4 Summary and Discussion
In this study, we take advantage of BBSO/GST high-resolution observations of both
chromospheric ribbons in VIS off-band Ha and NIRIS photospheric vector magnetic
fields in near infrared during the 2015 June 22 M6.5 flare to carry out a detailed
investigation of photospheric vector magnetic field changes with related to flare ribbon
motions, which were not studied before. This large and complex event shows not only

the separation of flare ribbons but also the flare-related rotations of sunspots. We
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analyzed the permanent surface magnetic field changes in the flare ribbon regions
with a focus on By, using time-distance maps and temporal evolution plots. We also
explored the 3D coronal restructuring with aid from the NLFFF modeling based on

SDO/HMI vector magnetograms. Major findings are summarized as follows.

1. In the photosphere, B, increases with the flare occurrence and this enhancement
propagates away from the central PIL across the flaring region, exhibiting a
close spatial and temporal correlation with the flare ribbon motion especially
after the first main HXR peak (Figure 4.2). As seen in several representative
positions (Figure 4.3), the strengthening of By, (by ~300 G) at the arrival of the
flare ribbon front is accompanied by an increase of inclination angle (by ~6°),
indicating that magnetic field becomes more inclined to the surface; also, the
nonpotentiality as represented by magnetic shear generally enhances.

2. At the locations where azimuth angle sharply decreases indicating the sudden
sunspot rotation, B, and inclination angle decrease transiently before being
enhanced. Particularly, the flare ribbon decelerates toward the sunspot rotation
center where B, becomes greatly intensified (Figures 4.2 and 4.3).

3. In the corona, a downward collapse of coronal magnetic field by ~3” toward the
photosphere is clearly portrayed by the evolution of the vertical profiles of .J,
around the PIL [200, 118, 117], which changes from a vertically elongated source
to an enhanced, horizontally elongated source close to the surface (Figure 4.5).
Correspondingly, above the PIL and flare ribbon regions, magnetic field becomes
more inclined, which is consistent with the observed enhancement of B;,. We
surmise that a successive turning of field vectors associated with the flare ribbon
motion might be visualized given coronal field models with a sufficiently high
resolution.

The increase of B), at flaring PILs between flare ribbons has been known from
the previous observations (e.g., [200, 118, 238]). The distinctive finding made in this
investigation is that By, enhances not only at the PIL region, but at the locations of the
flare ribbon fronts. As the flare ribbons move away from the PIL, such enhancements
also propagate successively with the ribbons. This discovery of the flare-ribbon-
related photospheric field changes could be made owing to the high resolution of
NIRIS observations, and is also substantiated by the HMI data. Since it has been

well established that flare ribbon fronts are the footpoints of the newly reconnected

field lines in the corona, the vector field changes spatiotemporally correlated with the
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ribbon fronts must be a nearly instantaneous response of photospheric fields to the
coronal restructuring, specifically, the reconnection of individual flux bundles.

We also want to point out that the correlation between the eastern flare ribbon
and its related vector field change is complicated by the fact that ahead of the eastern
ribbon, there is another elongated small brightening that propagates from north to
south, along a line of high values of the squashing factor @ (Titov et al.[207]; see
the Appendix and Figure A.4(a)). The high-@ lines correspond to the footprints of
quasi-separatrix layers [46, 45], which are known to be favorable positions of flare
ribbons. This brightening joins with the main eastern ribbon in the north (out of the
FOV of GST) to form a continuous ribbon structure. To check whether this extra
flare ribbon introduces magnetic field changes, we place a slit S5 perpendicular to
the northern portion of the eastern ribbon (Figure A.4(a)) and repeat the analysis
as done in Figure 4.2. Both the results using NIRIS and HMI data evince that the
enhancement of Bj not only appears to follow the movement of the main eastern
ribbon, but also occurs ahead of it, distending to the region of the extra ribbon (see
Figure A.4(b) and (c)). We consider this as an additional piece of evidence that the
photospheric vector magnetic field may respond nearly instantaneously to the coronal
reconnection.

There are a few models that may help understanding the present observations.
The series of force-free field models give only snapshots of equilibrium states rather
than dynamic evolution; nevertheless, the disclosed redistribution of electric current
system may reflect a coronal field restructuring following magnetic energy release in
the corona (e.g., [88]). A back reaction of such coronal magnetic reconfigurations
on the photosphere and interior may be expected [89], but it only loosely points
to a more horizontal photospheric field, i.e., an increase of By,; further, it does not
necessarily explain why the magnetic shear should also increase. The shear Alfvén

wave model [242] can explain both the increase of By, and magnetic shear, in which the
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shear Alfvén waves launched from the coronal reconnection region travel downward to
impact the flare ribbon regions. In 3D, these waves correspond to the torsional Alfvén
waves so that the rotation of plasma and magnetic field at the ribbon location is also
expected. In addition, we have presented an idea that the B, decrease preceding its
increase may create a moving horizontal Lorentz-force change (Figure 4.4) to drive the
differential sunspot rotation as observed [122]. It remains puzzling why B}, decreases
at the region of the newly brightened ribbon.

Our main intention of this study is to present the details of the new phenomenon
of the flare-ribbon-related photospheric magnetic field changes. It remains to see
whether these vector field changes as found in this event are a generic feature
of all flares or simply a peculiarity of this event. Certainly, more simultaneous
high-resolution observations of chromospheric flare ribbons and photospheric vector
magnetic fields throughout the flaring period are much desirable to further elucidate

the photosphere-corona coupling in the flare-related phenomena.
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CHAPTER 5

HIGH-RESOLUTION OBSERVATIONS OF SMALL-SCALE FLUX
EMERGENCE BY GST

5.1 Introduction

Flux emergence, through which magnetic fields are transported to the solar atmosphere
from sub-surface, is considered to be generated by convective motions and aided by
magnetic buoyancy in solar interior [170, 171]. Flux emergence on different scales is
important for energy release in different forms, inlcuding the small-scale brightenings
and large-scale solar eruptions. The typical scenario of emergence is that magnetic
fields being twisted underneath the photosphere due to flows and rise to form an
Q-loop due to magnetic buoyancy [155, 56]. Observations of emissions in the solar
atmosphere such as in UV/EUV provide evidence that energy may be released due
to reconnection during the process of emergence. The magnetic fields emerging
through convection zone are not constrained to rise in an aligned orientation with
the pre-existing field, so the magnetic reconnection is expected to occur between
the emerging fluxes and pre-existing fluxes. Overall, on the large scale in the solar
photosphere, the orientation of emerging fields is roughly aligned with the direction
connecting paired polarity spots [149, 28].

Taking advantage of high-resolution (~0.3") observations, De Pontieu [41]
found that magnetic concentrations emerge within the granule interior and quickly
(~10-15 minutes) disperse following granule flows. The author speculates such flux
emergence initiates with horizontal magnetic structures. The study of Cheung et
al. [35] supported these findings from the simulation perspective. They found that
emerging magnetic elements with sufficiently high field strength can also impact on

the granular structure. The elongated granule and intergranular lane darkening are
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reported on the photosphere with observations in visible wavelengths [270, 114, 260].
On the other hand, the recent study of Campos Rozo et al. [22] showed that
while small magnetic elements are advected to upper layers on the surface through
normal convection, emergent magnetic fields with B>50 G tend to in turn induce the
photospheric motions by governing the plasma flows. The authors also found that
such emergent-flux-related flow fields change velocity distributions as well as granule
elongation.

Besides the dynamic magnetic characteristics observed on the photosphere,
variations of brightness from continuum images provide clear indications of magnetic
flux emergence. Yurchyshyn et al. [263] found that small-scale flux emergences have
associated bright points on the photosphere, mostly inside solar granulation, in which
the field emerges at a size scale less than 1-2 Mm (e.g., [115, 41]). They suggested
that the emergence of relatively strong fields create bright points at the footpoints of
magnetic loops, which intrude into intergranular lanes. Ellerman bombs (EBs) [54],
the bright signatures essentially observed in Ha wings, are found at locations where
magnetic elements with opposite polarities are close to each other. They are likely
linked with the dips of the serpentine magnetic field through the surface [152, 15]. The
previous studies of EBs conclude that such photospheric heating processes are caused
by photospheric reconnection of strong opposite-polarity field and are not directly
associated with chromosphere and transition region dynamics (e.g., [240, 219, 218]).

Since the first observational report of granulation scale emergence events [41],
high-resolution polarimetric observations focus more frequently on small-scale flux
emergence events together with observations of flow motions. In the high-resolution
(~0.32") observation of small-scale flux emergence reported by Centeno et al. [30],
by using analysis of local thermodynamic equilibrium (LTE) inversion of full Stokes
measurements, the author found horizontal field emergence prior to the appearance

of vertical flux elements in the typical granulation time scales (10 minutes). With the
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advance of observational technology, the existence of flux loops have been witnessed
(e.g., [130, 204]). By implementing magnetohydrodynamic (MHD) simulations of
magnetoconvection, Moreno-Insertis et al. [144] detected two types of flux emergence
events: magnetic loop emergence and flux sheet emergence. In previous observations
of the flux loop emergence with Hinode (e.g,. [30, 130, 182]), the authors summarized
physical characteristics of the emergence: the horizontal field enhances within a
well-established granule structure followed by emerged vertical fields drifting in
intergranular lanes. The vertical field elements are connected by horizontal magnetic
patches. Recent studies by Centeno et al. [29] and Fischer et al. [60] have reported the
flux-sheet emergence events, which have different signatures from flux loop emergence.
Instead of evolving within granules, the horizontal field enhances together with the
expansion of a granule. This forms an organized sheet-like mantle that spans both
in the emerging direction and to sides. The sheet covers the entire granule, and the
emerged longitudinal flux in footpoints is also in the order of 10*® Mx.

In this work, we study the magnetic field structure and evolution during the flux
emergence in the NOAA active region (AR) 12665 on July 13, 2017. Taking advantage
of the exceptionally high resolution of the 1.6 m off-axis Goode Solar Telescope (GST;
[70]) at Big Bear Solar Observatory (BBSO), we are able to observe fine magnetic
structures on sub-arcsecond level (0.1” to 0.2”) and study the magnetic properties in
both flux emergence scenarios as described above. We also investigate photospheric
and chromospheric brightness variation, especially Ellerman bombs, associated with
the small-scale flux emergence. The structure of this chapter is as follows: We
introduce our observations and data processing methods in Section 5.2; In Section
5.3, we present analyses of observational results; Key findings are summarized and

discussions are presented in Section 5.4.
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5.2 Observations and Data Processing

As the Sun enters the activity minimum, observations of ARs are less often obtained.
On the other hand, with the routine operation of GST at BBSO, the quiet Sun and
less complicated ARs are more feasible targets. Aided by the high-order adaptive
optics system with 308 sub-apertures [180] and completion of the second generation
of spectro-polarimetric instrument — the Near Infra-Red Imaging Spectro-polarimeter
(NIRIS; [23]), BBSO/GST obtained observations near the main magnetic polarity
inversion line (PIL) of NOAA AR 12665 (31°W, 6°S) during ~20:16-22:42 UT on
2017 July 13. Under the excellent seeing conditions, the observations achieved
diffraction-limited imaging with a resolution of 0.1” to 0.2”. The data includes
spectro-polarimetric observations of full sets of Stokes measurement at the Fe I
1564.8 nm line (0.25 A bandpass) by NIRIS with a round field of view (FOV) of
80" at 0.24” resolution and 56 s cadence, Fabry-Pérot spectroscopic observations
around Ha line center at 4 1.0, + 0.6, £ 0.4, and 0.0 A (0.08 A bandpass) by the
Visible Imaging Spectrometer (VIS) with a 70” circular FOV at 0.1” resolution and
33 s cadence, and images in TiO (705.7 nm; 10 A bandpass) by the Broad-band
Filter Imager with a 70" circular FOV at 0.1” resolution and 15 s cadence. TiO and
Ha observations achieved a diffraction-limited resolution in the order of 0.1” with
speckle-masking image reconstruction [251], while NIRIS achieves a spatial resolution
of 0.24” without speckle reconstruction.

Alignment among Ha images, TiO images, and magnetograms are processed
by matching the most stable sunspot and plage features in the FOV. After data
noise deduction, the essential vector magnetograms from NIRIS are obtained through
Stokes inversion based on Milne-Eddington approximation (see Methods in Wang
et al. [230]) and aligned by using interpolation to achieve sub-pixel precision.
Vector magnetograms in the local coordinates were deduced after removing the 180°

azimuthal ambiguity with the AUTO-AMBIG code by Leka et al. [108, 109], which
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is an optimized dis-ambiguation method originally intended for Hinode vector data.
It uses the minimum energy algorithm [136] to find a minimum of field divergence
(V-B) and current density (J) in the FOV. To assist in tracking magnetic elements
and quantification of magnetic flux, we applied the Southwest Automatic Magnetic
Identification Suite (SWAMIS) [44], which is a demonstrated technique for magnetic
identification and tracking. Here we set the threshold of the vertical magnetic field
to 100 G. Based on visual inspection, this threshold allows us to include as many

detected magnetic elements as possible while maintaining a high S/N ratio.

5.3 Results and Analysis

GST observation was centered at the flare productive NOAA AR 12665 at (432" .-
164"). The AR is classified as the vy magnetic configuration. Figure 5.1 shows
an overview of the AR in magnetograms, TiO images, and Ha images at +1.0 and
—0.4 A. During the period of observation, there is obvious magnetic flux emergence
of opposite polarities at the main PIL. Emerging magnetic elements actively diverge
from the PILs and eventually merge into the nearby sunspots. The TiO visible
images clearly show that granules near the PIL exhibit elongating patterns. Such
evolving granular structures are typical photospheric signatures of flux emergence.
Simultaneous magnetic field measurements taken by NIRIS reveal an enhanced
horizontal field accompanied by the elongating granules. Concentrated magnetic
elements of opposite polarities are located at the two ends of the central region with
the enhanced horizontal field.

In Figure 5.1(b), the Ha image clearly exhibits brightenings at the footpoints of
the emerging fibrils associated with the new flux emergence and growing pores. The
green circles outline the locations of small-scale flux emergences labeled 1 to 9. The
diameters of circles correspond to the size of the associated granules in TiO images.

The white dashed boxes F1 and F2 indicate the regions of events that we will discuss
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in Sections 5.3.1 and 5.3.2. The vertical component of magnetic fields is shown in
Figure 5.1(a), which saturates at £500 G. From the TiO continuum observation, one
can see that the magnetic flux is transported to the photosphere through individual
episodes in the scale of granules during flux emergence. Subsequently, the Sun’s
pore areas are expanded as the same polarity fluxes are merged to them. From Ha
off-band images, flows in dark fibrils are observed streaming toward or away from the
concentrated magnetic footpoints.

During the observation time window, we identified eight good events (see Table
5.1) of small-scale flux emergence that have high-quality data in all wavelengths
obtained. The magnetic topology of event 5 can not be clearly interpreted because
the magnetograms lack the accuracy of azimuthal disambiguation in this event area.
For a similar reason, we exclude some emergence events seen in continuum images.
Each of them has an emerged total unsigned flux in the order of 10*® Mx and shows
prominent magnetic structure changes on the photosphere. The observed lifetime of
these emergence events is ~10 minutes, which is on the same scale as the lifetime
of granulation. Thus the observed flux emergence events are considered as granular-
sized magnetic flux emergence. Different magnetic characteristics are observed in
these small-scale flux emergence events with high-resolution data. In the case studies
of observed emergent events, we are able to distinguish two different types of flux
emergence processes, i.e., flux sheet emergence and flux loop emergence (e.g., [130,
29, 60]). In the case studies of the observed emergent events, the two types of flux
emergence events are categorized based on geometric properties of the field evolution

and correspondent structure changes.

5.3.1 Detailed Study of a Flux Sheet Emergence
Since the observed emergence events are visible in granule-sized scale and often

adjacent to actively evolving granules, the clear event episodes are selected manually
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Figure 5.1 Overview of the emergence observations. Multi-wavelength observations
from GST at 21:46 UT is displayed in the figure. Panel (a) shows vertical magnetic
field map, whose magnitude is represented in gray scale with black (white) meaning
negative (positive) polarity. Grayscale of the vertical field map saturates at £500 G.
Panel (b) and (d) show Ha images at +1.0 and —0.4 A, respectively. Green circles
indicate regions of observed emergence events and white dashed boxes (F1 and F2)
indicate FOV of 5.2 and 5.5 Panel (c) is TiO image that shows photospheric structures.
Panel (c¢) and (d) are overplotted with vertical field contours of £150 G, in which
green (red) indicate negative (positive) values.

after implementing the SWAMIS feature tracking method. In the five identified events
of flux sheet emergence among all eight selected events, an enhanced horizontal field

is seen to emerge within small granules as well as in the intergranular dark lane that
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Table 5.1 Magnetic Properties of the Observed Events®

(1)

(2)

(3)

(4) (5)

(6)

(7)

(8)

Event Horizontal Vertical =~ Vertical Maximum SeparationDoppler EBs
Number Field Field Flux Distance Speed Speed occurrence
@) (@) (18M9() (kms ) (kms) (Y/N)

1x 390/280 250/250 4.4/2.0 44 1.6 0.45 N

20 180/148 500/298 1.0/1.2 7 1.3 0.98 Y

3% 378/225 320 1.7/2.5 3.3 0.9 2.53 N

4o 280/200 435/150 1.9/0.39 4.2 1.5 2.45 Y

5 360/230 400 3.8/0.6 3 2.0 2.64 Y

60 328/240 530 5.8/6 5.5 1.2 1.70 Y

Tx 303/155 220+40 1.29/0.98 4.3 1.8 1.47 N

8% 425/318 310/574 8.6/5.6 6 3.5 0.9 N

9% 500/350 260 0.98 3.8 / 0.64 N

?9 Flux sheet emergence events are labeled as () and flux loop emergence events are
labeled as (¢) after event numbers. Maximum/average field strengths of each event

are presented in columns (2) and (3).
through the emergence are presented in column (4).

Positive/negative vertical flux increments of
Maximum distances and speed

of oppsite polarity separation in the emergence phase are presented in column (5) and
(6), respectively. LOS Doppler upflow speeds are presented in column (7). Emergence
event associated with EB observation in Ha is labeled as Y and emergence without
EB association is labeled as N in column (8). Event 5 is excluded from discussion in
Section 5.3.3.

later forms a newly emerged granule cell.

The emerging horizontal field expands

its boundaries in the directions both along and across the field lines while the field

lines within granule cells are aligned between concentrated footpoints of opposite

polarities.

We also found that on average the horizontal magnetic field strength

(265 G) is comparable with the vertical field (272 G) in the emergent area as both
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are enhanced during sheet emergence. Despite small variations in individual cases,
the emerging flux expands its front at a speed of 1.5 km s7!(£0.55 km s7!). In

1

event 1 we observed the highest speed of emerged footpoints at 2.1 km s™, and

in event 8 we observed the lowest speed at 0.8 km s

TiO images show that
the photospheric granular structures associated with emerged footpoints’ separations
undergo expansion during the flux emergence process, then follow the typical life cycle
of photospheric granulation.

By reviewing the time-lapse movies of event 1 in multi-wavelengths, we identified
continuous flux emergence and evolving granulation structure, which belong to the
flux-sheet emergence type. The event 1 lasts ~50 minutes, during which the TiO
images and horizontal magnetic field maps clearly show two stages of the emergence
process. Figure 5.2 shows the temporal evolution of magnetic and continuum
structures of this event. Figure 5.2(al-a8) present snapshots of image sequence
from 21:46 UT to 22:06 UT of vertical field superimposed with horizontal field
vectors, whose directions are represented by colors and magnitude is represented
by arrow length. The cutoff value of the horizontal field vectors is 100 G. Figure
5.2(b1-b8) show TiO images overlaid with the same horizontal field vectors as in
Figure 5.2(al-a8). From Figure 5.2(b3-b4), we clearly observe that the disoriented
field vectors overlap entirely an expanding granule. Figure 5.2(c1-c8) present
TiO images superimposed with vertical magnetic elements, with the green (red)
contours representing negative (positive) magnetic field at a magnitude of 150 G. The
concentrated magnetic elements are seen to be located at the intergranular boundaries
as new fluxes emerge to the photosphere [96]. In the region where flux emergence
occurs (blue circle in Figure 5.2(a3) and (b3)), concentrated magnetic elements divert
along the intergranular lanes near the western edge of the region and eventually merge
with pores of the same polarities (as shown throughout Figure 5.2(al-a8)). For a very

short period of ~10 minutes (as seen in first four columns in Figure 5.2), a granule
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cell appears near the edge (centered at [X,Y]~[5",5"]) of a pre-existing granule and
grows in the circled region with the overlying horizontal field emerging in the direction
nearly perpendicular to the predominant direction of ambient fields. The translational
motion of negative magnetic elements along the intergranular lane is observed at the
western side of the circled area in Figures 5.2(a5-a7) and (c5-c7).

The background field in the studied region is approximately in the east-west
direction. At the start of the time sequence in Figure 5.2, granulation is accompanied
with the growth of a new granule cell. Along with the disoriented granule
expansion occurrence (Figure 5.2(b3)), the accompanying horizontal field emerges
in an organized direction different from the pre-existing field. The newly emerged
horizontal field extends its boundary as it enhances in 8 minutes. In Figure 5.3,
enhanced horizontal field patches are observed at ~21:47 UT and two minutes later,
the enhanced fields reach the boundary of the co-spatial granule, where vertical
magnetic fields concentrate into footpoints as indicated by the red and green contours
(shown in Figure 5.3(a4-a6)). The noticeable enhancement of the horizontal field at
the granule’s west edge as seen in Figure 5.3(ab) is associated with a developing dark
lane. When the vertical field is concentrated to the extended intergranular lanes as
shown in Figure 5.2(a6), the horizontal field continues to enhance (Figure 5.3(a5-a7)).
The most prominent enhancement covers the elongated granule and intergranular dark
lane. From the dopplergrams in Figure 5.3(b1-b8), both upflows and downflows are
observed in the flux sheet area (centered at ~[4”,5"] in Figure 5.3(b3-b4)). Strong
Doppler blue-shifts (red-shifts) with upflow (downflow) velocity up to 1.8 km s~ are
observed at the positive (negative) footpoints in the intergranular lanes (centered at
~[6",6"] in Figure 5.3(b6)). Very weak blue-shifts are seen within the granular cell
(centered ~[4”,6"] in Figure 5.3(b6)), where the average Doppler upflow velocity is

~0.4 km s~!. This is roughly two times smaller than that of emerging flux in the
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previous study of Centeno et al. [29], and is also smaller than the average upflows
(downflows) of 0.64 (0.49) km s~! as found by Oba et al. [147].

To further analyze the magnetic evolution associated with flux emergence, we
present the time-distance diagrams of horizontal field and TiO image in Figure
5.4(a)—(d), which display the time-distance evolution of two slits across the flux
sheet and along negative footpoint trail indicated in Figure 5.4(f) as red and yellow
curves, respectively. Figure 5.4(a) clearly shows the enhancement of horizontal field
in the expanding granule, in which the separating bright lanes represent the emerging
horizontal field with a magnitude over 150 G. The associated bi-directional extending
granule boundaries are presented in Figure 5.4(b) based on TiO observations. The
observations show that the emergence in the granulation starts at 21:46 UT, when
the horizontal field starts to increase from the background field and fills the granule
interior. The ongoing emergence lasts ~15 minutes before dark intergranular lanes
form in place at ~22:02 UT. The concentrated footpoints (as indicated by the green
contours in Figure 5.4(e)) at the boundary continue to evolve with an expansion speed
of ~1.7 km s™!. Associated with the horizontal field emergence in the transverse
direction, the front of the growing granule as indicated by TiO dark lanes (seen
in Figure 5.4(b)) expands at the same speed. The time-distance diagram (shown
in Figure 5.4(c)) along the yellow slit indicates that the motion of the negative
magnetic element resides in the intergranular lane. Its speed of motion along the
slit is 2 km s™!. Figure 5.4(d) shows the co-spatial TiO evolution in the intergranular
lane. Although granular boundaries are observed as dark lanes in TiO images, we
find that the concentrated magnetic elements are associated with transient TiO bright
points. The negative magnetic elements and the co-spatial TiO bright points drift
together along the intergranular lane. The horizontal field in the flux sheet emergence
event 1 increases throughout the 20 minutes evolution, reaching up to 450 G. The

newly emerged vertical flux at the negative footpoint is 1.3x 108 Mx.
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Figure 5.2 Temporal evolution of emergence event 1. The figure shows snapshots
of emergence event 1 from 21:46 UT to 22:06 UT. Panels (a) show vertical field
superimposed with horizontal field vectors, whose directions are represented by vector
colors and magnitude is represented by length. Panels (b) show horizontal field on top
of TiO images. Panels (¢) show TiO images overlied with vertical magnetic elements,
the red (green) contours represent positive (negative) magnetic elements at level of
150 G. The blue circle in Figure 5.2(a3) and (b3) indicates the location of emergent
flux sheet with correspondent expanding granule in the background.

5.3.2 Detailed Study of a Flux Loop Emergence

On the other hand, in regions where events of emerging granules take place less often,
we observed dumbbell-like features in magnetograms representing flux loop emergence
events, with two ends of loops rooted in opposite magnetic polarities. The emergence
of magnetic concentrations originates in the boundaries of neighboring granules and
then the emerged elements move along the magnetic network. A relatively weak
field connects the two emerged footpoints. It is seen that the emerged magnetic
footpoints do not alter the overall evolution of their nearby granules. The passage of
flux loop footpoint motions shifts following the nearby granule emergence and decay,
which means that the merged flux loop does not dominate the local magnetic field
and structure evolutions. By comparing averaged field strength we found that the

emerged vertical field is 326 G, which is ~120 G (60%) higher than the emerged

horizontal field (~200 G). We observe TiO and Ha brightenings more often in this
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Figure 5.3 Horizontal field and dopplermaps in event 1. Panels (a) show horizontal
field map superimposed with vertical field contours at level of 150 G. Panels (b) show
upflows (downflows) of Dopplergrams in blue (red) color. The line-of-sight component
the correspondent velocity is in range of +3.0 km s™!. Panels (c) present TiO images
superimposed with horizontal field contours at levels of 200 G and 400 G, indicated
by dark and light blue, respectively. The green (red) contours in (a) and (b) represent
magnetic elements of negative (positive) polarity at level of 150 G. Blue circle in (b3)
and (c3) indicate the location of expanding granule. intergranular lane is outlined
with ellipse in (c4) and (c6). Blue (red) arrows in (b4) and (b6) indicate strong
Doppler blue-shift (red-shift) at footpoints.

flux loop type of emergence. In particular, all three events are seen to be spatially
associated with Ha brightenings near the emerged magnetic footpoints.

Event 2 (indicated by the box F2 in Figure 5.1) is one of the distinctive magnetic
loop type of flux emergence in our observations, in which the emerging magnetic
footpoints travel in the network along intergranular dark lanes and are connected
by an arched magnetic field. With the aid of Ha off-band images, we also observe
Ellerman bombs at the negative polarity footpoint and additional brightenings at the
central location in this event.

Figure 5.5 shows the temporal evolution of the elementary flux emergence that
forms a magnetic loop configuration using the magnetic and continuum observations.

In the snapshots of vector magnetic field maps (as shown in Figure 5.5(al-a4)),

horizontal field vectors are superimposed on vertical fields and are also overplotted
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Figure 5.4 Time-space diagram of event 1. Panels (a) and (b) show time-space
diagrams of horizontal field and TiO along the red slit as shown in (f), which
correspond to flux sheet emergence stage. Green lines in (a) and (b) trace the
expanding granule. Panels (c) and (d) show time-space diagrams of vertical field
and TiO along the yellow slit as shown in (f), which represent negative footpoint
motions in the intergranular lane. Red lines in (c) and (d) trace and are used to
estimate speed of motion of the magnetic element. Green (red) contours in (e) and
(f) outline the concentrated negative (positive) magnetic elements.

on TiO images (Figure 5.5(b1-b4)). The direction of the horizontal field is indicated
by the direction of the arrow and displayed in different colors for each direction, and
the positive (negative) vertical field is indicated by the white (black) background.
Figure 5.5(cl-c4) and Figure 5.5(d1-d4) show Ha images at +1.0 and —0.4 A,
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respectively, with the overplotted green (yellow) contours representing the negative
(positive) magnetic elements at the level of 150 G. From the image sequence, we can
see consecutive episodes of flux emergence during the time of observation in the event
2 region.

Starting from 21:13 UT, a new pair of magnetic elements appear at ~[4.5”,3.5"]
(Figure 5.5(al)). The concentrated magnetic elements of opposite polarities continue
to strengthen as they separate (as shown in Figure 5.5(al-a3)). It is noticeable from
vector maps that the horizontal field enhances in place with the emerged magnetic
elements and connects the diverging footpoints. A loop-like magnetic field structure
is observed between the footpoints FP2 and FP3 at 21:46 UT, and the width of
the field loop reaches ~1” as observed for its horizontal field component (Figure
5.6(a3)). There is no obvious granular elongation observed to be associated with
this horizontal field enhancement, while a deformed granule is accompanied by a
transient magnetic enhancement between the footpoints FP2 and FP3 (see Figure
5.5(a3)). The diffuse field can also be observed in Figure 5.6(al-a4), which show
the horizontal field map superimposed with vertical field contours at the level of
150 G. The green and red contours represent negative and positive magnetic elements,
respectively. The Dopplergrams in Figure 5.6(b1-b4) show obvious red-shifts at
footpoints and two blue-shifted patches connecting the footpoints at ~21:35 UT.
This indicates that the loop between footpoints has an upward motion and the
footpoints have downward flows. The upflow speed reaches up to 1.8 km s~!. The
emerging magnetic footpoints start to cancel with the preexisting magnetic fields of
opposite polarities from 21:46 UT. Such configuration of the emerged magnetic arc
and the nearby preexisting footpoints in the north of the region may indicate the
emergence of an undulating field in the emergence on the photosphere. Adjoining
footpoints of opposite polarities in the emergent undulating field can easily organize

a U-shaped or Q-shaped bald patch. According to previous studies (e.g., [152, 209]),
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the photospheric locations of bald patches of serpentine magnetic fields are very likely
to be associated with EBs. In the event 2, we witnessed bald patch associated EBs
between the footpoints FP1 and FP2 (see Figure 5.5 a4 and c4), where the brightening
in Ha wing occurs when the magnetic concentrations of opposite polarities approach
each other. The separation of emerged magnetic footpoints eventually reaches a
maximum distance of 5 Mm at 22:02 UT. In Figure 5.5(c4), Ha brightenings at
+1.0 A off-band are observed at the magnetic footpoints ([2”,7]) of the emerging
flux at 22:02 UT, when the magnetic flux cancellation occurs. At the same time, one
can clearly observe a brightening in Ha —0.4 A centered at ~[4”,3"] (Figure 5.5(d4))
between the magnetic footpoints.

The time-distance diagrams in Figure 5.7 display bidirectional motions of the
emerging magnetic elements. Similar phenomena were reported by Yang et al. [260]
with TiO broadband filter images. The slit cuts along the extending magnetic loop as
shown with the yellow curve in Figure 5.7(c). Based on the time-distance diagrams,
the magnetic footpoints diverge at a speed of 0.6-1.4 km s~!, which is much slower
than previous results (3.8 km s™! in Yang et al. [260]). While the vertical fields
follow confined separating traces, slightly weaker horizontal fields develop between
the extending front of the horizontal field as seen in Figure 5.7(b). This is consistent
with the observation from vector magnetic field maps that the magnetic footpoints
are connected by diffused horizontal fields [30, 130].

To understand the relationship between flux emergence and Ha brightenings, we
plot the temporal evolution of footpoint magnetic flux, Ha intensities at —0.4 A and
+1.0 A, and horizontal field strength in Figure 5.8. Figure 5.8(a) shows the averaged
vertical flux in the positive (negative) footpoints as a red (blue) curve. Figure 5.8(b)
shows the normalized intensity of Ho —0.4 and +1.0 A in the central loop (blue)
and footpoint (red) regions, respectively. Figure 5.8(c) shows averaged horizontal

field in the same central loop (blue) and footpoint (red) regions. In the first phase
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of emergence, there is no visible Ha response, while we observe brightenings in the
loop corresponding to the second horizontal field increase starting from 21:46 UT.
Comparing the light curves of the horizontal field at different locations, we find that
the field strength increases at footpoints while decreases in the loop at ~22:02 UT,
which is co-temporal with Ha brightenings. Meanwhile, the vertical flux increases
at the negative polarity footpoint. We speculate that Ha brightenings in the loop
are produced by the magnetic reconnection between the newly emerged magnetic
loop with the overlying background field. On the other hand, the Ha brightenings
at footpoints are likely to be signatures of EBs between FP1 and FP2 (see Figure
5.5(a3)). The LOS velocity maps of event 2 in Figure 5.6(b1)-(b4) show that the
central loop and magnetic footpoints of the emerged flux loop is clearly associated
with bi-directional shifts. At 21:13 UT, the velocity of blue-shift corresponding to the
emerging loop is 0.45 km s~1. It increases to 0.98 km s~! at 21:28 UT then decreases
to 0.37 km s=! at 21:46 UT. The separating footpoints are observed to experience

red-shifts with a maximum speed of 1.3 km s~! at 21:28 UT.

5.3.3 Properties of Other Events

Starting from 21:00 UT, with best-seeing quality of the day, we observe other
small-scale flux emergence cases in ~70 minutes, which demonstrate similar magnetic
properties. The derived parameters of magnetic field evolution observed in nine
events are given in Table 5.1, including horizontal field, vertical field, vertical flux
increments, the maximum distance of emerging bipolar magnetic elements, corre-
spondent separation speed, LOS Doppler velocities, and associated EB occurrence.
The maximum distance and correspondent average speed are measured in the
emergence phase, which starts from the emergence of opposite polarities till both
separation and flux enhancement cease. As listed in Table 5.1, five of the eight

selected events in the observation can be categorized as a flux sheet type of emergence.
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Figure 5.5 Temporal evolution of emergence event 2. The figure shows snapshots
of emergence event 2 from 21:13 UT to 22:02 UT. Panels (a) show vertical field
superimposed with horizontal field vectors, whose directions are represented by vector
directions and magnitude is represented by length. Panels (b) show TiO images
overlied with horizontal field vectors. Panels (c) and (d) show Ha images at +1.0
and —0.4 A, the green (red) contours represent negative (positive) magnetic elements
at level of 150 G.

We find that although the time interval between horizontal field emergence and the
corresponding expanding granule boundaries is within 10 minutes, which is at the

same time scale as summarized in previous studies [29, 144], magnetic elements in the
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Figure 5.6 Horizontal field and dopplergrams in event 2. Panels (a) show horizontal
field map superimposed with vertical field contours at level of 150 G. Panels (b) show
upflows (downflows) of Dopplergrams in blue (red) color. The line-of-sight component
the correspondent velocity is in range of 3.0 km s™!. Panels (c) present TiO images
superimposed with horizontal field contours at levels of 200 G and 400 G, indicated
by dark and light blue, respectively. The green (red) contours in (a) and (b) represent
magnetic elements of negative (positive) polarity at level of 150 G. The red arrow in
(a3) indicates horizontal component of the magnetic loop. The yellow arrows in (b2)
indicate Doppler blue-shifts between the magnetic footpoints.

granule boundaries continue to enhance as horizontal field increases and then either
merge with adjacent magnetic fields or cancel with elements of opposite polarities.
The flux sheet emergence events 1 and 8 are observed to originate from intergranular
dark lanes and form new expanding granular cells in the emergence locations. While

the other three emergent flux sheets (events 3, 7, and 9) do not show a direct linkage

to pre-existing intergranular dark lanes, they are found to be located near the newly
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Figure 5.7 Time-space diagrams of event 2. Panels (a) and (b) show time-space
diagrams of vertical and horizontal field along the slit in the TiO image as shown in
(c). Yellow lines in (a) and (b) trace and are used to estimate the speed of separation of
the emerged magnetic polarities. Green (red) contours outline the magnetic elements
of negative (positive) polarity.
formed pores. The vertical flux brought into the solar surface through emergence,
which is associated with the expanding granules, is in the range of 0.9-11.6x 108 Mx.
As the edge of the emerging magnetic field that envelopes the granule expands at a
speed of 1.5 km s™!, the granule cells undergoing emergence are averaged 4.3”, which
grow by 0.7-1.5". Although we observed a close connection between magnetic flux
emergence and changes of photospheric granule structure, Ha brightenings are rarely
observed to be associated with flux sheet emergence. Ha bright bursts captured
in the event 9 region are closely associated with magnetic flux cancellation starting
from 20:16 UT. During its emergence, TiO brightening at the granular boundary is
observed at 21:36 UT.

Summarizing the flux loop cases, we find that the vertical flux enhancement in

this type of events is 3.040.9x 10'® Mx.while the separation speed of the emerging

loop footpoints is 1.2 km s~!, which is similar to the expanding speed of horizontal
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Figure 5.8 The evolution of magnetic flux, mean brightness, and magnetic fields
in event 2. Red and blue light curve in (a) shows averaged vertical flux evolution
at footpoints FP3 and FP2 in Figure 5.5, respectively, in unit of 10'® Mx. Blue
(red) light curve in (b) shows normalized intensity of Ha —0.4 A(4+1.0 A) in the
loop (at footpoint FP1). Blue (red) light curve in (c¢) shows horizontal field in the
loop (footpoints) in unit of Gauss. Dashed lines in figure mark two episodes of flux
emergence, with red (black) dashed line represents start (end) time.

field in flux sheet emergence, the maximum distance of opposite polarities reaches

5.5+1.5”. The difference of maximum separation is consistent with flux sheet and
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loop topology as magnetic footpoints of emerging flux loops are expected to extend
further in the granular network. Despite that Ha brightenings are observed in
event 2 at end of the flux emergence, the most prominent Ha response occurred
38 minutes later. In the other two flux loop emergence events (event 4 and 6),
we also observed Ha brightenings close to the emerged footpoints of these two
events, while time intervals between emergence and Ha brightenings do not show
a similarity. In event 6 Ha brightenings are observed three minutes after loop
emergence. Among the studied events, five events are spatially associated with Ho
brightenings, including all three flux loop emergence and two flux sheet emergence.
From Doppler velocity maps of the flux emergence events, we find that the active
region generally shows an upflow of 0.8 km s~! in the background. Three of the listed

! which is comparable

emergence events (events 3-5) have blue-shifts over 2 km s~
to previous observational results of photospheric Doppler velocity [148]. Event 5 is
excluded from the categorization of magnetic topology because azimuthal ambiguity

is not well resolved at the event location and Doppler red-shift is observed between

opposite polarities. It is interpreted as a U-shaped field.

5.4 Summary and Discussion
In this study, we have presented a detailed study of small-scale flux emergence near
the central PIL of NOAA AR 12665 on 2017 July 13. The study is particularly focused
on magnetic characteristics of two different kinds of flux emergence derived using the
near-infrared polarimetric data obtained by NIRIS at BBSO/GST. In addition, we
studied photospheric evolution and chromospheric responses to the flux emergence

using TiO and Ha time-sequence images. Our main results are summarized below.

1. In event 1, a typical sheet emergence case, an organized sheet-like structure
of enhancing horizontal magnetic flux is seen to span over an entire granule,
which expands at a speed of 1.6 km s~!. The magnitude of the horizontal field
in the flux sheet increases for ~20 minutes, reaching up to 450 G. The emerged
flux at footpoints reaches ~1.8x 10'® Mx. In a subsequent second stage, the
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negative polarity footpoints and the co-spatial TiO bright points move along
the intergranular lanes at a speed of ~2 km s

2. In event 2, a typical loop emergence case, magnetic footpoints at the two ends
(the concentrated opposite-polarity flux component) emerge and move in the
intergranular lanes with a separation speed of 1.2-1.7 km s~!; meanwhile,
a horizontal field lying in-between enhances, forming elongated, loop-like
structures (the central diffused component). The positive vertical flux increases
by ~0.5x 10*® Mx. Later at ~22:00 UT, horizontal field decreases in the central
loop region while it increases at footpoint regions.

3. Analysis of extended samples shows that all the eight events have a strongly
emerged horizontal field of ~450 G at maximum. While in the flux sheet
emergence vertical field is comparable with the horizontal field(~270 G), in
the loop emergence vertical field is 120 G stronger than the horizontal field. In
the five flux sheet emergence events, the horizontal field enhances and hovers the
emergent granule cells as the granules grow. The concentration of field strength
in the granule boundaries at the late phase of the emergence is observed in
both horizontal and vertical magnetograms. Three out of the eight emergence
events are observed to have a magnetic loop topology, in which the emergence
of magnetic elements happens in intergranular lanes. The loop-like emergence
carries ~10'® Mx of flux to the surface.

The results of the two types of flux emergence, with one experiencing an
enhanced horizontal field hovering over the granule and the other following the
typical (2-loop configuration, have advanced our understandings of small-scale flux
emergence and formation of active regions. It is worth noting that observations of
flux-sheet emergence in both active regions [29] and quiet Sun [60] are rare. The
numerical study by Moreno-Insertis et al. [144] suggested that the occurrence rate of
loop-like emergence (1-3 day~* Mm™2) is ~3 times higher than that of the sheet-like
events (0.3-1 day™! Mm~2) in the quiet Sun. In our study, we found more frequent
occurrence of flux-sheet emergence events (1.840.1 day™' Mm™2) than of loop-like
emergence (1.140.06 day~! Mm~2). We suspect that in the active region sub-surface
magnetic tubes rising up to solar surface can break their original bipolar structure
and emerge sideways due to the active and dynamic transverse motions. Frequent
granulation observed in the active region provides higher opportunity than in quiet

Sun to have magnetic tubes emerge with growing granules, which eventually form
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an emerging flux sheet. In comparison with a previous study, Fischer et al. [60]
observed that the transverse flux density reaches up to 194 Mxcm ™2, corresponding
to a maximum horizontal field of ~300 G. Our results show that the horizontal field
reaches up to 450 G while the total flux is comparable to previous studies. Based
on our results, five out of the eight observed flux emergence episodes in the FOV
follow the flux-sheet type of emergence, and the rest follows the loop type emergence.
Further, the flux sheets often appear in the emergence sites that are closely associated
with newly evolving granulations. Such a preference leads us to speculate that not
only magnetic buoyancy instability but also transverse tension contribute to the
flux-sheet emergence. In both types of flux emergence, the maximum distance of
footpoint separation and speed of Doppler shift vary with cases. Base on the results
of our analyzed events, we conclude that despite differences in magnetic field topology
and field strength distribution, the flux sheet and flux loop emergences share some
similarities in terms of the emerging process. As an indication of Ellerman bombs, Ha
brightenings in our observations are found to have a close connection with magnetic
loop emergence, in which the migrating footpoints collide and cancel with elements
of opposite polarity in the intergranular lanes.

The magnetic-loop emergences observed by us may evolve in the form of an
undulating serpentine field. The three confirmed loop type emergences are observed
in the magnetic intranetwork. As magnetic footpoints diverge along the intergranular
lanes, the emergent horizontal field is observed to enhance the field strength of network
in magnetograms with correspondent dark lanes seen in TiO images. Despite different
emergence topology, the total emerged magnetic flux in the loop emergence events is
comparable with that in the flux-sheet emergence events, and is an order of magnitude
higher than previous studies of granule-sized magnetic loops [69]. As presented in
the sample event 2, the magnetic footpoints of opposite polarities originate within

neighboring granules and move apart along the intergranular lanes. Thus as they
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approach the adjacent footpoints of the emerged field, a U-shaped field line can be
formed across the surface. Such magnetic field configuration is one type of bald
patches that are found to have a strong connection with EBs [152, 95]. Vissers et al.
[218] found that similar to EBs, flaring arch filaments could also exist in the emerging
active region but are often observed as brightenings at Ha core. This phenomenon is
believed to be related to the reconnection of curved fields. In comparison, our results
in Section 5.3.2 reveal Ha brightenings at the central loop location (in —0.4 A) as
well as at the footpoints (in 4+1.0 A). These may be interpreted as the reconnection
between the emerging flux loop (footpoints) with the pre-existing overlying field
(opposite polarity elements).

In summary, with high-resolution and high-cadence vector data, we have studied
small-scale flux emergence from the observational perspective. We confirm that
magnetic fields of granule-sized flux emergence have two different topologies, magnetic
loop and flux sheet. The primary difference of magnetic properties between the
two types of emergence is that the magnetic field of flux sheets tend to be more
inclined than arched magnetic loops. In association with the flux emergences, Ho
brightenings are more favorable to the footpoints of the emerging magnetic loops.
Also, despite their different locations in the observed AR, both types of emergence

bring 1-6x 10'® Mx of flux to the solar atmosphere.
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CHAPTER 6

A HIGH-RESOLUTION STUDY OF MAGNETIC FIELD EVOLUTION
AND Ha SPICULES AROUND A CORONAL HOLE

6.1 Introduction
In general, network field, intranetwork (IN) field, and ephemeral regions form the
quiet Sun (QS) magnetic field. Coronal holes in the QS regions are usually seen
as dark regions in the X-ray and EUV observations due to reduced emissivity
in X-ray and EUV wavelengths (for reviews see, e.g., [39, 239]). Formation of
the non-polar region coronal holes can be resulted from decay of active regions
[101, 68] and eruptive activities [80]. One of the important photospheric magnetic
characteristics is the highly unbalanced magnetic flux residing in the concentrated
flux tubes in coronal holes [84], which leads to dominance of a certain polarity in
the coronal holes. Plumes, fountain-like coronal structures, are often observed in
the unipolar magnetic concentrations in coronal holes [249]. Although the unipolar
magnetic flux tubes are considered as a fundamental sector of a coronal hole and
dominate its evolution, high-resolution magnetograms show that opposite polarities
of small-scale magnetic elements have a random distribution in the QS as well as in
the coronal hole. [247] studied magnetic properties of twelve coronal holes and eight
QS regions using magnetograms taken by Michelson Doppler Imager (MDI) on the
solar and heliospheric observatory (SOHO) for comparisons. The authors found that
a significant amount of signed magnetic flux (77£14%) in the coronal hole is stored
in open field, while the short and low-lying closed-loop field is reported in both the
coronal hole and QS regions. These closed loops in the coronal holes may play an
important role in the “switchbacks” in the solar wind [62], in which the interchange

reconnection is proposed to occur between the coronal loop and open field and results
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in a smaller loop and enhanced open magnetic flux transport. With new observations
by the Parker Solar Probe (PSP), [63] validated that open magnetic flux is transported
by interchange reconnection and the accompanying spikes occur in all types of solar
wind (e.g., slow solar wind, fast solar wind, Alfvénic slow solar wind near coronal
hole boundary).

On the other hand, photospheric magnetic field measurements have been taken
to study small-scale magnetic transients. Ubiquitous magnetic flux cancellations
often occur in the network field of granules, mesogranules, and supergranules with
convergence of opposite polarities. The problem of chromospheric and coronal heating
can be addressed by studying cancellations of magnetic flux from convection flows
in association with small-scale jet-like ejections. For decades, the study of spicules
has been a hot topic and our understandings of enegy budget in QS and coronal
holes are greatly advanced with improvement of spatial and temporal resolutions
of observational instrument. Such small-scale jet-like ejections are characterized
as short-lived eruptive plasma bounded at network boundary of opposite magnetic
polarities (for a review see, e.g., [212]). [225] proposed Ha macrospicules as a
manifestation of magnetic reconnection, likely caused by the network-ephemeral
region or network-IN interactions. With high-resolution observations from solar
optical telescope (SOT) of Hinode, [42] found two types of spicules: “Type-I” spicules
that are driven by shock waves through global oscillation and convective flows leaked
into the solar atmosphere on timescales of 3—7 minutes, and dynamic “Type-II"
spicules that are formed through magnetic reconnection process in vicinity of magnetic
flux concentrations in plage and network.

Recent Interface Region Imaging Spectrograph (IRIS) observations foud that

Lin average lifetimes

the small-scale network jetlets propagate at speeds of 70 km s~
of 3 minutes [151]. The authors speculated that such network jetlet eruptions are

small-scale analogs of large-scale coronal jets. Using high-resolution Ha and magnetic
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field observations by Goode Solar Telescope (GST; [70]) at Big Bear Solar Telescope
(BBSO), [169] found close connections between the generation of fine-scale spicules
and interactions of underlying network field with ambient weak field of opposite
polarity, in forms of magnetic flux cancellation and emergence. [193] argued that
the emergence episodes that initiate enhanced spicular activities actually might be
preparations for magnetic cancellations. They proposed a microfilament eruption
model of solar spicules, which is morphologically similar to erupting minifilaments
that drive coronal jets.

However, questions that are still not fully understood are whether properties of
magnetic energy budget through small-scale magnetic flux evolution are universal
or differ between QS and coronal hole regions, and whether the heated plasma
through small-scale reconnection is sufficient for coronal heating. In this study, we
present statistical properties of magnetic cancellation events and study small-scale Ha
ejections associated with magnetic evolution around the boundary of a low-latitude
coronal hole on 2018 July 29. Data of the high-resolution observations are taken by
BBSO/GST. The structure of the chapter is organized as follows. We introduce data
observation and processing methods in Section 6.2. Magnetic properties of the coronal
hole and the surrounding QS regions and jet-like ejections associated with magnetic
cancellations are presented in Section 6.3. Discussions based on the observational

results are presented in Section 6.4.

6.2 Data and Processing Methods
On 2018 July 29, BBSO/GST observed the boundary section of a quiet Sun coronal
hole located at [604” E, 125” S] on the solar disk with on-site post-focus instrumen-
tations, including broad-band filter imager (BFT), visible imaging spectrometer (VIS),
and near-infrared imaging spectropolarimeter (NIRIS; [23]). Taking advantage of

high-order correction by adaptive optics system with 308 sub-apertures (AO-308; [24])
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and solar speckle interferometric data reconstruction technique [251], the observation
during ~16:31-18:44 UT achieved diffraction-limited resolution under a favorable
seeing condition. The obtained data include images in TiO filter (705.7 nm; 10 A
bandpass) by BFI with a field of view (FOV) of 77" at 0.1” resolution and 20 s
cadence, Fabry-Pérot spectroscopic observations of the Ha line at £1.0, +0.8, 40.6,
+0.4, +0.2, and 0.0 A (0.08 A bandpass) by VIS with a 70” circular FOV at 0.1”
resolution and 40 s cadence, and spectroscopic polarization measurement of the Fe I
1565 nm (0.25 A bandpass) by NIRIS with a round FOV of 80" at 0.24" resolution
and 42 s cadence. Each burst takes 100 and 60 frames for speckle reconstruction of
TiO and He lines, respectively. Line-of-sight (LOS) magnetograms are reduced by
performing an area integration of the Stokes V profile along the wavelength. EUV
data at 193 A from the Atmospheric Imaging Assembly (AIA; [111]) on board the
Solar Dynamic Observatory (SDO) are used to identify the coronal hole and any
connection with chromospheric eruptions.

In this study, Ha images and magnetograms by GST are aligned to sub-pixel
presicion by matching chromospheric network. Validation of NIRIS magnetograms
are conducted with LOS magnetic field measurement provided by the Helioseismic
Magnetic Imager (HMI; [172]). The results show a correlation coefficient of 0.98 at
strong field areas and an overall correlation coefficient of 0.72. To identify on-disk
spicules, Hov intensity images at +0.8 A are used to calculate two-dimensional Doppler
signals (DS), in which the upward moving chromospheric materials are represented
as bright strands. The evolution of small-scale magnetic elements is tracked with the
Southwest Automatic Magnetic Identification Suite (SWAMIS; [44]), by which the
magnetic cancellation events are detected and their corresponding magnetic fluxes
are calculated. In SWAMIS, we set 3 pixels (0.24”) as the minimum size of magnetic
field elements for detection. To evaluate the noise in the magnetic field measurement,

we select a quiet Sun area of 16x 16 pixels that is away from magnetic network and has
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a minimal flux variation. We then take the full-width half-maximum of a Gaussian
fitted profile to the field strength of these pixels as the noise level, which is about 20

G.

6.3 Results

In the ~90 minutes of high-resolution GST observations near the targeted coronal
hole, we have observed small-scale magnetic field evolution and Ha ejections. With
magnetic fields of mixed polarities filling the intranetwork around coronal hole
boundary networks, chromospheric spicules are observed to actively evolve with time.
The FOV of GST observation is centered at the southeast edge of the coronal hole.
This coronal hole is at its end phase of boundary growth. Time lapse of magnetic
evolution in the following results is with respect to the start time (16:34:18 UT) of
GST observation.

Figure 6.1 shows magnetic field, EUV image, and corresponding Ha blue-wing
images at 16:46:44 UT. Ha spicular activities are present in Figure 6.1(a)(d), which
are mostly anchored at boundaries of the magnetic network. Plumes are also observed
outside the coronal hole near the southeastern corner of the FOV during ~17:00 UT—
17:40 UT. Figure 6.1(b) shows that small bright loops that lie along the coronal hole
boundary. The coronal hole boundary region is dominated with negative magnetic
field with an averaged strength (defined as total flux divided by area of magnetic
element) of 220 G, which is about twice the strength of positive field. Magnetic
elements of positive and negative polarities are labeled as blue and red features in
Figure 6.1(c). 3127 cancellation events are identified in the total of 72000 episodes of

magnetic evolution.
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Figure 6.1 Identification of cancelling magnetic elements with corresponding Ho
spicules and EUV eruptions. Panel (A) shows magnetograms at 16:46:44 UT
superimposed with Ha blue wing image at -0.8 A off linecenter. Panel (B) shows
ATA 193 A image of the same FOv, with dark area indicating the coronal hole. Panel
(C) shows locations of cancellations of opposite magnetic elements with Ha -0.8 A
image in the background. Panel (D) shows Ha blue wing image at -1.0 A off linecenter.

6.3.1 Magnetic Cancellations at Coronal Hole Boundary

Figure 6.2(a) shows the sites of cancellation events (marked as green stars) in the

entire FOV. The mid-point between closest points on the edge of adjacent two
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magnetic features with opposite polarities is identified as the cancellation site, which
is also on the motion path of the cancelling elements. The cancellation sites are
also marked in Figure 6.2(b)(c). It is noticeable that the cancellations have a higher
probability of occurrence in the weak magnetic field regions than in the concentrated
negative unipolar field at the coronal hole boundary. There are 1245 magnetic flux
cancellation events inside the coronal hole (located northwest of purple boundary
defined using the AIA 193 A image in Figure 6.1(b)), 1589 magnetic flux cancellation
events in the quiet Sun outside the coronal hole, and 222 magnetic flux cancellation
events at the coronal hole boundary region (defined here as the belt region between
the gray lines). The results show that the highest occurrence rate of flux cancellations,
which is 1.5 Mm~2 hr~! inside the coronal hole, While in the quiet Sun region and
coronal hole boundary, the occurrence rate is 1.2 and 0.5 Mm™2 hr~!, respectively.
The yellow and purple stars in Figure 6.2(b) and (c) show locations of cancellation
events that are associated with strong eruption-like events in Ha. Details of the two
events located in the coronal hole (Figure 6.2(b)) and at the coronal hole boundary
(Figure 6.2(c)) are discussed in Section 6.3.2.

NIRIS magnetograms show that the negative unipolar magnetic cluster along
the coronal hole boundary contains 1.24:0.4x10% ergs of magnetic energy E, which

is defined as

E:;T/OL/ABQdAdl (6.1)

where L represents scaled height with estimated value of 100 km. The above magnetic
energy makes up 63% of the total energy in the coronal hole boundary region. Figure
6.3(a) shows that the energy released by magnetic flux cancellation over the 90
minutes is in total 9.9x10%7 ergs (red curve), with a corresponding energy release

3

rate of 5.3 ergs cm =3 s~!. This is comparable with energy release rate of intranetwork

cancellations (~4.7 ergs cm ™2 s71; [74]). As shown in Figure 6.3(b), the net flux of the
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cancellation events increases in the negative polarity. The average net flux changes
from 1.6x10'® Mx at beginning of the cancellations (blue bar) to —3.0x10'® Mx at end
of cancellations (yellow bar). The size distribution of detected cancelling magnetic
elements is shown in Figure 6.3(c). The lower limit of flux element size is 0.03 Mm?,
which is set by the parameter of magnetic feature size in the SWAMIS method. It is
seen that 97.7% of the cancelling magnetic elements have a size under 3.0 Mm?. The
mean size of the magnetic flux elements is 0.7340.03 Mm? after cancellations, which
is 0.8 Mm? smaller in area as compared to before cancellation. The lifetime of the
magnetic elements has a low threshold of 45 s as limited by image cadence. Figure
6.3(d) shows that 43% of flux cancallations have a lifetime below 6.5 minutes, with a
mean value of 3.7 minutes. As a result, the averaged magnetic flux cancellation rate

is 1.02x10'® Mx Mm~2 hr~!.

6.3.2 Magnetic Cancellations Inside and Outside of Coronal Hole
Magnetic flux emergence and cancellation in the coronal hole are related to the coronal
hole’s decay and growth. The AIA 193 A observation shows that the coronal hole
experiences growth in area from 2018 July 28 10:00 to 16:00 (+1) UT. During the
GST observation period under study (from 2018 July 29 16:34:18 to 18:04:54 UT),
the boundary of the coronal hole remains stationary. We divide the FOV of GST
observation into the coronal hole region and the outside quiet Sun region, and study
their magnetic field properties and evolution separately.

Figure 6.4(a) shows the averaged magnetogram over 90 minutes in the coronal
hole. The average positive and negative longitudinal flux density in the coronal
hole are 80 G and —130 G, respectively. The strong negative flux concentrations
close to the curved edge are labeled as part of the unipolar cluster at the coronal
hole boundary in SWAMIS tracking results. Ha images in Figure 6.1(a)(d) shows

that flux cancellations are less often associated with enhanced spicular activities as
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Figure 6.2 Identification of cancellation site in magnetogram. Panel (a) show
locations of cancellation events occurrence. The green star symbols indicate where
the opposite magnetic flux cancel out (with unsigned flux decrease). The purple
contours represent boundaries of the coronal hole in the FOV, of which the northwest
region is inside coronal hole. The belt between gray lines is a rough dividend of
coronal hole and QS. Panels (b) and (c) show two cases of cancellation events in
the coronal hole and at coronal hole boundary, respectively. Blue and red contours
indicate positive and negative magnetic conponents at +100 G.

described in the study of [169]. Figure 6.4(b) shows light curves of photospheric
magnetic energy evolution. The blue curve represents the total magnetic energy.
The magenta curve represents the total magnetic energy stored in the elements
that experience flux cancellations, and the red curve shows the cumulative magnetic
energy release through flux cancellations. The corresponding magnetic energy release
rate is 15.7 ergs cm ™3 s7!, which is ~2 times larger than that at the coronal hole
boundary. Figure 6.4(c) shows the distribution of net flux at the beginning (blue

bar) and end (yellow bar) of magnetic flux cancellations. It shows a tendency of

enhancement in the negative polarity after cancellations. The average net flux changes
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Figure 6.3 Magnetic field properties at coronal hole boundary. Panel (a) show time
evolution of total magnetic energy, energy of cancelling magnetic flux, and cumulative
released energy through cancellations. Panel (b)-(d) show distribution histograms of
net flux, size of cancelling magnetic elements, and lifetime of cancellation events,
respectively.

from 4.6x10' Mx before flux cancellations to —2.2x10'" Mx afterwards. The size
distribution of cancelling magnetic elements is shown in Figure 6.4(d). The mean size

is 0.53 Mm? (0.39 Mm?) before (after) flux cancellations. As shown in Figure 6.4(e),

32.5% of the cancellation flux elements have a lifetime shorter than 8 minutes and
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the average lifetime is 2.4 minutes. The flux cancellation rate in the coronal hole is
2.0x10'® Mx Mm™2 hr%.

Figure 6.5(a) shows the average magnetogram in the quiet Sun region out of the
coronal hole. The studied region excludes an area of ~100 Mm? outside of the coronal
hole centered at about [53”,20”] (see Figure 6.2(a)), as magnetic evolution in this
area is not fully covered by NIRIS magnetograms. The average positive and negative
longitudinal flux density in the quiet Sun region are 65 G and —160 G, respectively.
The artificial dark lines at the lower left corner are due to rotation and shift of the
GST’s pointing. Enhanced spicular activities are observed to be anchored at edges of
strong negative flux concentrations. Figure 6.5(b) shows light curves of photospheric
magnetic field changes. The total magnetic energy increases by 1.9x10% ergs in
~20 minutes from 422 minutes of the observation, followed by 30 minutes of magnetic
energy dissipation (blue curve). The energy is released through small-scale magnetic
flux cancellations at a linear rate of 8.2x10% ergs Mm = hr! (red curve). Figure
6.5(c) shows the distribution of net flux before (blue bar) and after (yellow bar) the
occurrence of magnetic flux cancellation events. The numbers of positive and negative
magnetic elements remained after flux cancellations become balanced, whereas the
average net flux changes from 7.8x10'® Mx to —1.0x10'7 Mx. The element size
of cancelling magnetic flux shows a similar distribution as that in the coronal hole.

2 after cancellations. The mean flux size at beginning of

The mean size is 0.45 Mm
cancellations is 0.82 Mm?. Figure 6.5(d) shows that ~97% of cancellation events
occur in 8 minutes. The average lifetime of cancellation events is 3.4 minutes. The
flux cancellation rate in the quiet Sun region is 8.8x 10" Mx Mm ™2 hr~!. To calculate
the small-scale energy release rate per unit area, we only consider magnetic elements
with flux under ~10* Mx and exclude elements below the noise level. The unit

energy release rate is 3.7 ergs cm ™ s71,
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In summary, the cancelled magnetic flux in the coronal hole and in the quiet Sun
(outside the coronal hole) is 5.4x10%° Mx and 2.1x10%* Mx, respectively. However,
19.5% of the cancellation events start with emergence of magnetic flux of opposite
polarities, which contributes to the increase of net flux. In addition, flux emergence
inside the coronal hole has an occurrence rate comparable to that of cancellation

events. The net flux of negative polarity increases 9.7x10' Mx in 30 minutes.
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Figure 6.4 Magnetic field properties in coronal hole. Panel (a) show the magnetic
field in coronal hole with cancellation site indicated by green star symbols. Grayscale
of the magnetogram is in range of -400 G to 200 G. Panel (b) show time profile of
total magnetic energy, energy of cancelling magnetic flux, and released energy through
cancellation. Panel (c)-(e) show distribution histograms of net flux, size of cancelling
magnetic elements, and lifetime of cancellation events, respectively. Blue box in panel
(c) show net flux distribution before before cancellation of each event.

6.3.3 Ha Ejections Associated with Magnetic Cancellations

Ha spicules in the observation are mainly located at the coronal hole boundary,
where there is the unipolar negative magnetic cluster. We observe recurrent spicular
activities seemingly stemming from this negative magnetic network as shown in Figure

6.1. The spicules observed in Doppler signals are mostly rooted at edges of the strong
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Figure 6.5 Magnetic field properties outside coronal hole. Panel (a) show the
magnetic field in the QS with cancellation site indicated by green star symbols. Panel
(b) show time profile of total magnetic energy, energy of cancelling magnetic flux, and
released energy through cancellation. Panel (c)-(e) show distribution histograms of
net flux, size of cancelling magnetic elements, and lifetime of cancellation events,
respectively.
negative magnetic concentrations with weak ambient positive fields. Previous studies
found a close connection between spicules and opposite-polarity magnetic fluxes. We
use Doppler signals from Ha +/— 1.0 A images to locate eruptive spicules, in which
positive values of Doppler signals indicate Ha upflows. During the magnetic flux
emergence phase, small brightening loops are observed at the coronal hole boundary,
which indicates chromospheric heating due to magnetic reconnection. In this section
we present details of magnetic evolution associated with jetlet eruptions and spicular
activities.

Figure 6.6(a) and (b) show Ha eruptions in event 1 at the western footpoints
of EUV brightening loops along the coronal hole boundary. At 16:42:33 UT (+8.28
minutes), two strands of Ha spicules rooted between the opposite polarities, which

later erupt in opposite directions, are observed to be cospatial with the brightening.

Both spicules are elongated across the adjacent opposite polarities. About 1.4
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minutes later, an arched Ha dark material (indicated by yellow arrow) is formed
between the roots of the two spicules, with a faint spire (indicated by red arrow)
extending southwest. This resembles coronal hole jets depicted by [150], except that
the presented events are on a much smaller scale. At the same time, both of the
preexisting spicules pointing opposite directions experience eruptions sequentially
from north to south. As seen in Figure 6.6(c), the photospheric magnetograms
show positive magnetic elements surrounded by the semi-circular negative network
field where the spicules are rooted. A small segment of negative magnetic element
separates from the network field and converges with the positive magnetic element.
Figure 6.7 shows the evolution of the average positive (negative) magnetic flux of
the converging elements in blue (red) curve. The black and red vertical dashed
lines mark the times of formation of the arched Ha dark feature and onset of the
Ha eruptions, respectively. The light curves show that the positive magnetic flux
enhances until the onset of the eruption of the north-pointed spicule, then decreases
from 3.940.5x10'® Mx to 2.540.4x10'® Mx in ~3.4 minutes. The rapid decrease of
negative flux occurs 2 minutes before the decrease of positive flux and is cotemporal
with the formation of arched Ha dark material. The uncertainty of magnetic flux
measurement is estimated by calculating the unsigned flux density in a region away
from strong network magnetic fields and then multiply it with the measured element
size of converging magnetic polarities. The AIA images at 171 A in Figure 6.6(d) show
that EUV brightenings appear at the edge of the negative magnetic polarity (centered
at [5”, 2.5”]) when the two spicules become noticeable. Then the brightenings
associated with eruptions roughly evolve northward along the spicules. The transverse
speed is ~18 km s~!. The chromospheric counterparts of the magnetic reconnection
are seen to continue moving northward and later, a small loop brightening is observed

at 16:51:41 UT (417.4 minutes).
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Figure 6.8 and shows the magnetic evolution and Ha activities at the east
footpoint of the small EUV loop. As seen in Ha images (Figure 6.8(b)), there
are multiple strands of recurrent spicules rooted at the Ha bright points, which
correspond to network edges in magnetograms (see Figure 6.8(c)). At 16:45:21 UT
(+11.05 minutes), the enhanced positive magnetic element starts to merge with
the strong negative network field, which is cotemporal with Ha eruptions in event
1. At 17:08:04 UT (+33.8 minutes), enhanced spicular activities are observed to
accompany the magnetic cancellation of opposite polarities. Upflow motion of the
spicular activities is detected in the Ha Doppler maps (see Figure 6.8(a)). Such
enhancement of Ha spicules is similar to the spicular activity observed by [169].
ATA images in Figure 6.8(d) show an EUV brightening at roots of the enhanced
spicules. However, along the spicular spires no EUV reponse is observed. Figure 6.9
shows the temporal evolution of magnetic flux of the adjacent opposite magnetic
polarities, where Ha spicules are rooted as indicated by the dashed box. The
negative magnetic elements that cancel with the positive magnetic elements are at
the edge of the unipolar clustered negative field, which also has cancellations in other
edge locations. We only measure negative flux in the dashed box to avoid impact
from other magnetic evolution. As shown in the light curves, both positive and
negative fluxes have a quasi-periodic oscillation of 10.8 minutes and 7.5 minutes,
respectively, with damped peak values. After screening out flux changes due to
the oscillation by integrating over each period, the average positve (negative) flux
dereases 0.96x10™ Mx (1.22x10"™ Mx). The positive flux starts to decrease at
17:08:04 UT (+33.8 minutes), when the enhanced spicular activity is observed and
the flux evolution no longer exhibits oscillations. The negative flux decreases by
11.2x10'® Mx from 17:14:35-17:23:58 UT. Despite that spicules continuously appear
in the network edge, the enhancement and upflow motion of the spicules are only

observed to last ~2 minutes from 17:06:37 UT.
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Figure 6.6 Magnetograms and Ha images of the evolution of cancellation event 1.
Panels (a)—(d) show Ha images (-1.0, -0.8 A), magnetograms, and ATA 193 A images
of the small-scale cancellation associated with jetlet eruptions from location in Figure
6.2(c). Yellow and red arrows in third frame of panel (b) indicate base and spire of
the jetlet, respectively. Blue and red in panel (c¢) represent positive and negative
polarities above 200 G of field strength.

6.4 Discussion
With the high-resolution GST observations, we study small-scale magnetic transients
and corresponding chromospheric Ha eruptions near a coronal hole boundary on the
quiet Sun region. The study particularly focuses on statistical magnetic properties
of the small-scale flux cancellations in and outside the coronal hole, as well as
correspondence between Ha spicules and underlying magnetic evolution. Based on the
magnetic analysis by using automatic magnetic feature tracking method (SWAMIS),
main results in this work are summarized as follow:

1. During the magnetic energy release process in the small-scale magnetic flux
cancellation events, there is a tendency to reduce the magnetic flux of both
positive and negative polarities and reinforce the dominance of negative polarity
inside the coronal hole. The vertical magnetic flux decreases on the order of

10'® Mx Mm~2 hr~!, which is consistent with the flux cancellation rate in the
quiet Sun intranetwork.
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Figure 6.7 Time evolution of vertical flux of event 1. The temporal evolution from
16:39:08-16:50:14 UT of converging positive (negative) magnetic flux in the Figure
6.6 is displayed in blue (red) curve. The black and red vertical dashed lines represent
formation of arched Ha dark feature and onset of the Ha eruptions, respectively.
Error bars of each curve represent uncertainty of measured magnetic flux from noise
of magnetograms.

2. Despite a comparable occurrence rate in the coronal hole (1.5 Mm~2 hr~1)
and the surrounding quiet Sun region (1.2 Mm~2 hr™!), contribution of energy
release through small-scale magnetic flux cancellations in the coronal hole is
~3.7 higher than outside the coronal hole (0.7x10% ergs).

3. Magnetic reconnection could terminate the periodic oscillation and initiate
small-scale Ha ejections. Most of the enhancement of spicules are associated
with small-scale magnetic flux cancellations.

4. The EUV responses of enhancement of spicule events show rare (7 of 88
enhanced spicules) but close connection between the base brightening and
small-scale reconnection site.

In the coronal hole boundary region defined in Section 6.3.1, 36 cancellation
events that are associated with Ha eruptions occur between the unipolar negative

field and ambient positive magnetic elements prior to 17:23:58 UT (+49.7 minutes),
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Figure 6.8 Magnetograms and Ha images of the evolution of cancellation event 2.
Panels (a)—(d) show Ha images (-1.0, -0.8 A), magnetograms, and ATA 193 A images
of the small-scale cancellation associated with Ha spicular activities from location in
Figure 6.2(b). Blue and red in panel (c) represent positive and negative polarities
above 200 G of field strength.

and 31 cancellation events occur afterward. The total magnetic flux in the coronal
hole boundary region enhances in the first ~50 minutes of observation, and then
decreases with ~15 minutes oscillations. Similarly, the individual spicular activities
associated with magnetic cancellations in event 2 display quasi-periodic oscillations
in magnetic flux evolution. Before the prominent upward motion of the enhanced

Ha spicules, 60% of flux change in the positive polarity comes from oscillatory flux

variation within one period, and 40% is due to continuous flux decrease between
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Figure 6.9 Time evolution of vertical flux of event 2. The temporal evolution
from 16:39:08-17:26:08 UT of positive (negative) magnetic flux in the Figure 6.8 is
displayed in blue (red) curve. The black vertical dashed lines represent onset of the
Ha eruptions as seen in event 1. Error bars of each curve represent uncertainty of
measured magnetic flux from noise of magnetograms.

consecutive periods. In the negative polarity, oscillatory flux change is ~4 times as
much as continuous flux decrease (1.22x10'® Mx) over periods. However, the dynamic
spicular activity is only associated with magnetic flux cancellation of the converging
opposite polarities.

We inspected other cancellation events at the unipolar magnetic field, and found
that the ~5-10 minutes magnetic flux oscillation is universal in the cancellation sites
at the coronal hole boundary. In 34 the cancellation events, such quasi-periodic flux
variation is damped out shortly after spicule enhancement, usually with one period.
This result indicates that the spicules in the coronal hole boundary network are

triggered by both Alfvén waves of p-mode oscillations and small-scale magnetic flux

cancellations. Specifically, the recurrent spicules are more likely to be triggered by
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Alfvén waves [42], and the enhanced spicules are more likely generated by magnetic
flux cancellation. We speculate that after flux cancellation the upward spicular motion
carries plasma to upper atmosphere and the local pressure perturbation is no longer
sustained, which temporarily terminates magnetic flux oscillation.

In the relatively weak field regions in and outside the coronal hole, magnetic flux
evolution of the cancellation events (including event 1) associated with Ha eruptions
do not show obvious periodic variations. In the event 1, the Ha eruption is triggered
by magnetic flux cancellation while both the positive and negative fluxes continue
to emerge. The formed arched dark feature in Ha images is likely due to magnetic
reconnection between the two parallel dipoles. We interpret the scenario as follows.
When the negative field of the north-pointing spicule merges with the positive field
of the south-pointing spicule, the two spicule fields reconnect at the merging opposite
polarities and the plasma is temporarily wrapped in the newly formed field. Then it
experiences a microfilament eruption as proposed by [190]. The loop brightening in
EUV images (AIA 171 and 193 A) becomes visible ~4 minutes after the microfilament
eruption, and continues to enhance with flux emergence at the loop footpoints. This
temporal evolution indicates that the erupted plasma with an upward propagation
speed below 20 km s~! may play a role in the chromospheric heating. The occurrence
rate of magnetic flux cancellation events in and outside the coronal hole is comparable,
while fewer eruptive Ha spicules (6 spicule enhancements) are observed in the coronal
hole than outside the coronal hole (15 spicule enhancements). This could be due to
the fact that the vertical field topology in the chromosphere makes the Ha spicule in
the coronal hole less detectable.

In the total 88 enhanced spicules observed in the FOV, there are three events
originate from center of the unipolar magnetic elements without cancellation detected
associated with the spicular enhancement. Other spicule events exhibit close temporal

and spatial correlation with flux cancellation between their underlying magnetic
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elements and adjacent magnetic elements of opposite polarities. However, the
magnetic cancellation detected by SWAMIS demonstrates ubiquitous characteristics
of the small-scale reconnection, which has exceedingly high occurrence rate (3127
events in ~90 minutes). Total magnetic energy released through magnetic cancel-
lation in the FOV is 3.3x10% ergs, of which 2.6x10% ergs and 0.7x10%° ergs
corresponds to the events in the coronal hole and outside the coronal hole, respectively.
In EUV observations, hot plasma is seen to be ejected to upper atmosphere with
enhancement of spicules. Seven events are associated with EUV brightening (as seen
in ATA 171 A) at base of the enhanced spicules. Particularly, with dim background
of ATA 171 A in the coronal hole, a faint spire becomes visible extending from the
bright base in event 1 about 3 minutes after the spicule eruption. Observation of such

jetlike feature support the microfilament eruption model of spicules [193].
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CHAPTER 7

SUMMARY OF THE DISSERTATION

The work presented in this dissertation focuses on the photospheric magnetic
structures associated with solar activities. The mystery of evolution of magnetic
structures and their relation to energy storage and release is addressed from two
aspects: (1) the rapid and permanent photospheric structural and magnetic changes
in response to solar flares, and (2) the connectivity between small-scale magnetic
transients in the photosphere and energy release and heating of upper atmosphere.
The relations between solar flares and complexity of magnetic field were previously
considered to be only coronal interaction and do not alter photosphere due to
the line-tying effect in high plasma-# photosphere. Since the first photospheric
magnetograph observations of rapid change of vector magnetic field in the flaring
region over two decades ago [224, 227], substantial amounts of effort have been put to
the study of photospheric magnetic field in solar flares. Particularly, the transverse
field change due to flare eruptions is interpreted as driven by vertical Lorentz force
change in the photosphere. The fundamental process of magnetic energy build-up is
flux emergence, which varies widely in size. On small scale, such emergent magnetic
flux can cause ejecting features such as EBs and spicules through reconnection.
Using unique high-resolution GST observations in multiple wavelengths, the research
investigated flow fields change and evolution of magnetic fields in the flaring core
region of the well-captured M6.5 flare by GST, events of small-scale magnetic flux
emergence in a flare productive AR, and statistical properties of magnetic transients
around a coronal hole. Key findings of these observational studies are summarized in

the following sections.
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7.1 Flow and Magnetic Field Change Associated with the M6.5 Flare

7.1.1 Flow Field Near the PIL of Flaring /-region

Chapter 3 presents a detailed study of the structural evolution of penumbra and
shear flows near the PIL of the d-region associated with the 2015 June 22 M6.5
flare in NOAA AR 12371, using high-resolution imaging observation in the TiO band
taken by the 1.6 m GST at BBSO. The penumbral flow field is tracked with aid
of the differential affine velocity estimator method. The accompanied photospheric
vector magnetic field changes are also analyzed using data from the Helioseismic and

Magnetic Imager. The main results are summarized as follows.

1. The central penumbra lying near the PIL of the flaring -region experiences
distinct growth following the signal of flare onset in HXR, which is accompanied
with step-like increase of horizontal field. The entire penumbral region becomes
more pronounced as seen in continuum image and in the horizontal flow field.

2. Close the the PIL of the flaring core region, enhancing shear motion is revealed
next to the flare precursor with high-resolution spectroscopic observation and
expands significantly after the flare.

Notably, high-resolution data used for the flow tracking results in higher flow
velocity comparing to previous studies [202]. The evidence against previous claim
that the central penumbra darkens after flares favors the back reaction theory, in

which the central field across the PIL turns inclined.

7.1.2 Magnetic Field Change in the Flaring Region

In Chapter 4, the relationship between the dynamics of flare ribbons in the chromo-
sphere and variations of magnetic fields in the underlying photosphere is explored,
using high-resolution off-band Ha images and near-infrared vector magnetograms of
the M6.5 flare on 2015 June 22 observed with the 1.6 m Goode Solar Telescope. The
results show that changes of photospheric fields occur at the arrival of the flare ribbon

front, thus propagating analogously to flare ribbons. The 3D coronal restructuring
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is also explored with aid from the NLFFF modeling based on SDO/HMI vector

magnetograms. Major findings are summarized as follows.

1. Horizontal field increases with flare occurrence in the photosphere and its
correlation with flare ribbon motion is exhibited by propagation of horizontal
field enhancement. The strengthening of horizontal field at the arrival of the
flare ribbon front is accompanied by an increase of inclination angle. The
nonpotentiality is increased with the permanent surface magnetic field changes.

2. At the locations where azimuth angle sharply decreases indicating the sudden
sunspot rotation, B, and inclination angle decrease transiently before being
enhanced. Particularly, the flare ribbon decelerates toward the sunspot rotation
center where B, becomes greatly intensified.

3. In the corona, a downward collapse of coronal magnetic field by ~3” toward the
photosphere is clearly portrayed by the evolution of the vertical profiles of .J,
around the PIL [200, 118, 117], which changes from a vertically elongated source
to an enhanced, horizontally elongated source close to the surface (Figure 4.5).
Correspondingly, above the PIL and flare ribbon regions, magnetic field becomes
more inclined, which is consistent with the observed enhancement of B;,. We
surmise that a successive turning of field vectors associated with the flare ribbon
motion might be visualized given coronal field models with a sufficiently high
resolution.

In general, the horizontal field increases and the field lines become more inclined
to the surface. When ribbons sweep through regions that undergo a rotational motion,
the fields transiently turn more vertical with decreased horizontal field and inclination
angle, and then restore and/or become more horizontal than before the ribbon
arrival. The ribbon propagation decelerates near the sunspot rotation center, where
the vertical field becomes permanently enhanced. Similar magnetic field changes
are discernible in magnetograms from the HMI, and an inward collapse of coronal
magnetic fields is inferred from the time sequence of non-linear force-free field models
extrapolated from HMI magnetograms. We conclude that photospheric fields respond

nearly instantaneously to magnetic reconnection in the corona.
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7.2 Small-scale Flux Emergence
In Chapter 5, taking advantage of the high resolution of the 1.6 m Goode Solar
Telescope, we jointly analyze vector magnetic fields, continuum images, and Ha
observations of NOAA AR 12665 on 2017 July 13, with the goal of understanding
the signatures of small-scale flux emergence, as well as their atmospheric responses
as they emerge through multiple heights in photosphere and chromosphere. The
study is particularly focused on magnetic characteristics of two different kinds of flux

emergence. Main results are summarized as follows.

1. In typical sheet emergence case, an organized mantle structure of enhancing
horizontal magnetic flux is seen to span over an entire granule. The magnitude
of the horizontal field in the flux sheet increases with emerged flux at footpoints
reaches order of 10'® Mx. In a subsequent stage of the emergence, the mantle
structure is not maintained as the granulation topology is broken via movement
of the flux footpoints

2. In typical loop emergence case, magnetic footpoints at the two ends (the concen-
trated opposite-polarity flux component) emerge and move in the intergranular
lanes with a separation speed of 1.2-1.7 km s~!; meanwhile, a horizontal field
lying in-between enhances, forming elongated, loop-like structures (the central
diffused component).

3. Analysis of extended samples shows that all the eight events have a strongly
emerged horizontal field. Horizontal field is comparable with vertical field in
flux sheets, while it is 30% less than vertical field in magnetic loops. The
concentration of field strength in the granule boundaries at the late phase of
the emergence is observed in both horizontal and vertical magnetograms.

7.3 Small-scale Magnetic Transients Near the Coronal Hole
In Chapter 6, we analyze high-resolution magnetograms and Ha off-band images
taken by the 1.6 m GST to investigate the magnetic properties in association with
small-scale ejections in a coronal hole boundary region from a statistical perspective.
With one hour of continuous high-resolution observations in excellent seeing, we focus
on the magnetic structure and evolution at the coronal hole boundary and track the

magnetic features with the SWAMIS. The magnetic field at the studied coronal hole
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boundary is dominated by negative polarity with magnetic flux cancellations observed
at edges of the negative unipolar cluster. Main findings in this chapter are summarized

as follow.

1. During the magnetic energy release process in small-scale magnetic flux
cancellation events, there is a tendency to reduce the magnetic flux of both
positive and negative polarities and reinforce the dominance of negative polarity
in the coronal hole regions.

2. Magnetic reconnection could terminate the periodic oscillation and initiate
small-scale Ha ejections. Most of the enhancement of spicules are associated
with small-scale magnetic flux cancellations.

3. Statistical study of ubiquitously small-scale reconnections indicates a higher
energy release rate in the coronal hole while only small portion of the release
magnetic energy directly deposit to hot plasma.

7.4 Future Perspectives
With the accumulation of high-resolution solar observations, investigation of physical
properties regarding solar activities can be addressed from both case studies and
statistical analysis. The potential future work extended from this dissertation is
outlined below.

Parker Solar Probe (PSP) has obtained outstanding initial results (e.g.,
[168, 145, 138, 266, 266, 262]). One of the major discoveries is an abundance of
small transients in the solar wind in the form of intermittent magnetic, velocity
and plasma structures [63, 264, 59]. These are revealed as magnetic switchbacks,
velocity spikes and low-energy SEPs in the solar wind, and fine-scale structures
in the K-corona. The sources of these transients are still unclear, but possible
drivers are small scale magnetic reconnections and associated ejections/eruptions
in the lower solar atmosphere [192]. The key science question to be addressed
is: what are the origins of these and other dynamic structures seen by PSP? A
comprehensive observational and modeling effort can be carried out to understand

the transport of small-scale ejections from the low atmosphere, to the corona, and

109



through the coronal/heliospheric boundary. Key candidates for such events include
macro-spicules, coronal jets and mini-filament eruptions.

The above goal can be achieved by combining state-of-the art magnetic field
and photospheric/chromospheric imaging observations from BBSO/GST, the 1.5-m
GREGOR telescope [221] and 0.7-m Vacuum Tower Telescope (VTT; [214]) on
the Canary Islands, and the 4-m Daniel K. Inouye Solar Telescope (DKIST; [38]),
together with TRIS[43] UV spectroscopy of the transition region, microwave multi-
frequency imaging from the Expanded Owens Valley Solar Array (EOVSA; [66]),
Global Halpha Network (GHN), SDO/AIA[111], Hinode[91], SOHO/LASCO[183]
and STEREO/SECCHI[86] coronal observations. Such broad data sets will provide
thermal /non-thermal diagnostics in the solar corona to be correlated with distur-
bances in the solar wind as observed by PSP. Solar Orbiter will provide additional
unique observations. This suite of instruments can be used to study the characteristics
of transients observed in the solar atmosphere. PSP and other observational teams
can be coordinated to identify the likely source region(s) on the solar surface prior
to, during, and after each perihelion passage of PSP. Targeted observations of that
region, using mosaicking if necessary to cover the entire target region, can be obtained.
The resulted observations can be analyzed using manual and automated feature
recognition techniques to identify energetic reconnection events and small-scale
ejections. The analysis will be enhanced by modeling, both near the solar surface
and into corona/heliospheric boundary.

Working with the PSP science teams, the fine structure in the solar wind, such as
velocity spikes, magnetic field switchbacks (FIELDS; [12], SWEAP; [102]), K-corona
density fluctuations (WISPR; [222]) and lower energy SEPs (ISOIS; [134]) can be
correlated with our detailed observations of the source region. To further the research
achieved in the this dissertation, a statistical analysis based on the high-resolution

observation can be performed to compare the occurrence rate, duration and kinetic
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of small-scale energy release in potential source regions with similar measurements in
the inner solar wind. For selected larger events, in-depth analysis can be performed
to trace their initiation and propagation from the solar atmosphere to the inner
heliosphere.

On the other hand, Understanding what initiates and drives solar eruptions
belongs to the highest priority goals in solar and heliospheric physics. The currently
debated categories of ideal MHD instability and reconnection models under the energy
storage-and-release paradigm correspond, respectively, to the assumptions of flux rope
and sheared arcade as the magnetic structure at the onset of the main-acceleration
phase. Although it is clear that a flux rope is ultimately created, it remains to be
clarified whether the onset is dominated by the torus instability, reconnection, or a
coupled state of both processes. There are different simulations developed with the
attempt to uncover physics nature of the flare onset and eruption process, such as
non-linear-force free and non-force-free modeling in the data-driven MHD simulations
(e.g., [252, 87]). With the highest resolution magnetic field observation available, the
accomplished work in this dissertation reveals critical quantities in magnetic and flow
fields during the flare eruption. Such results of advanced data could be implemented
as the initial /boundary conditions in future data-based magnetic field extrapolations
and MHD modeling, especially the unprecedented flow field quantities could provide
more accurate parameters in photospheric dynamics. Furthermore, combining the
high-resolution NIRIS magnetic field products in the flare core regions with SDO/HMI
observations in the outer flaring region, a more comprehensive understanding of the

flare related magnetic field evolution can be derived from the MHD simulations.
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APPENDIX A

SUPPLEMENTARY FIGURES FOR VECTOR MAGNETIC FIELD
ANALYSIS

As a validation of GST/NIRIS data processing procedures, in Figure A.1 we compare
vector magnetograms of NOAA AR 12371 from NIRIS and SDO/HMI obtained at
about the same time right before the 2015 June 22 M6.5 flare. The HMI data
used is the full-disk vector magnetic field product (hmi.B_720s), processed using
standard procedures in SSW. It is clear that for the flare core region (white box in
Figures A.1(a) and (b)), both B, and Bj, field vectors derived from NIRIS and HMI
measurements have a high correlation (see Figures A.1(c)—(f)). The slope of ~0.8
shown by the scatter plots indicates that NIRIS tends to produce stronger fields,
presumably due to the fact that NIRIS observes at a deeper atmosphere than HMI.

In Figure A.2, we present 1564.8 nm Stokes profiles at P2b before and after the
arrival of the flare ribbon, at 17:34:03 UT and 18:04:34 UT, respectively. Comparing
the results, we see that the Stokes I component shows no clear and systematic changes
(Figure A.2(a)), suggesting that flare heating does not alter the spectral line profiles.
In contrast, the Stokes QU combination (Q?+ U?)'/2 that measures the overall linear
polarization magnitude (e.g., [110, 50]) obviously weakens (Figure A.2(b)), while the
Stokes V' component representing the circular polarization enhances (see Figure A.2(c)
and note the difference profile in orange). As this AR is close to the disk center at
the time of the M6.5 flare, these changes of Stokes QUV profiles are consistent with
the observed decrease (increase) of the horizontal (vertical) field at this location, as
presented in Figure 4.3 (third column).

The presented analyses applied to NIRIS data were also carried out using HMI

vector magnetograms, and generally similar results were obtained. In Figure A.3, we
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show the time-distance maps along the slits S1-S4 based on the 135 s cadence HMI
data. The results, despite of having a lower resolution, show evolutionary patterns
that are almost identical to those obtained using the NIRIS data (see Figure 4.2).
In Figure A.4(a), an Ho 4 1.0 A image is blended with the derived map of slog@,
which is defined as slog@) = sign(B,)log1o@ [208]. The calculation was conducted
based on the potential field within the same box volume as the NLFFF, with the

code developed by Liu et al.[124].
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Comparison between BBSO/GST NIRIS and SDO/HMI vector

magnetograms of NOAA AR 12371. The data were taken at about the same time
and processed in a similar fashion (Stokes inversion, azimuth disambiguation, and
deprojection; see text for details). (a)—(b) Images of B, superimposed with arrows
(color-coded by direction; see the color wheel) representing vectors of By,. (¢)—(f)
Scatter plots of NIRIS vs. HMI measurements of B,, B,, B,, and azimuth angle for
the boxed region marked in the upper panels (the higher resolution NIRIS images are
downsampled by a factor of 6.4). Also indicated are the linear Pearson correlation
coefficient (C.C.) and slope of linear fit of the data points (red lines). The underlying
blue lines have a slope of 1.
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Figure A.2 Changes of 1564.8 nm Stokes profiles at P2b associated with the arrival
of flare ribbon. The profiles of Stokes I (a), overall linear polarization magnitude
(Q* + U»Y? (b), and Stokes V (c) at 17:34:03 UT (blue) and 18:04:34 UT (red)
are plotted. In (c), the orange dotted line shows the difference profile (the profile at
18:04:34 UT is subtracted by that at 17:34:03 UT).
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Figure A.3 Same as Figure 4.2 but the background shows time slices for the slits
S1-S4 using the fixed difference images of SDO/HMI By,.
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Figure A.4 Evolution of flare ribbon and magnetic field. (a) Ho + 1.0 A image
near the flare peak blended with the slog) map calculated at a preflare time at
17:36:44 UT, showing that in front of the major eastern flare ribbon, there is elongated
emission as pointed to by the white arrow that is located at the high-Q) line. Panels
(b) and (c) are similar to those shown in Figures 4.2 and A.3, respectively, but for
the slit S5 marked in (a).
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