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Abstract

The solar chromosphere is the middle layer between the photosphere and the corona and
is an important atmospheric layer for investigating the process of energy transfer from
the photosphere to the corona. As a candidate for the energy transport mechanism, a
wave heating mechanism is considered in which waves generated by convective motion
in the photosphere propagate upward along the magnetic field line and dissipate their en-
ergy in the corona. For the wave heating mechanism, the velocity and magnetic fields
of the chromosphere are the critical physical quantities that must be observationally de-
termined to evaluate quantitatively the energy flux transported to the corona. Spicules,
which are jet-like structures found in the chromosphere, are useful for investigating the
wave propagation process in detail. The spicule is supposed to have a fibril structure along
the magnetic field lines, and its lateral motion represents the movement of the magnetic
field lines. To study the dynamics and magnetic properties of the upper chromosphere,
including the spicule, we use unprecedentedly high-quality spectro-polarimetric data of
the hydrogen Ly line (121.6 nm) at a high temporal cadence of 0.3 s. These data were
obtained from the Chromospheric Lyman-Alpha Spectro-Polarimeter (CLASP) sounding
rocket experiment conducted in September 2015. CLASP performed sit-and-stare obser-
vations of the quiet Sun near the limb for about 5 minutes with a slit that was positioned
perpendicular to the limb and successfully captured an off-limb spicule evolving along the
slit. Note that the Ly« line is well suited for investigating how spicules affect the corona
because it is sensitive to higher temperatures than other chromospheric lines because of
its large optical thickness. Another advantage of this spectral line is that it is sensitive
to the Hanle effect, that is, the modification of a scattering polarization by the magnetic
field. In this study, we report the first detection of a high-frequency wave in line-of-sight
Doppler velocity and of scattering polarization that can be used to constrain the magnetic

field information through the Hanle effect from the spicule in the Ly« line.



From the time sequence data of the Ly« line spectra in 0.3 s cadences, we found
high-frequency oscillations of the Doppler velocity with periods of 20-50 s and low-
frequency oscillations of periods of about 240 s on the spicule. From a wavelet analysis
of the time sequence data of the Doppler velocity, we also found that, in the early phase
of the spicule evolution, waves with a period of about 30 s and a velocity amplitude of
2-3 km s~ ! propagated upward along the spicule with a phase velocity of approximately
470 km s~t. By contrast, possible downward and standing waves with lower velocity
amplitudes were also observed in the later phase. Because the period of the low-frequency
wave is comparable to the observation time of CLASP, we could not confirm whether the
low-frequency oscillation was propagating or not. The high frequency waves observed in
the early phase of spicule evolution may be related to the onset and formation of spicules.
Our analysis enabled us to identify the upward, downward, and standing waves along
the spicule and to obtain the velocity amplitude of each wave directly from the Doppler
velocity for the first time.

From the spectro-polarimetric data, we succeeded in detecting linear polarization of
the Ly« line in the off-limb spicule for the first time with an accuracy of approximately
0.1-0.3%. The polarization in the off-limb spicule is mainly generated by a radiation
field, and the direction and degree of polarization are further changed by a magnetic field
(i.e., the Hanle effect). To evaluate the Hanle effects, we investigated the height and tem-
poral variations of the Stokes polarization vectors )/I (where a positive ()/I indicates
polarization parallel to the limb) and U/I (where positive is 45° counterclockwise from
Stokes () in the spicule. We found that at a height where the spicule can be spatially
resolved as a single structure (i.e. at the upper part of the spicule), the () /I was constant
with time at a level of +0.5%, and U/I changed from 4+0.5% to —0.5% during a period of
about 240 s. The positive )/ value indicates that 90° scattering of the incident radiation
from the solar disk is dominant. The temporal variation of the U/I was correlated with
the swaying motion of the spicule with respect to the slit position, which was found from

the Ly filter image obtained by the CLASP slit-jaw imager. We compared the calculated
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polarization signal with the observed signal, assuming an axisymmetric radiation field.
We found that the calculated temporal variation of the magnetic field angle induced by
the U/ signal did not meet the spicule oscillation obtained from the spectroscopic data,
and the observation result could not be explained solely by the axisymmetric radiation
field. Because the spicule sways with respect to the fixed slit position, the slit position
moves on the spicule from the right to the left. This means that the U/I may arise from
the scattering of a skewed incident radiation field to the cylindrical spicule. As a result,
it is considered that U /I changed with time because of the swaying motion of the spicule
with respect to the slit position. The CLASP observation suggests that, to explain the
observation of the polarization signal in the Ly« line, considering the Hanle effect with a
skewed incident radiation field is necessary.

The high- and low-frequency oscillations were found from the CLASP observations.
Because the high-frequency oscillation propagated at approximately a typical Alfvén ve-
locity and its magnetic field strength (approximately 13 G) calculated from the propaga-
tion velocity and the previously derived density met a typical field strength of the spicule,
the high-frequency wave was estimated to be an MHD kink wave. The energy flux of

2 57! when using

high-frequency wave was estimated to be approximately 3 x 10* erg cm™
the velocity amplitude, propagation velocity, and density of the spicule, where the energy
flux was insufficient for heating the quiet corona. Assuming that the spicule aligns along
the magnetic field line, we found that the spicule oscillated as an MHD wave of transverse
kink mode from the low-frequency oscillation in the line-of-sight and plane-of-sky direc-
tion. Because the propagation velocity is determined by the density and strength of the
magnetic field in the spicule and does not depend on the period, the propagation velocity
of the low-frequency wave could be regarded as the same as that of the high-frequency
wave. The energy flux of the low-frequency wave was estimated to be approximately

257!, which was sufficient to heat the quiet corona.

2 x 10% erg cm ™
In summary, we found for the first time clear evidence for a high-frequency (30 s)

propagating wave and a low-frequency (240 s) oscillation of the line-of-sight Doppler ve-
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locity from the Ly« line on the spicule, which are critical for quantitatively estimating the
energy flux of MHD kink waves to the corona. We also found a clear linear polarization
signal of the Ly« line at a level of 0.5% from the spicule and suggested that, to derive the
magnetic field from the polarization, we must develop a diagnostic tool to interpret the

Hanle effect in a skewed incident radiation field to the spicule.
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Chapter 1

Introduction

1.1 Solar Atmosphere

As shown in Figure 1.1, the solar atmosphere consists of four regions with different phys-
ical properties. The lowest is a thin layer several hundred kilometers thick called the
photosphere. Nearly all the solar radiation we receive is emitted from this region, and its
spectrum corresponds to approximately 5770 K of the black body radiation. Above the
photosphere is a layer called the chromosphere with a temperature of about 10, 000 K,
which can be glimpsed for a few seconds at the second and third contacts of a total so-
lar eclipse as a pinkish layer. The corona reaches a million degrees over short distances
through a thin transition layer above the chromosphere called the transition region, form-
ing the supersonic solar wind and filling the heliosphere. Figure 1.1 shows that the tem-
perature of the atmosphere steadily decreases up to a height of around 6 x 10 km, but
rises to about 10* K above it. The temperature increases rapidly at about 2-3 x 10% km

(transition region), and above it, the temperature rises with decreasing density (corona).
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Figure 1.1: One dimensional temperature (solid line) and density (dashed line) structure
above the photosphere (~ 10? km height) in quiet region. Figure adapted from Withbroe

& Noyes (1977).

1.2 Coronal Heating Problem

1.2.1 Overview

In the 1940s, the Fe X line (637.4 nm) and the Fe X1v (530.3 nm) were found by spec-
troscopic observations in the visible wavelength (Edlén, 1943). The observation of these
high ionization lines revealed that the corona has a high temperature of about 10° K.
Since the energy source is at the center of the Sun, heat will flow from the central re-
gion to a colder outer space; thus, the temperature should decrease as the heat moves
outward in a radial direction. However, the temperature of the outer atmosphere above
the photosphere increases towards the corona by two orders of magnitude. Therefore,

this spectroscopic observation suggests that energy is transported from the photosphere



by certain non-thermal mechanisms and is dissipated in the upper atmosphere. These pro-
cesses have been studied for many years as the “coronal heating problem,” which is a big
mystery in solar physics.

The energy required for heating the corona is calculated by converting the loss due to
X-rays, ultraviolet radiations, heat flow into the transition region, and solar wind. Table
1.1 summarizes the energy flux required for heating in each region of the solar corona:

the quiet sun corona, coronal hole, and active region corona.

Table 1.1: Total energy loss from the corona. Values adapted from Withbroe & Noyes
(1977).

Total loss (erg cm~2 s~ 1) Quiet Sun Coronal hole Active region
Corona 3 x 10° 8 x 10° 1 x 107

In the photosphere, cellar patterns called granules (500-2000 km) are seen. These
granules are turbulent convective flows formed when energy is transported from the in-
terior to the surface. The convective velocity is estimated using the apparent horizontal

1

motions as 1-2 km s, and the energy flux of the convective motion is estimated as ap-

2571 (Alfvén, 1947), assuming photospheric density. Alfvén

proximately 10® erg cm™
(1947) also assumed the propagation velocity to be the Alfvén velocity, based on the pho-
tospheric density and magnetic field strength, although it is not clear whether it propagates
upward. Recent observations with high spatial resolution by the Hinode satellite (Kosugi
et al., 2007) also suggests similar results (Matsumoto & Kitai, 2010). Therefore, only
0.1% of the energy involved in the convective flows is equivalent to the heating required
for the quiet region corona.

The magnetic field plays an important role in heating the solar atmosphere since the
temperature of the corona is observed to increase in the region where the strength of the
photospheric magnetic field increase (Figure 1.2). Especially in the upper chromosphere
to the corona, the plasma-3, which is the ratio of the gas pressure to magnetic pressure,

becomes smaller than unity (Figure 1.3). In this region, the plasma motion is governed

by the magnetic field. Solving the coronal heating problem requires a quantitative un-
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derstanding of three processes: magnetic energy generation, transportation, and dissipa-
tion. The magnetic heating mechanisms that have been proposed so far are classified into
two; the first, micro-flares, caused by small-scale magnetic reconnections, and the second
caused by wave heating mechanisms. In the following subsections, we explain these two

mechanisms in detail.

Magnetic field Temperature

Quiet Sun B\

Active region

< '

Coronal hole

1.0 15 20 25 [MK]

Figure 1.2: (Left) Photospheric magnetic field. White is the positive polarity and black
is the negative polarity. The whiter and darker the color, respectively, the stronger the
magnetic field strength. (Right) Coronal temperature obtained by the X-ray telescope
onboard Hinode satellite (Kosugi et al., 2007) on the same day as the left panel observed
by Narukage et al. (2011). It can be seen that the temperature of the corona is high in the

region where the magnetic field is strong (i.e., active region).
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Figure 1.3: Plasma-( (gray shadow area) model on the solar atmosphere as a function of
height in an active region. Thick line and thin line indicate a sunspot (2500 3) and a plage

region (150 G), respectively. Figure adapted from Gary (2001).

1.2.2 Micro-flare heating

In the Sun, an explosive phenomenon called flare occurs. The energy release of this flare
is considered to be due to magnetic energy converting into thermal and kinetic energy
through magnetic reconnection. The energy released by a large flare ranges from 10%
to 103 erg. In contrast, flares with an energy of 10?° erg or less are called micro-flares.
However, if there are many micro-flares, then they add up and the sum of the energy
released by them is comparable to the energy released by a large flare. For a small-scale
contribution to the coronal heating, calculations suggest that the power-law index « of the

relationship between flare energy and scale should be 2 or larger (Hudson, 1991), similar



to the following equation, where W is the total flare energy, and N is the frequency.

dN
W 1.1
I (1.1)

According to the results of soft X-ray observations of the Yohkoh satellite (Tsuneta
etal., 1991), « is reported to be 2 or less in the energy power range of 10*7-10%° erg (Fig-
ure 1.4; Shimizu 1995; Aschwanden et al. 2000). If the micro-flares contribute to heating,
the distribution at lower energies (W < 10%7 erg) should be different and steeper (i.e.,
a > 2). Hence, studies using highly sensitive X-ray detectors are regarded as important.
Since magnetic reconnection occurs in the closed magnetic region, micro-flare heating is
important for magnetically active and flaring regions, but not for the quiet, magnetically

inactive region.
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Figure 1.4: Power-law distribution of solar flare in the energy range of 10*"-10%° erg.

Figure adapted from Shimizu (1995).



1.2.3 Wave heating

The surface of the Sun is in a turbulent state owing to convective motions and waves
constantly being generated (Vogler et al., 2005; Kato et al., 2011, 2016). Some of these
waves propagate to the corona and dissipate their energy, which can contribute to the
heating of the corona (Figure 1.5). For example, surface convection sways the magnetic
field lines that propagate Alfvén waves, which are magnetohydrodynamic (MHD) waves
that propagate along the magnetic field line.

Since the plasma density decreases with height above the solar surface, the amplitude
of a compressible wave such as a sound wave amplifies as it propagates upward and be-
comes a shock wave. As such, compressible waves are considered to be damped quickly
and unable to transport sufficient energy to the corona. In contrast, an incompressible
wave such as an Alfvén wave is less likely to dissipate than compressible waves and is
considered a good candidate for the efficient energy transport mechanism. The incom-
pressible wave also dissipates as a compressible wave by mode conversion, which occurs
around a plasma-$ = 1 layer (Hollweg et al., 1982). In addition, these waves are reflected
around discontinuous plasma densities and magnetic fields, which can cause turbulence
and dissipate energy when upward and downward waves collide (Matthaeus et al., 1999).
Matsumoto & Suzuki (2014) reported that the chromosphere could be heated by com-
pressible waves such as shock waves and that the lower part of the corona can be heated
by an incompressible wave process based on their MHD simulation.

A direct observation of wave propagation in the corona was conducted using the Coro-
nal Multi-channel Polarimeter (CoMP) with a coronagraph (Tomczyk et al., 2007; Tom-
czyk & Mclntosh, 2009). However, the velocity amplitude obtained by this observation

was as small as 1 km s~!

, and the observed energy flux (10 erg cm~2 s~ 1) of the waves
was insufficient for heating the quiet corona (Table 1.1). The reason the observed veloc-
ity amplitude was small might be that the Doppler velocity was suppressed owing to the

superpositions of waves along the line-of-sight. In fact, a relatively wide emission line



width was observed, which may have been caused by superpositions of various velocity
components along the line-of-sight. Studies have been conducted to estimate the wave
damping (Hahn et al., 2012; Hahn & Savin, 2013), assuming that the broadening of the
emission line width was due to the superposition of various velocity components along
the line-of-sight without considering the spatial distribution. In these studies, it was found
that the observed emission line width decreased from what was expected, assuming that
the energy was conserved as it propagated upward. This is considered to be evidence that
wave energy 1s damped in the corona. However, more rigorous evaluations are required,
as the waves were not spatially resolved.

To estimate the energy transported to the corona, it is necessary to resolve waves.
Okamoto et al. (2007) reported waves traveling in a prominence, which is a low-temperature
plasma blob of about 10* K floating in a corona of 10° K. The transported energy is quan-
titatively sufficient to heat the corona. In addition, Okamoto et al. (2015) and Antolin
et al. (2015) reported evidence of a heating process associated with waves by compar-
ing the different temperature structures using observational data and numerical results.
However, as the prominence only exists in a limited area in the solar atmosphere, this
observation cannot explain the heating of the entire corona. Therefore, in this study, to
pay attention to the universality of the heating mechanism, we focus on jet-like struc-
tures called spicules that exist everywhere in the chromosphere to understand the energy
transportation process.

The energy attributed to the heating of the corona passes through the chromosphere
before reaching the corona. In the chromosphere, there is a spicule extending toward the
corona, and its structure can be used to evaluate the energy flux toward the corona. In
the next section, we will discuss the characteristics of and previous studies on the spicule,

which will also be the focus of this study.
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1.3 Spicule

1.3.1 Overview

Figure 1.6: Spicules seen in off-limb region observed by Hinode/Solar Optical Tele-

scope (SOT; Tsuneta et al. 2008; Suematsu et al. 2008) Ca 11 H line filter. Courtesy
of NAOJ/JAXA and Joten Okamoto.

As shown in Figure 1.6, spicules are jet-like structures that can be clearly observed in
the off-limb region of the solar chromosphere. Spicules were observed for the first time
during a solar eclipse by Secchi (1875). On the solar disk, there are similar jet-like struc-
tures called mottles, which are considered to be on-disk counterparts of the off-limb
spicules. We call them chromospheric jet-like structures in this thesis, without distin-
guishing names. Off-limb spicules enable us to observe their elongated structure from the
side and investigate the height variation of spicules with time. Figure 1.7 shows exam-

ples of off-limb spicules captured by recent high-spatial and temporal observations with
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multi-temperature coverage. After the appearance of the spicules, their length changes
with time as a parabolic function (e.g., bottom left panel of Figure 1.7). The rising speed
is about 10-60 km s~! (Tsiropoula et al., 2012). The spicule height often extends to about
10 Mm, but some reach about 20 Mm (Alissandrakis et al., 2005). If the time range from
the start of the parabolic movement to the end is defined as the lifetime of a spicule, it is
about 2—-12 min (Tsiropoula et al., 2012). After the spicule’s disappearance, the heating
process associated with the spicule’s evolution is considered by tracing different tem-
perature structures (Figure 1.7). As shown in the Figure 1.7 of the Ca 11 H line image
(formation temperature is about 9 x 103 K) and the Si 1V line image (formation tempera-
ture is about 8 x 10* K), the spicule appears in the Si IV line image after its disappearance
in the Ca 11 H line image. This indicates that a spicule is heated at least to the transition

region temperature of about 10° K.
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Figure 1.7: Temporal evolution of spicule height simultaneously observed by Hin-
ode/SOT, the Interface Region Imaging Spectrograph (IRIS; De Pontieu et al. 2014)
and the Solar Dynamics Observatory/Atmospheric Imaging Assembly (SDO/AIA; Pes-
nell et al. 2012; Lemen et al. 2012). From the top, filter images of the Ca 11 H line
(396.9 nm), the Mg 11 k line (279.6 nm), the Si 1V line (139.4 & 140.3 nm), and the
He 11 line (30.4 nm). The formation temperature of each spectral line is about 9 x 10? K,
1 x 10* K, 8 x 10* K, and 1 x 10° K from the top. It can be seen that over time, spicules
are starting to appear with high formation temperatures. Figure adapted from Pereira et al.

(2014).

From observations of the solar disk, spicules are considered to be rooted in the super-
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granular boundaries where the kG vertical magnetic fields, so-called network fields, are
advected by the horizontal convective flow (Samanta et al. 2019 and Figure 1.8). As
shown in the left panel of Figure 1.8, spicules (black jet-like structures) are concentrated
around a kG magnetic field (blue patches) around the super-granular boundaries. In ad-
dition, as shown in the right panel of Figure 1.8, dipole magnetic fields have been found
at the base of spicules in recent observations with high spatial resolution. It could be
confirmed from the temporal variation of spicules and photosphere magnetic fields that a
bipolar magnetic field becomes a monopolar magnetic field at the same time as a spicule
generation happens, or a monopolar magnetic field becomes a bipolar magnetic field at the
same time as spicule generation happens. Both processes of spicule formation are consid-
ered to be the result of the magnetic reconnection, but the reconnection pair is different.
In the first case, the magnetic reconnection happens in the pre-existing bipolar magnetic
field. The latter’s magnetic reconnection happens between the pre-existing monopolar
magnetic field and an emerging (newly appearing) bipolar magnetic field. This suggests

that the magnetic field plays an important role in the dynamics of spicules.
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Figure 1.8: (Left) Ha—0.8 A filter image. Structures on the photosphere, such as granules
are mainly visible, but structures moving in the line-of-sight direction, such as spicules
(black jet-like structures), can also be observed at the same time. The red and blue patches
represent photospheric magnetic field strengths stronger than +10 G and weaker than
—10 G, respectively. (Right) Enlarged view of the spicules and their roots (black circle).
The red and blue contours represent positive and negative magnetic polarities, respec-

tively. Figure adapted from Samanta et al. (2019).
From this observation, we can imagine the view of the spicules, magnetic field, and

convections similar to Figure 1.9. However, as the structure of the spicule’s magnetic field

has not been well studied yet, it is not clear whether it actually has this structure.
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Figure 1.9: Schematic view of the spicules, magnetic field, and convections.

1.3.2 Oscillation

The high-resolution observations by Hinode/Solar Optical Telescope (SOT) revealed os-
cillations along the spicule (Figure 1.10; De Pontieu et al. 2007; He et al. 2009; Okamoto
& De Pontieu 2011). The magnetic fields are frozen into the plasma. Therefore, the os-
cillations of the spicules can be inferred to be the oscillations of the magnetic fields, and
they propagate as Alfvén waves. The observed oscillations are classified into two cate-
gories: one with a long period in the order of minutes, and the other with a short period
in the order of seconds. In particular, oscillations with a period of several tens of seconds
have a shorter oscillation wavelength than a spicule’s length, so that the propagation of
waves along the spicules can be identified. Okamoto & De Pontieu (2011) automatically
detected spicule oscillations from imaging data obtained by the Hinode and found propa-
gation of waves with a period of about 40 s. From this observation, it was found that there
are not only waves propagating upward, but also propagating downward, which are re-
flected at the top of the chromosphere. Long-period oscillations have a longer oscillation
wavelength than a spicule’s length, making it difficult to observe the propagation of waves

only by observing spicules (De Pontieu et al., 2007). Long-period wave propagations have
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been found in the coronal loop (Tomczyk et al., 2007; Tomczyk & MclIntosh, 2009) and
they are considered to be related to the long-period oscillations found in spicules (Mcln-
tosh et al., 2011). In this way, spicules, which are observed everywhere on the solar
chromosphere, can be the energy path connecting the photosphere and the corona, and are
therefore regarded as important in considering the mechanism of the universal heating of

the corona.
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Figure 1.10: The example of the long-period oscillation. (Panel B—G) Snapshots of
spicule oscillation perpendicular to its axis. (Panel A) Space time plot along the white

line shown in panel B—G. Figure adapted from De Pontieu et al. (2007).

In the case of a transverse wave such as the Alfvén waves, the energy flux /' can be

written as the following equation.

1
F = 5,01}2% (1.2)

Here, p is the density of the spicule, v, is the velocity amplitude, and v, is the wave
propagation velocity. Short-period waves found by Okamoto & De Pontieu (2011) have

a velocity amplitude of approximately 7 km s~! and a propagation velocity of approxi-
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mately 270 km s~!. By assuming a spicule number density of 10'° cm =3 from a previous
study (Beckers, 1968), the energy flux was estimated to be 2.5 x 10° erg cm =2 s~ 1. If we
consider the filling factor of the spicules in the chromosphere, it can be seen that this is
insufficient to heat the corona in the quiet region. However, the energy estimation may
not be accurate because the velocity amplitude, which is important for estimating the en-
ergy, is obtained only from the apparent amplitude by using imaging data. Moreover,
the density is assumed based on a previous study. To quantitatively determine the trans-
port energy to the corona, it is important to directly derive the velocity amplitude from
spectroscopic observations.

Determining the magnetic field is also important for estimating the amount of energy
transported to the corona. Assuming the wave transported to the corona to be an Alfvén

wave, the wave propagation velocity can be expressed by the following equation.

B
Varp’

vp = (1.3)
where B is the magnetic field strength. Combining this Equations (1.2) and (1.3), the
energy flux is expressed by

B%?

F = a 1.4
8TV, 14

Using this formula, the energy flux can be estimated directly from observing the magnetic
field strength, wave propagation velocity, and velocity amplitude (i.e., without assuming

a density from previous studies).

1.3.3 Magnetic field

Spicules and magnetic fields are considered to have an important relationship, as de-
scribed in Section 1.3.1. The spicule’s magnetic field is measured mainly by inferring

the polarization spectra obtained by spectro-polarimetric observation (see Section 1.5).
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Trujillo Bueno et al. (2005) succeeded in measuring these magnetic fields for the first
time with the He I triplet lines at 1083.0 nm with a ground-based telescope and reported
that their field strength is at least 10 G. From other observations with He 1 triplet lines,
a magnetic field strength of about 10-80 G (Centeno et al., 2010; Orozco Suérez et al.,
2015) is obtained. Lopez Ariste & Casini (2005) compared the structures of the spicules
with the inclination of the magnetic field using the He 1 D3 line (587.6 nm) and reported
that the spicules align with the magnetic field lines (Figure 1.11). Orozco Sudrez et al.
(2015) investigated a height variation of the magnetic structure along the spicules (Figure
1.12) and found that a spicule’s magnetic fields weakens from about 80 G to 10 G from

the bottom to the top of the spicule (left panel of Figure 1.12).

I‘I

Operatian 4

Figure 1.11: (Bottom) Ha line filter image. The horizontal black line represents the
slit position. (Top) The inclination and strength of the magnetic field at the slit position
obtained by using the He 1 D3 line (587.6 nm). The direction of the line is the inclination,

and the length represents the strength. Figure adapted from Lépez Ariste & Casini (2005).
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Figure 1.12: From left to right, magnetic field strength, inclination, and azimuth as a
function of height from visible solar surface. Figure adapted from Orozco Suarez et al.

(2015).

In addition to the spectro-polarimetric observation, there is another method of obtain-
ing magnetic field strengths from the propagation velocity v, of the waves in the spicules,
by using the relation of Equation (1.3), and assuming the spicule density. The magnetic
field strengths of spicules are estimated to be 10-80 G (Singh & Dwivedi, 2007; Za-
qarashvili et al., 2007; Kim et al., 2008). These inferred field strengths are similar to the

results obtained by spectro-polarimetric observation.

1.4 The Ly« line

The height range from the upper chromosphere to the corona can be observed using ul-
traviolet wavelength due to its plasma temperature. The Ly« line (121.57 nm) is emitted
from hydrogen, which is the most abundant element in the Sun, through the first excited
blended two levels (2p*P1 2 and 2p*P3 ) to the ground level (152S; 2) and is an extremely
bright emission line. The line core is generated around the bottom of the transition region
and the line wing is generated around the top of the chromosphere (Vernazza et al., 1981).
Therefore, the Ly« line is useful for investigating the influences of the height range, from
with the possibility of the observation of high temporal resolution data due to its bright-

ness.
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From the point of view of magnetic field measurements, the Ly« line has a short
wavelength and a wide line width due to thermal motion, and therefore its sensitivity to
the Zeeman effect is small (for more detail, see Section 1.5.1). On the other hand, based
on numerical results (gtépén & Trujillo Bueno, 2011; Trujillo Bueno et al., 2011; Belluzzi
et al., 2012), the Ly« line core has a sensitivity to the Hanle effect and By = 50 G (from
Equation 1.7 with g = 4/3, and tj;, = 1/6.27 x 107% s), so it is sensitive to a magnetic
field strength of 10 G to 250 G (for more detail, see Section 1.5.2). Figure 1.13 shows
the change in polarization degree (Stokes () when the magnetic field strength is changed.
From this figure, it can be seen that if the spectro-polarimeter can observe it with an

accuracy of 0.1% or more, the magnetic field can be quantitatively derived.

CLOSE TO THE LIMB (x=0.3)

Q/I [%]

| Horizontal field with random azimuth i
-0.6 MR REPEEPEE B PP B P T
12150 12152 12154 12156 12158 12160 12162

Wavelength [A]

Figure 1.13: Stokes () profile with respect to the magnetic field strength at close to the

limb observation. Figure adapted from Trujillo Bueno et al. (2011).

As ultraviolet lines are absorbed by the Earth’s atmosphere, they need to be observed
outside the Earth’s atmosphere. The observations of the rocket experiment Very high
Angular resolution ULtraviolet Telescope (VAULT; Vourlidas et al. 2010) with a high
spatial resolution in the Ly line (0.49 arcsec) found that average structures of about 1

arcsec are distributed in the chromosphere.
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1.5 Magnetic Field Measurement

1.5.1 Zeeman effect

The solar magnetic field is mainly measured using the Zeeman effect. In the presence
of a magnetic field, the atomic energy level of the total angular momentum J splits into
(2J + 1) magnetic sub-levels, which are characterized by the magnetic quantum number
M. Only transitions with AM = 0 and +1 are allowed and each component of the light
(o components with AM = =£7 and components with AM = 0) is polarized depending
on the geometry between the direction of the magnetic field and the observer. The Zee-
man splitting A\p (i.e., wavelength displacement of o components) is defined as in the

following equation.
AXp = 4.67 x 1073 ¢4 B, (1.5)

where A is a wavelength of spectral line, g.¢ is an effective Landé factor of the transition,
and B is a magnetic field strength (in Gauss).

The Zeeman effect is a powerful diagnostic tool for photospheric magnetic fields.
The SOT aboard the Hinode satellite, which started its observation in 2006, has enabled
high spatial resolution and high precision spectro-polarimetric observation at the Fe 1
630.15 nm and 630.25 nm lines for the first time and revealed the photospheric mag-
netic fields in greater detail (e.g., Lites et al. 2008; Ishikawa & Tsuneta 2009). In the
weak field regime, the circular polarization induced by the Zeeman effect is proportional
to AAg/A\p, while the linear polarization is proportional to the square of AAg/A\p

(Trujillo Bueno et al., 2017). Note that A\ is the Doppler broadening and is given by

2kgT
M Y

A\p = % (1.6)

where kg is Boltzmann’s constant, 7' is a formation temperature of spectral line, c is
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the light speed, and M is the mass of the element. In the chromosphere, the magnetic
field is weaker than in the photosphere, and the spectral lines show a larger Doppler
broadening due to the higher temperature and/or non-thermal velocities. Therefore, in
the chromosphere, the polarization signals induced by the Zeeman effect are excessively
small to be detected except in the active regions.

Instead, the Hanle effect, whose polarization signal is not affected by Doppler broad-
ening and can be sensitive to weaker magnetic fields, has been focused on in recent years

(Trujillo Bueno et al., 2011).

22



1.5.2 Scattering polarization and Hanle effect
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Figure 1.14: Schematic views of the effect of scattering polarization (top panel) and the
Hanle effect (bottom panel) in the case of off-limb observation (i.e., line-of-sight is par-

allel to the X-axis ).

As the magnetic field of the chromosphere is weak, it is effective to use the Hanle effect
to investigate the magnetic field of the solar atmosphere. The Hanle effect describes
how the magnetic field modifies the polarization states induced when the atom scatters
in the anisotropic radiation field. Here, we consider an atom located above the limb and
illuminated by the un-polarized radiation from below (i.e., 90° scattering, top panel of
Figure 1.14). The illuminating radiation is axisymmetric but not isotropic. Now, the

polarization in the direction parallel to the solar limb is defined as the Stokes +(), and
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in the vertical direction as —(). The positive and negative Stokes U is defined as being
rotated 45° counterclockwise from the Stokes ().

We explain the classical view of the scattering polarization and the Hanle effect in the
following Section 5.13 of Landi Degl’Innocenti & Landolfi 2004. (i) The incident radia-
tion has an electric field with an X-component and a Y-component. (ii) They excite atoms
with an X-component oscillation and a Y-component oscillation. (iii) With the decay
of each oscillation, a dipole radiation polarized in the oscillation direction is generated.
As dipole radiation does not propagate in the oscillation direction, the radiation derived
only from oscillation in the Y-component is observed as scattering polarization in the Y
direction. Hence, the scattering polarization is polarized in the +() direction and U = 0.

In the presence of a magnetic field, an atom’s oscillation precesses around the mag-
netic field direction (Larmor precession) with a Larmor frequency vy, that is proportional
to the magnetic field strength. The de-excitation occurs on the time scale of spontaneous
emission, as determined by Einstein’s A-coefficient. If the de-excitation time scale %)
(reciprocal of Einstein’s A-coefficient) is comparable to the period of the Larmor preces-
sion (fyfe ~ 2y 1), the scattering polarization is decreased and rotated. I As a result, the
observed () and U signals change from the ones where the magnetic field is zero (bottom

panel of Figure 1.14). The critical Hanle field strength By (in Gauss) is defined by

1137 x 1077

By = (1.7)
hieg

where g is a Landé factor (Trujillo Bueno et al., 2011). The linear polarization is sensitive
to the field strength due to the Hanle effect approximately from 0.2 By to 5By.

The case considered in Figure 1.14, in which the radiation comes only from below
in the vertical direction is extreme. To evaluate the scattering polarization quantitatively,
it is necessary to consider the stratification of the solar atmosphere. The radiation field

is described by the radiation field tensors JX (K and L are integer with K > |L|) (Eq.

f the tj. is much longer than the period of the Larmor precession (tiife > 271y, 1), the scattered light
is totally unpolarized. In this case, the magnetic field is strong and is called the Hanle satulated regime.
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(5.157) of Landi Degl’Innocenti & Landolfi 2004). Especially, the imbalance between
the vertical radiation and the horizontal radiation is quantified by J3/JJ. For example, in
Figure 1.15, the atom is located at an optical thickness 7 > 1, the atom is illuminated
from all directions, and Jg / Jg is 0. In contrast, if 7 is smaller than unity, the atom
is mainly illuminated from the below and the illumination from the vertical direction
dominates (i.e., J2/JJ > 0). The JZ/J? is proportional to the Stokes /I in the absence

of a magnetic field (Trujillo Bueno et al., 2011).

Optical thickness
T

A
O <1, J20/J%>0
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O ™>1, J20/J%=0

Figure 1.15: Schematic picture of radiation illuminating atom and anisotropy J3/JQ with

height (optical thickness).

1.6 CLASP Sounding Rocket Experiment

1.6.1 Overview

The Chromospheric Lyman-Alpha Spectro-Polarimeter (CLASP; Kano et al. 2012; Kobayashi
et al. 2012) is a sounding rocket experiment aimed at opening up a new diagnostic win-
dow into exploring the magnetic fields of the upper chromosphere and the transition re-

gion using the Hanle effect. It was launched on September 3, 2015 and succeeded in
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spectro-polarimetric observations with high accuracy with a precision of 0.1% in the vac-
uum ultraviolet (VUV) range for the first time (Giono et al., 2016b, 2017). It detected
the scattering polarization in the hydrogen Ly« line (Kano et al., 2017) and Si 111 line at
120.65 nm (Ishikawa et al., 2017a), in addition to the Hanle effect in these UV spectral
lines (Ishikawa et al., 2017a). Although the observing target of CLASP was the quiet Sun
near the limb to maximize the possibility of detecting scattering polarization, CLASP for-
tunately captured the initial phase of the evolution of an off-limb spicule. CLASP is also
a high throughput “spectrometer” and provided us with the Ly« intensity spectra with an
unprecedentedly high temporal cadence of 0.3 s. In this thesis, we used these valuable

data sets to investigate the dynamics and magnetic fields of a spicule.

1.6.2 CLASP instrument

Spherical
Telescope Slittaw  Off-axis parabora Constant-Line-Space Spectrograph
Slitiaw Camera  camera mirror Grating Camera
Secondary Mirror Primary Mirror

Optics ____.,

Light trap for Oth order 3
diffracted beam

Aperture stop | Rotating Polarization |
(Entrance pupil) ! Waveplate Polarimeter Analyzer |

Figure 1.16: Optical design of CLASP instrument. Figure adapted from Narukage et al.
(2015).

The CLASP instrument is composed of a Cassegrain telescope, a Slitjaw Imager (SJ), and
a Spectro-polarimeter (SP), as shown in Figure 1.16. The number of optical components
was minimized (Narukage et al., 2015) and high-reflectivity coatings were applied to all
reflective mirrors (Narukage et al., 2017) to achieve a high throughput (i.e., the high pre-
cision) in VUV. For the wavelength selection, the primary mirror of the telescope uses a

cold-mirror coating targeting 121.57 nm. The cold-mirror coating is a narrowband mul-
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Table 1.2: CLASP SJ and SP overview (see also Narukage et al. 2015; Giono et al. 2016a)
(1 arcsec ~ 730 km on the Sun)

Slit-Jaw (SJ)

Field of view 527 arcsec x 527 arcsec
Spatial sampling 1.03 arcsec/pixel

Spatial resolution 3 arcsec

Spectral coverage (Band width) 121.57 nm with 7 nm FWHM
Temporal cadence 0.6s

Spectro-Polarimeter (SP)

Field of view along slit 400 arcsec

Slit width 1.45 arcsec

Spatial sampling 1.11 arcsec/pixel
Spatial resolution 3 arcsec

Spectral sampling 0.0048 nm/pixel
Spectral resolution 0.01 nm

Spectral coverage 121.567 £ 0.61 nm
Temporal cadence 03s

Temporal cadence of polarization 1.2s

Polarization accuracy 0.1%

tilayer coating that reflects the targeted wavelength but is transparent to visible light and
plays an important role in decreasing visible light contamination for subsequent optical
components (Narukage et al., 2017). The SJ is the Ly« imaging system to get the context
chromospheric image around the slit for the co-alignment with other instruments. The SJ
images were used to adjust and confirm the targeting during flight. Hence, the temporal
cadence was as high as 0.6 s. The light passes through the slit and enters the SP section.
The SP has the two optically symmetric channels that obtained two orthogonal polariza-
tion components simultaneously by rotating the reflective polarization analyzers by 90°
with respect to each other (Narukage et al. 2015; right part of Figure 1.16). This arrange-
ment enables the suppression of spurious polarizations caused by intensity fluctuations

related to the Sun and the pointing drift and jitter (del Toro Iniesta, 2003).
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1.6.3 Spectro-polarimetric Observation

As shown in Figure 1.17, CLASP measured the linear polarization using a rotating wave-
plate (Ishikawa et al., 2013, 2015) and a polarizer. First, using a wave-plate, the direction
of polarization is changed to a specific direction. Then, only a specific polarization di-
rection is reflected at a polarizer with a Brewster’s angle. By rotating the wave-plate, the
polarization direction changes. The rotation of the wave-plate is synchronized with the
CCD camera system. While the wave-plate completes one rotation in 4.8 s, the CCD cam-
era obtains 16 data sets at intervals of 0.3 s. As a result, Dy, D;s, ... with 0.3 s exposure
shown in the bottom panel of Figure 1.17 are obtained. The SP obtained two orthogonal
polarization components simultaneously with two cameras.

The Stokes vector I, (), and U can be demodulated by Equations (1.8)—(1.10), where
a is a modulation coefficient, and K is the throughput of this instrument. Each data set
was taken in 0.3 s cadences, therefore the Stokes vector (), and U were demodulated in
1.2 s cadences. In addition, if we focus on only the spectral data and no polarization data

is required, we can use data with a 0.3 s temporal resolutions.
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Figure 1.17: (Top) Schematic view of CLASP polarimeter consisting of a continuously
rotating half-wave-plate and a reflective polarization analyzer. (Bottom) Example of the
modulation curve for a partially linearly polarized beam (dotted line). Solid lines indicate

the observed signal during each exposure. Figure adapted from Ishikawa et al. (2014).

I, = K(Du+ Dy + Dz + Dyy) (1.8)
Q1 = aK(Dy — Di3 — Dy + Dys) (1.9)
Ul = CLK(Dtl — Dt2 — Dt3 + Dt4) (110)
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1.6.4 CLASP Observation

CLASP observed the disk center for polarization calibration in 14.4 s (Giono et al., 2017)
and then observed the quiet Sun region near the limb to study the center-to-limb variation
of the scattering polarization (Kano et al., 2017; Ishikawa et al., 2017a) in 277.2 s by
positioning the slit perpendicular to the southwest limb. We identified the slit position
using the full Sun observation taken by SDO/AIA He 11 30.4 nm filter image, as shown in
Figure 1.18. The spatial resolutions of SP and SJ are estimated to be 3 arcsec each (Giono
et al., 2016a), by comparing with the AIA He 11 filter images, whose spatial resolution was
estimated to be 1.2 arcsec (Lemen et al., 2012). The spectral resolution of SP is estimated
to be 0.01 nm when compared with the width of the geo-coronal absorption line which
came from the Earth’s atmosphere and was obtained by the LPSP instrument onboard the
OSO08 spacecraft, whose spectral resolution was estimated to be 0.002 nm (Gouttebroze

et al., 1978).
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Figure 1.18: SDO/AIA He 11 30.4 nm filter image (full Sun image with red color), and
CLASP/SJ Lya filter image (solar southwest part with orange color). The black line

shown in SJ image corresponds to the slit position.

1.7 Aim of this Thesis

The solar atmosphere has a hot corona with a temperature of about 10° K above the
photosphere, the temperature of which is about 5770 K. Magnetic waves are considered
to be a mechanism of energy transfer from the photosphere to the corona and partially
responsible for the generation of the corona. However, previous coronal observations
have not found sufficient wave energy for heating.

We focus on the chromosphere, the middle layer between the photosphere and the
corona, to investigate whether there is a magnetic wave propagating upward into the
chromosphere and whether it has sufficient energy to heat the corona. A characteris-

tic structure of the chromosphere is a jet-like structure called spicule. Because spicules
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are ubiquitous in the chromosphere, they are useful in investigating the universal mecha-
nisms of heating in the corona. The CLASP sounding rocket experiment obtained spectro-
polarimetric data of the spicule in the Ly« line with high temporal resolution and a high
signal-to-noise ratio. We can expect that the magnetic field and velocity field ranging from
the chromosphere to the transition region can be derived from the spectro-polarimetric
data. By using spectroscopic data with unprecedented high temporal resolution, it is
possible to investigate velocity fields that have not been clearly seen until now and phe-
nomena that have never been seen in such detail, and that will contribute to understanding
the dynamics of the chromosphere. This is a first and very challenging study with the
aim of deriving a magnetic field in the ultraviolet wavelength range, which will provide
new insights into the theoretical model, and will lead to observations by satellites in the
future. In addition, the velocity field and magnetic field information obtained from these
observational studies are important for estimating the amount of energy transported to the
corona quantitatively, and for understanding the coronal heating mechanisms.

We discuss the velocity field of the spicule in Chapter 2 and the liner polarization
which is important for the derivation of the magnetic field vector in Chapter 3. Finally,

we summarize our study and discuss future prospects in Chapter 4.
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Chapter 2

Wave Propagation along a Spicule!

2.1 Introduction

To maintain the solar corona at a temperature of around 10° K, magnetic energy needs
to be transported from the photosphere. The chromosphere, which is the middle layer
between the photosphere and corona, is thought to play an important role to transfer the
energy for the coronal heating. In the chromosphere, vertically elongated structures called
spicules are observed everywhere and it is of great interest to understand how these ubiq-
uitous phenomena are relevant to the coronal heating.

In previous studies, two types of oscillation period (shorter than 2 minutes and longer
than 2 minutes) had been observed in spicules (reviewed by Zaqarashvili & Erdélyi 2009).
Long-period oscillations with periods of 2—8 minutes were found from the apparent mo-
tions of spicules using imaging observations (De Pontieu et al., 2007; Mclntosh et al.,
2011). These oscillations are considered to be magnetohydrodynamic (MHD) waves,
which can transport sufficient energy to heat the quiet corona because of the large veloc-
ity amplitude. However, because the wavelengths of these long-period oscillations are
longer than the typical spicule height (5-20 Mm; Alissandrakis et al. 2005; Teriaca et al.

2006; De Pontieu et al. 2007; Pasachoff et al. 2009), it remains uncertain whether such

IThis chapter was published as Yoshida et al. 2019, “High-Frequency Wave Propagation Along a
Spicule Observed by CLASP”, Astrophysical Journal, 887, 2
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oscillations propagate along spicules as a wave or not.

The wave propagation of short-period lateral oscillations (shorter than 2 minutes pe-
riod) had been observed (He et al., 2009; Okamoto & De Pontieu, 2011; Srivastava et al.,
2017) thanks to the high temporal (shorter than 10 s) and high spatial (smaller than 0.2
arcsec) resolution of the Solar Optical Telescope (SOT) onboard the Hinode satellite (Ko-
sugi et al., 2007), and ground-based observatories, such as the Swedish 1-m Solar Tele-
scope/CRisp Imaging SpectroPolarimeter (SST/CRISP; Scharmer et al. 2003, 2008). The
reason why they were able to detect wave propagations is because the wavelengths of
these oscillations are shorter than the typical spicule height. Particularly, Okamoto &
De Pontieu (2011) found not only upward but also downward propagation and stand-
ing waves for the first time by using the automatic spicule axis detection method. They
concluded that high-frequency waves are not sufficient for coronal heating because most
high-frequency waves are reflected at the transition region and the velocity amplitudes of
the waves are so small.

To solve the coronal heating problem, the transported energy to the corona needs to be
evaluated quantitatively with as few assumptions as possible. The velocity amplitude is
an important parameter to evaluate the transported energy flux. Spectroscopic observation
is a direct way to derive the velocity amplitude. In this study, we analyzed the Ly«
(121.6 nm) line profile of an off-limb spicule observed by Chromospheric Lyman-Alpha
Spectro-Polarimeter (CLASP; Kano et al. 2012; Kobayashi et al. 2012; Narukage et al.
2015) and evaluated the Doppler velocity amplitude.

CLASP is a sounding rocket experiment that obtained Ly« spectro-polarimetric data
with a 0.3 s temporal cadence for the polarization modulation (Kano et al., 2017; Ishikawa
et al., 2017a). If we do not use the Stokes spectra of Q/I and U/I, we can utilize such an
unprecedentedly high temporal cadence data to study the dynamics in the upper chromo-
sphere and the transition region. The Ly« line is well suited to investigate how spicules
affect the corona because it is sensitive to higher temperatures than other chromospheric

lines (e.g., Ca 11 H, and Mg 11 h & k) because of the large optical thickness.
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Alissandrakis et al. (2005) reported that Ly« spicules exhibit a height of approxi-
mately 25 arcsec (18 Mm; 1 arcsec ~ 730 km on the Sun) from the limb using the Transi-
tion Region and Coronal Explorer (TRACE; Handy et al. 1999), which are taller than the
spicules observed in the visible wavelengths (e.g., 4-12 Mm in the Ha line by Pasachoff
et al. 2009, and 5-10 Mm in the Ca 11 H line by De Pontieu et al. 2007). Teriaca et al.
(2006) found intensity fluctuations of 3 and 5 minutes periods in off-limb spicules with a
temporal cadence of 7.5 s using the Solar Ultraviolet Measurements of Emitted Radiation
(SUMER; Wilhelm et al. 1995) but they did not discuss a shorter period than 2 minutes.
In this study, we focus on the wave propagation along a spicule that can be observed

spectroscopically by CLASP with an unprecedentedly high temporal cadence of 0.3 s.
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2.2 Observation and Analysis
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Figure 2.1: (Top) AIA 30.4 nm filter image. (Middle) Same field of view of Ly« filter
image taken with CLASP/SJ as the top panel of AIA image. A vertical black line around
X = 0 arcsec is the slit. Dotted lines in the top and middle panels show the position of the
photospheric limb determined by the SDO/HMI continuum intensity. (Bottom left) En-
larged image of SJ filter image around the slit position. (Bottom right) Spectral data of the
Ly« line at the slit position as a function of wavelength from the line center (121.6 nm).
The vertical axis of the bottom two panels indicates height from the photospheric limb.
The height = 0 and X = 0 in the bottom left panel corresponds solar-X = 572 arcsec
and solar-Y = —762 arcsec on the heliocentric coordinate. These snapshots correspond

to the time of the last CLASP observational image.
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CLASP observed the quiet-Sun region near the limb for 277.2 s from 17:03 UT to 17:08
UT on 2015 September 3. The CLASP Spectro-Polarimeter (SP) acquired Ly« spectro-
scopic data with a 0.3 s temporal cadence, while CLASP Slit-Jaw (SJ) acquired Ly« filter
images with a 0.6 s temporal cadence. The SP slit with a width of 1.45 arcsec was lo-
cated 26 arcsec outside of the photospheric solar limb and perpendicular to the southwest
limb inclined at —37° with respect to the solar north. During the observation, one spicule
was located along the slit (Figure 2.1) and evolved beyond the edge of the slit. We focus
on this spicule in this study. Because the duration of the CLASP observation may be
shorter than the typical spicule lifetime (2—12 minutes; Tsiropoula et al. 2012), we check
the behavior of the spicule before and after the CLASP observation by using the Solar
Dynamics Observatory/ Atmospheric Imaging Assembly (SDO/AIA; Pesnell et al. 2012;
Lemen et al. 2012) 30.4 nm (He 11 line) filter image. The structural similarity between
the SJ Lya filter and AIA 30.4 nm filter images were reported by Kubo et al. (2016)
and Ishikawa et al. (2017b) for the on-disk features. We used the SDO/Helioseismic and
Magnetic Imager (HMI; Schou et al. 2012) continuum images to check the spicule height
from the photospheric limb. Note that the spatial and spectral resolutions of CLASP SP
are ~ 3 arcsec and ~ 0.010 nm, respectively (Giono et al., 2016a). From the temporal
resolution of SP, the Nyquist frequency is about 1.6 Hz. However for the polarization
observation, the rotation period of the wave plate is 4.8 s, and the image wobbled by the
rotation. Considering its influence, we focused only on the oscillation longer than 4.8 s.
As shown in Figures 2.2 and 2.3, the profile of the Ly« in the spicule shows central
reversal as commonly observed in the quiet-Sun regions (Tian et al., 2009). The presence
of the central reversal in the off-limb spicule indicates the large opacity. The central 2-3
pixels in the self-reversal are also affected by the geo-coronal absorption, which came
from the atmosphere of the Earth (Gouttebroze et al., 1978). Therefore, we applied the
bisector method to derive the Doppler velocity from the wing of the Ly« line. As shown in
Figure 2.3, in this method the Doppler velocity was determined from the bisector position

between the red and blue sides of the emission line at a threshold. Because the continuum
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intensity level is 10%—20% of the maximum intensity in the data, we chose 30% of the
maximum intensity as the threshold. We also calculated the Doppler velocity with a
different threshold (40% and 50%); however, the differences of Doppler velocity between
the results with 30%, 40%, and 50% thresholds were less than 2 km s~!. The error in the
Doppler velocity mainly comes from a photon noise. So, we estimated the error as the
difference of the Doppler velocity from close threshold levels; 30%, 35% and 40%. We
made an ensemble of thus derived errors of the Doppler velocity for the whole data set

and derived the standard deviation of £0.6 km s~! as the error in the Doppler velocity.
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Figure 2.2: The Ly« line profile of the spicule at each height from the photospheric
limb. The height step corresponds to the SP spatial plate scale (1.11 arcsec pixel ™). The
horizontal axis is time, and the vertical axis in each box indicates wavelength as shown

on the left side. The origin of the time corresponds to the start of the limb observation.
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Figure 2.3: Examples of Ly« line profile at time = 78 s (Top) and 180 s (Bottom) at
height = 16.7 arcsec height from the photospheric limb. Three asterisk symbols indicate

the bisector at three different thresholds (30%, 40%, and 50%).

2.3 Results

2.3.1 Temporal Evolution of Spicule

The time-slice of the spicule in the AIA 30.4 nm filter image (left panel of Figure 2.4)
shows that this spicule exhibits a lifetime of roughly 13 minutes (from 0 to 800 s time
range). The white box in Figure 2.4 indicates the region and duration observed by CLASP

and demonstrates that CLASP observed the clear rising motion over the time range of 0—
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400 s with 30 km s~!. By comparing the left panel of Figure 2.4 and the right top panel of
Figure 2.4 or top and middle panels of Figure 2.1, one can see that the AIA 30.4 nm image
and the CLASP Ly« image represent the similar appearances of the spicules. However,
it is also clear that the AIA 30.4 nm image is very noisy and hard to discuss the detail of
the spicule dynamics solely with the AIA 30.4 nm image. As shown in the bottom left
panel of Figure 2.1, the height of the spicule is about 30 arcsec, which corresponds to
approximately 20 Mm from the photospheric limb. We confirmed that the spicule that we

focus on is sufficiently high enough to investigate the wave propagation along it.

2.3.2 Temporal Variation of Doppler Velocity

Figure 2.2 shows the temporal variation of the Ly« spectral line at different heights of the
spicule from the photospheric limb. The center of the Ly« line (central reversed part) did

not shift as much. However, the wing clearly shifted in the wavelength direction.
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Figure 2.4: (Left) Time-slice image of the spicule observed by the AIA 30.4 nm filter. The
white box indicates the height—time region corresponding to the SP spicule data (i.e., right
panels.) (Top right) Height—time map of the spicule in the SP intensity. (Bottom right)
Height-time map of the Doppler velocity. The top-left part of this panel colored by black
is a masked area due to low intensity. The white arrows indicate the short-period velocity
oscillations. In each panel, the vertical axis is the height from the photospheric limb. The
white dotted lines and values in the left and top right panels indicate the spicule rising
velocity. The black dotted lines and values shown in the bottom right panel correspond to

the reference gradients of the phase velocity.

The lower right panel of Figure 2.4 shows the height—time map of the Doppler velocity
of the spicule derived by the bisector method. The low-intensity area masked by the black
color is not used in this analysis. At first, we found a long-period oscillation in this map,
i.e., the blue-shift (—20 km s~1) until 120 s, followed by the red-shift (20 km s~!) until
about 240 s, and then finally the blue shift again. The period of this oscillation is about

240 s. We also found a short-period oscillation with a period of about 30 s in the time
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range of 0-100 s, as indicated by white arrows. Its velocity amplitude is about 5 km s~
The ridges with large velocity amplitudes (i.e., dark blue regions) incline with time as the
height increases. This indicates that these oscillations propagate in the upward direction;
that is, we found the upward-propagating wave. We estimated the propagation velocity
of the wave to be 200-500 km s~ from the tilt of the ridges in short-period oscillations.
The velocity amplitudes increase with spicule height. On the other hand, the propagation
of the long-period oscillation is not clear from this observation, because the observed
spicule height (~ 20 Mm) is shorter than the wavelength of the long-period oscillation of
120 Mm, where we assumed a phase velocity of 500 km s~! and an oscillation period of

240 s. In the following section, we highlight the short-period oscillations.

2.3.3 Wavelet Analysis

To investigate the propagation properties of the short-period waves in detail, we applied
wavelet analysis to the Doppler velocity time-series data at each height shown in the bot-
tom right panel of Figure 2.4. Figure 2.5 shows the normalized wavelet power spectra
at each height along the spicule. In this analysis, we used the wavelet analysis program
by Torrence & Compo (1998). Generally, time resolution and frequency resolution are
different depending on the type of mother wavelet function. In this analysis, the Mor-
let wavelet function, which has a good frequency resolution but poor temporal resolu-
tion, was taken as the mother function. We defined the time-dependent confidence level
(so-called “global” wavelet confidence level) as a probability calculated using Monte-
Carlo simulation and the background noise model as a power law plus white noise model
(Auchere et al., 2016). In Figure 2.5, the wavelet power is normalized by the background
noise. The area encircled by a thick black line indicates a confidence level larger than
99%. This level means that such an event is expected to occur in only one case in 100
random data sets. We also checked the results of the 90% confidence level; however, the

results were not significantly different from the 99% results. In the time range of 0-100

43



s in Figure 2.5 a—c, the oscillations of frequency 33—-50 mHz (20-30 s; hereafter called
the 30 s wave) are prominent; their confidence levels exceed 99%. In Figure 2.5 i and
], the oscillations of 19-27 mHz (37-53 s; hereafter called the 50 s wave) exist with a
relatively longer duration than that of the 30 s wave. The wavelet power of the 30 s wave
is strong in the higher part of the spicule, while the wavelet power of the 50 s wave is
strong in the lower part of the spicule. We also used the Paul mother function, which has
good temporal resolution but poor frequency resolution, we got similar results—around
30 s period oscillations in the early phase on the upper part of the spicule and around 50
s period oscillations in the lower part of the spicule existing long duration. We do not see
prominent powers exceeding the 99% confidence level in the period range from 4.8 s to
20 s. The results of wavelet analysis with a different thresholds of the bisector analysis

are given in Appendix A.1 (Figure A.1).
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(19-27 mHz; Right). The gray masked area corresponds to the height or timing at which
there is no 99% significance wavelet power in each frequency range. The purple lines and

values indicate the phase velocity calculated by linear fitting of zero-crossing timings.

To extract the wavelet power of the 30 s wave and the 50 s wave, we applied a box-
type frequency filter of 33—-50 mHz and 19-27 mHz frequency range, respectively, and
then applied the inverse wavelet (Figure 2.6). In this figure, the regions covered with gray
color correspond to the height and time ranges where there is no 99% significance wavelet
power. Only a few areas are reliable in terms of velocity amplitude and phase velocity
based on the wavelet analysis with confidence-level calculation.

From the results of the 30 s wave filter (left panel), the waves with a velocity amplitude
of ~ 3 km s~! propagate upward with a phase velocity of ~ 470 km s~! on average in
the time range of 30-80 s. In addition, the velocity amplitude of the wave gets larger
with height (from £2 km s™! at 16.7 arcsec to +3 km s~! at 18.9 arcsec). Meanwhile,
after 100 s to the end of the observation, the velocity amplitude of the 30 s wave became
significantly small (less than 2 km s™') and the confidence level became lower than 99%.
Therefore, it is true the phase velocity is not reliable in this latter time range, but both
upward and downward propagations might exist here as well as the standing waves, which

do not exhibit a clear phase shift along the height direction (i.e., higher than 1000 km s~1).
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From the results of the 50 s wave filter (right panel), standing waves with no clear
phase shift were observed with the 99% confidence. The velocity amplitude of these
waves is also prominent in the early phase, but small (~ 2 km s~!) compared with the 30

S waves.

2.4 Discussion

In this study, short-period (20-50 s) waves with a small velocity amplitude of 2-3 km s~*
were found, as well as long-period (~ 240 s) oscillation with a large velocity amplitude
of ~ 20 km s~!. The upward-propagating wave was also found in the short-period waves,
especially around the period of 30 s, although it is not clear whether the latter long-period
waves propagate along the spicule or not. Previous studies (De Pontieu et al., 2007; He
et al., 2009; Mclntosh et al., 2011; Okamoto & De Pontieu, 2011; Srivastava et al., 2017)
have reported these oscillation components separately; however, this is the first time that
both oscillation components were detected simultaneously. This is because the velocity
amplitudes of a long spicule are successfully obtained directly from the spectroscopic
data in the Ly« line.

In this section, we will discuss the physical properties of the long-period oscillation
and the short-period waves focusing on how they are formed and how they affect the

corona.

2.4.1 Long-period Oscillations

De Pontieu et al. (2007) reported oscillations with a period of 100-500 s and a velocity
amplitude of 10-25 km s™! in spicules, from the comparison between the observation of
the lateral motion of spicules and the Monte-Carlo simulation. Tomczyk et al. (2007) and
Tomczyk & Mclntosh (2009) found long-period (5 minutes) propagating waves in the
corona using the Coronal Multi-channel Polarimeter (CoMP) instrument. However, their

velocity amplitude was measured to be less than 1 km s™! and much smaller than what
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was inferred from the chromospheric observations by De Pontieu et al. (2007). Tomczyk
et al. (2007) speculated that the velocity amplitudes are suppressed due to the superpo-
sitions of the structures along the line-of-sight direction in CoMP observations, resulting
in the large discrepancy in the velocity amplitudes between the chromosphere and the
corona. In fact, nonthermal velocity derived from the CoMP line width is 30 km s~! and
is comparable to the velocity amplitude that was found in our observation, where the su-
perposition along the line of sight is unlikely. Therefore, there is a possibility that the
long-period oscillation in our observation is a chromospheric counterpart of the propagat-
ing waves in the corona.

The period of the long-period oscillation is on the order of the photospheric convection
time-scale, approximately 3—5 minutes (Matsumoto & Kitai, 2010). One explanation is
that the convective motion would oscillate the magnetic flux tube; then, the line-of-sight

component of the oscillation is observed as the Doppler motion.

2.4.2 Short-period Waves

Okamoto & De Pontieu (2011) reported oscillation periods peaking near 40 s from sta-
tistical analysis using the Hinode/SOT filtergraphic data. They derived a median velocity
amplitude of 7 km s~! using the apparent transverse oscillation amplitude and period of
the spicules, assuming the oscillation follows a sinusoidal pattern. Our observed period
derived from Doppler motion (20-50 s) is almost consistent with their observation. Our
observed velocity amplitude is slightly smaller than their reported value. One of expla-
nations for our smaller velocity amplitude would be the difference in spatial resolution
between CLASP/SP (~ 3 arcsec; Giono et al. 2016a) and the Hinode/SOT (~ 0.2 arcsec;
Suematsu et al. 2008). The lower spatial resolution causes the smearing and underestima-
tion of the velocity amplitudes.

The phase velocity (~ 470 km s™1) of the 30 s wave is roughly consistent with the

Alfvén velocity in the upper chromosphere where we assumed a magnetic field strength
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of 10 G (Trujillo Bueno et al., 2005) and a spicule density of 6 x 107 g cm™ (at 18
Mm height from the photosphere; Beckers 1968). We derived the fast phase velocity (i.e.,
higher than 1000 km s~1) in this study, and recognized them as a standing wave by consid-
ering the observed phase difference. Since 1000 km s™! is much higher than the Alfvén
velocity in the chromosphere, such recognition looks reasonable from the viewpoint of
the physical property in the chromosphere.

Upward-propagating waves with a large velocity amplitude were observed, especially
in the initial phase of the spicule evolution. This result implies that the source of these
waves would be related to the formation of the spicule. Spicule formation by waves has
been reported in a number of previous studies by numerical simulation. Kudoh & Shibata
(1999) reported that the turbulent convective motions in the photosphere generate Alfvén
waves, which excite longitudinal waves through the nonlinear coupling effect, lifting up
the transition region to form a spicule. Shoda & Yokoyama (2018) reported that the
longitudinal waves exited by the convective motion also generate short-period transverse
waves and spicules by mode conversion. The period of the transverse waves generated
by this mechanism is determined by the scale height of the plasma 5 = 1 layer where
the mode conversion occurs, and is calculated to be several tens of seconds, which is
consistent with our finding.

Chitta et al. (2012) reported high-frequency motion in the photosphere with a high
cadence observation of 5 s by SST. They measured the motion of small-scale bright points
with a correlation tracking method and derived a correlation time as 22-30 s. This time-
scale is consistent with our observed wave period. Similar to long-period oscillations, if
the high-frequency turbulent photospheric motion would oscillate the magnetic flux tube,
then the line-of-sight component of the high-frequency oscillation could be observed as
the Doppler motion.

Time dependence of the wave propagation has been reported in Okamoto & De Pon-
tieu (2011). They observed standing waves at the beginning of the spicule evolution,

upward waves in the growing phase, and then standing waves again in the latter half of
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the evolution. They interpreted that waves generated near the base of the spicule are im-
mediately reflected at the transition region (top of the spicule) at the beginning. However,
a time lag until the reflection appears and increases during the growth of the spicule. Fi-
nally, the reflection becomes effective in the latter half again. This interpretation is one
possibility, and it is consistent with our observation of the 30 s waves if the middle phase
and the latter half of the spicule evolution in their results can correspond to earlier and
later than 100 s in our observation, respectively. The early phase in their results might
have occurred before the CLASP observation time.

It should be noted that there is a possibility that these oscillation signatures are just
transient events. In this observation, we clearly observed oscillatory phenomena of three
velocity peaks shown as the three white arrows in bottom right panel of Figure 2.4. How-
ever if there are transient phenomena, we cannot ignore the possibility of random events.
To solve this question, we have to observe many oscillatory phenomena and answer it

statistically.

2.4.3 Energy Flux to the Upper Atmosphere

We estimated an upward energy flux of the 30 s waves in the time range of 0-100 s as
approximately 3 x 10* erg cm~2 s~! based on the result of the wavelet analysis in the
left panel of Figure 2.6. We derived this value from the observed velocity amplitude as
3 km s™1, the observed phase velocity as 470 km s, and the assumed spicule density as
6 x 1071% g cm ™3 (18 Mm height from the photosphere; Beckers 1968). It is smaller than
the required value for coronal heating in a quiet Sun (3 x 10° erg cm~2 s~!; Withbroe &
Noyes 1977). They estimated the spatially and temporally averaged energy for heating
the quiet-Sun corona, while we only estimated energy transported along a single spicule,
especially in the early phase of the spicule evolution. Therefore, the discrepancy between
our evaluated energy flux and the required flux might become larger.

However, CLASP has a not-so-high spatial resolution (~ 3 arcsec), and a relatively
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wide slit (1.45 arcsec) compared with the spicule width of ~ 0.4 arcsec (Pereira et al.,
2012). Consequently, there is a possibility that multiple wave components were observed
simultaneously, affecting the underestimation of the velocity amplitude. There is another
possibility that not only the short-period waves but also the long-period waves with large
velocity amplitude contribute coronal heating. For rigid conclusion in energy flux, de-
tailed analysis of spectroscopic data with high spatial resolution should be conducted in
the near future.

In our observation, upward-propagating waves were clearly found with the large ve-
locity amplitude, while downward propagating waves and standing waves may exist only
in the latter time period with the small velocity amplitude. Therefore, we can conclude
that the contribution of the downward propagating wave is small from the viewpoint of

energy transport.

2.5 Summary and Conclusions

CLASP is a sounding rocket experiment to obtain spectro-polarimetric data of the Ly«
line in 5 minutes observations. During this observation, CLASP succeeded in obtaining
amazing data sets of the Ly« line profiles along a spicule with 0.3 s temporal cadence.
This observation enables us to detect the velocity field along a spicule. We found long-
period oscillation with a period of about 240 s and short-period oscillations with a pe-
riod of 20-50 s. In short-period oscillations, wave propagation is clearly found along
the spicule. Thanks to the high temporal cadence observation, time-dependent proper-
ties of the short-period waves were investigated in greater detail. In the initial phase of
the spicule evolution, upward-propagating waves with large velocity amplitudes were ob-
served. These high-frequency waves might be related with the formation of the spicules,
and the origin of these waves needs to be clarified.

To this end, further observations as well as the detailed comparison with the numer-

ical simulation are required. The wave origin is not clear in our study, because in our
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observation, none of shock waves or foot-point motions were observed. Such features
may be hidden by high opacity in the Ly« line. We cannot derive the rigid conclusion of
the wave energy. We have to estimate the transported energy, both short-period and long-
period waves. To investigate the wave origin and its energy, we must observe the spicule
spectroscopically, using various temperature-sensitive lines as well as the Ly« line for
covering the entire spicule from the foot-point to the top and also coronal emission lines.

Hopefully, further observations with high cadence and high spatial resolution will re-
veal the answer. In the next Japanese solar observation satellite Solar-C_EUVST mission,
0.2 s of cadence and 0.4 arcsec spatial resolution is being considered for the Ly« line.
It will observe not only the Lya line with high spatial and spectral resolution, but also
many emission lines from a wide temperature range simultaneously. It will be possible to
investigate the propagation of waves from the lower part of spicules to the upper part in

more detail.

52






Chapter 3

Magnetic Field of a Spicule

3.1 Introduction

Various dynamical activities triggered by magnetic fields occur in the solar atmosphere.
In particular, the atmospheric layer, named the chromosphere, and the transition region
are intermediate layers between the cool photosphere of temperature 6,000 K and the
hot corona of 10° K. Meanwhile, in this region, jet-like structures called spicules are
observed everywhere. Spicules have been studied in terms of their formation mechanism
(Yurchyshyn et al., 2013; Deng et al., 2015; Samanta et al., 2019) and magnetohydro-
dynamic wave propagation in the chromosphere (De Pontieu et al. 2007; Okamoto & De
Pontieu 2011; Yoshida et al. 2019, and references therein), important factors in the heating
of the corona.

To investigate the origin of the spicule and its impact on coronal heating, it is neces-
sary to measure its magnetic field. The magnetic field measurements of a spicule have
been carried out using the He I triplet lines at 1083.0 nm in the infrared. Although the
field strength of the spicule is expected to be very weak, owing to the longer wavelength,
the longitudinal Zeeman effect (circular polarization) can be measured, as the Zeeman
splitting is proportional to the square of the wavelength. In these spectral lines, in addi-

tion to the Zeeman effect, the Hanle effect, which is generally sensitive to weak magnetic
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fields and is not affected by the broadening of spectral lines, can operate. Trujillo Bueno
et al. (2005), Centeno et al. (2010), and Orozco Sudrez et al. (2015) carried out spec-
tropolarimetric observations of spicules using the He 1 triplet lines and found a magnetic
field strength of 10-80 G. In particular, Orozco Sudrez et al. (2015) found that the mag-
netic field of spicules decre ases with height. Another spectral line used to characterize
the magnetic field of a spicule is the He T D3 line at 587.6 nm. Using this line, Lopez
Ariste & Casini (2005) compared the inclination of the magnetic field of spicules with the
apparent direction of spicules identified with the imaging observation and found that the
magnetic field aligns with the spicule structure. However, because the formation of the
He 1 triplet and He I Dj3 lines require excitation by ultraviolet emission from the corona
(Avrett et al., 1994), it is difficult to perform an observation in a quiet region. In fact, the
observation areas of Lopez Ariste & Casini (2005) and Orozco Sudrez et al. (2015) were
close to the active region. In the case of quiet region observations (Centeno et al., 2010),
they temporally integrated data over a time span of 45 minutes to earn a sufficient signal-
to-noise ratio. However, recent spectroscopic observations revealed very rapid spicule
phenomena on the time scale of several tens of seconds of the spicules that is consid-
ered to the evolution of the magnetic field (Okamoto & De Pontieu, 2011; Yoshida et al.,
2019). Hence, spectropolarimetric observation using bright spectral lines is necessary for
investigating the temporal evolution of the magnetic field, even in the quiet region.

The temperature from the upper chromosphere to the transition region is 10*-10° K,
and there are abundant spectral lines that originate from these atmospheric layers in the
ultraviolet wavelength region. Stdpan & Trujillo Bueno (2011), Trujillo Bueno et al.
(2011), and Belluzzi et al. (2012) reported that the core of the Ly« line (wavelength
range of 121.57 4+ 0.014 nm), which is the brightest spectral line in the vacuum ultravi-
olet range and observable everywhere on the Sun, is sensitive to the Hanle effect with a
field strength of 10-250 G. This sensitivity range is comparable to the field strengths of
spicules reported in previous studies. Therefore, spectropolarimetric observations of the

Lya line would enable the measurement of the magnetic field of spicules using the Hanle
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effect. Because the wavelength of the Ly« line is short and the spectral line is broad, the
polarization signals induced by the Zeeman effect cannot be measured.

The Ly« line is absorbed in the Earth’s atmosphere; thus, observation from space
is necessary. We use data from the Chromospheric Lyman-Alpha Spectro-Polarimeter
(CLASP) sounding rocket experiment conducted in September 2015, which has provided
the first spectropolarimetric observations of the Ly« line. As discussed in Yoshida et al.
(2019), CLASP successfully observed the initial phase of the evolution of an off-limb
spicule. In this study, we present the first polarization spectra of an off-limb spicule in
the Ly« line, obtained by CLASP. To achieve our final goal of constraining the magnetic
field of the spicule, we examine the height and temporal variation of the polarization in
the spicule. Then, we model the radiation field semi-quantitatively, using observational
data to evaluate the scattering polarization. Finally, by comparing the estimated scattering

polarization with the observation, we constrain the magnetic field of the spicule.

3.2 Observation and Analysis

CLASP observed an off-limb spicule for 277.2 s. A slit of width of 1.45 arcsec and length
400 arcsec was placed 26 arcsec off the visible solar limb. The Spectro-Polarimeter (SP)
cameras took data every 0.3 s, synchronized with the polarization modulation unit, to
measure the modulation. To demodulate the Stokes () and U parameters, using the same
equations shown in the Appendix of Ishikawa et al. (2017a), at least four exposures were
needed; finally, the polarization data of the Ly« line were obtained with a cadence of 1.2
s.

The slit position was monitored through a Slit-Jaw (SJ) imaging system at a cadence
of 0.6 s, providing observations of the Ly« line. Details of this observation are shown
in our previous paper (Yoshida et al., 2019). To suppress the spurious polarization due
to the fluctuation in intensity and increase the signal-to-noise ratio, we combine the two

channels to derive I, ) and U. The error of the polarization signal is evaluated using
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photon noise and CCD readout noise (Ishikawa et al., 2014).

In the off-limb region, the intensities of the Lya wing (around 121.57 nm =4 0.05 nm)
and the Si 111 (120.65 nm) lines were dark. As a result of the noise evaluation, a sufficient
polarization signal could not be obtained; thus, we focus only on the Ly« core in this

analysis.

3.3 Results

3.3.1 Temporally Averaged Polarization Signal
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Figure 3.1: (Top) From left to right, temporally averaged /I, U/I, and intensity as a
function of wavelength from the line center (121.57 nm) of the Ly« line and SJ filter
image at 274.8 s after the start of the CLASP observation of the off-limb spicule. The
polarization directions are defined as the arrows shown in each panel. The small signal
areas are masked in the (/I and U/I map. Height = 0 corresponds to the height of
the photospheric limb observed by the Solar Dynamics Observatory/Helioseismic and
Magnetic Imager (SDO/HMI; Pesnell et al. 2012; Schou et al. 2012) continuum image.
(Bottom) Spatially averaged (height range of black bracket) profiles of the ()/I, U/I, and

intensity. The Ly« core (121.57 nm + 0.014 nm) is marked in gray color.
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Figure 3.1 shows the temporally averaged polarization spectra over 277.2 s above the
limb, observed by visible light. The SJ image (right top panel of Figure 3.1) shows that
the off-limb spicule reached as height as 30 arcsec above the limb, with the slit edge
located at 27 arcsec. The polarization directions parallel and perpendicular to the nearest
solar limb are defined as positive and negative (), respectively. The positive and negative
Stokes U are defined as rotated 45° counterclockwise from the Stokes (). In the Ly« core,
the )/ in the off-limb spicule is dominated by a positive signal, and the amplitude is
about 0.5% =+ 0.1%, while U/I is dominated by a negative signal, and the amplitude is
smaller than that of @/ at 0.0% =+ 0.1% (bottom left and right panel of Figure 3.1). The
linear polarization in the off-limb spicule is essentially parallel to the solar limb, which is
consistent with the scattering polarization due to the radiation field from below.

In the Lya wing, /1 is negative at a height of about 10 arcsec from the photospheric
limb. Kano et al. (2017) reported the center-to-limb variation (CLV) in which the @/ is
negative for the Lya wing on the solar disk, and the polarization degree increases from
the disk center toward the limb. Because the solar limb of the Ly« line is located outside
the photospheric limb, )/ of the Ly« wing is negative at the low height of the spicule,

owing to the CLV.

3.3.2 Temporal Variation of Polarization Signal

In this section, we focus on the temporal variation of the polarization signal as a function
of height. To increase the signal-to-noise ratio, we integrated over the wavelength range
in the Lya core (121.57 4+ 0.014 nm), over which the emissions are from the same height
and have the same mean free path (Ishikawa et al., 2017a). In the time direction, we used
(Q)/I and U/ data sets running-averaged over 28.8 s, which corresponds to the 6-rotation
period of the rotating wave-plate. The three right panels of Figure 3.2 show the height—
time variation of the intensity, )/, and U/I of the Ly« core. From the panels of the

Q/I and U/ plots, the polarization degree of ()/I and U/I are shown to be larger in the
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height range from the height of the surrounding spicule (height = 15 arcsec) to top of the
spicule (hereafter, referred to as the upper-part) than in the height range from height = 0
to the height of the surrounding spicule (hereafter, referred to as the lower-part). In the
upper-part, we found the )/ signal to be positive (about +0.5%); meanwhile, the U/
signal changes from positive (about +0.5%) to negative (about —0.5%). To focus on the
height variation, we integrated in the height direction, dividing the range into the lower-

and upper-part of the spicule.
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Figure 3.2: (Left) The snapshot of the SJ and SP observation data. The upper and
lower white dotted lines are the height of slit edge and background spicules, respectively.
(Right) Height-time variation of the Ly« intensity, @)/, and U/I from top to bottom in
the range of white box shown in SP image. The initial and final 28.8 s time ranges in the
Q)/I and U/I panels are affected by edge effect due to the running average. The white
line shown in intensity plot, which is as same as black line shown in ¢)/I and U/I plot,
corresponds to the trace of the motion of spicule top. In the left 2 panels (SJ and SP im-
ages), the position of upper white dotted line, and the lower white dotted line are the slit

edge, and the height at which the multiple spicules are overlapping, respectively.
Figure 3.3 shows the temporal variation of the ()/I and U/I signals in the Ly« line

with a 28.8 s (6-rotations of wave-plate) running average. The red lines indicate polariza-

tion signals in the upper-part of the spicule. The dark blue lines indicate the lower-part
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of the polarization signals. The ()/I and U/I signals in the upper-part are stronger than
those in the lower-part. In the upper-part, )/ is about +0.5%, and U/I changes from
+0.5% to —0.5%. Meanwhile, in the lower-part, both /I and U/I signals are close to
0% (Q/I ~ 0.2% £ 0.1% and U/I ~ 0.0% =+ 0.1%). The accuracy of the polarization

signal is 0.1%—0.3%, mainly because of the photon noise.
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Figure 3.3: Temporal variation of )/ (top) and U/I (bottom) with a 28.8 s running
average. The red and dark blue lines correspond to the spicule upper and lower-parts,
respectively. Each error bar is calculated based on the photon noise and CCD read-out
noise. The initial and final 28.8 s time ranges are masked with gray color, since it affected

by the edge effect due to the running average.

Figure 3.4 shows the temporal variation in the direction of linear polarization (indi-
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cated by the angle 6, from the X-axis direction of the SJ image in Figure 3.2) obtained

using the following equation.

b, = ——22 3.1

As shown in the change in U/, the polarization direction changes from about +20° to
—20° over time. Here, the error bar is obtained from the respective errors of the () /I and

U/I signals and is about 7°.
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Figure 3.4: Temporal variation of the polarization direction with respect to the X-axis of
the SJ image in the Figure 3.2 calculated by Equation (3.1). The error bar is calculated

based on the error of the )/ and U/ signals.

Next, to compare the polarization direction and inclination of the spicule, we exam-
ined the temporal variation in the spicule structure seen in the SJ image. From Figure
3.5(a—f), the spicule has an inclination of 10-30° with respect to the X-axis. Even when
the temporal variation is considered, the temporal variation of the spicule inclination is
smaller than the temporal variation of the polarization direction. Figure 3.5(g) shows the
temporal variation of the position of the spicule (integrated over the height of the upper-

part) with respect to the slit position. The vertical black line indicates the slit position.
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From the point of view of the observer, the spicule sways left to right with respect to the

slit position. It can be seen that the position of the slit is on the right side of the spicule

around 60-110 s, near the middle around 160 s, and on the left side around 200-250 s. We

will discuss the relationship between the polarization direction and the spicule structure

in Section 3.4.3.
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Figure 3.5: (Panel a—f) Temporal variation of the SJ images. The black vertical line at

x = 0 1s the slit position. (Panel g) Space—time plot of the SJ images. The horizontal axis
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time of the SJ observation period.
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3.4 Discussion

The positive )/ during the observation period indicates that the 90° scattering by the
anisotropic incident radiation from the solar disk is dominant. The temporal variation ob-
served in the U/ signal can be considered to be due to the temporal variation of magnetic
field vector (i.e., operation of the Hanle effect) and/or the non-axisymmetric properties of

the radiation field. We discuss possible constraints on the magnetic field in the spicules.

3.4.1 Height Variation

Considering the height variation, the polarization signals of )/ and U/I in the lower-
part are smaller than in the upper-part, as shown in Figure 3.3. This can be understood
as the height variation of the spicule density. In the lower-part, because the structure
is dense, the plasma of the spicule is illuminated not only in the vertical but also in the
horizontal direction. Radiation from below produces a +() signal, whereas radiation from
side produces a —() signal. Thus, the net polarization is small. In the upper-part, owing to
the low density of the structures, the plasma of the spicule is mainly illuminated from the
vertical direction (Figure 3.6). Therefore, the height variation in the polarization signal
is caused by the variation in the radiation anisotropy. Consequently, the upper-part of
the spicule is considered to be relatively simple, described by a plasma illuminated from
below. With the motivation to investigate the influence on the corona, we discuss the

magnetic field parameters, particularly in the upper-part of the spicule.
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Figure 3.6: The schematic view of the difference of the illumination directions between

spicule’s upper-part and lower-part.

3.4.2 Magnetic Field Constraint (Axisymmetric Radiation Field)

We first discuss the magnetic field strength that can be considered from the observed
values of the polarization degree when assuming an axisymmetric radiation field; then,
we discuss the effect of the non-axisymmetric radiation field. To consider the effect of
the radiation field, we construct a cone model as shown in Figure 3.7, assuming that
the plasma in the spicule is illuminated from a certain area on the solar surface. We set
the height of the cone as h = 5 arcsec from the surrounding spicule, assuming that the
radiation of the Ly« line is emitted from the top of the surrounding spicule. Assuming
that the Sun is a sphere, the extent to which radiation reaches a point outside that area is
determined by the point of contact between the point and the sphere. The radius of the

bottom of the cone is determined from its point of contact as r,,,, = 100 arcsec.
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Figure 3.7: Cone model of the radiation field. The spicule’s plasma located top (green
circle) illuminated from the base of the cone. The cone height A and radius of the cone

base 7,4, are defined from the geometry of the SJ image.

The parameters of the axisymmetric radiation field are represented using radiation
field tensors, given by the following equations for J§ and JZ (Eq. (5.157) of Landi
Degl’Innocenti & Landolfi 2004).

ay _ -
Jo = %E (€2) (3.2)
s 1 ds2 2, ~
J; = —2\/5%—4W (3cos“ 0 —1) I(Q), (3.3)

where [ (Q) is an intensity, and Q is a solid angle of spicule plasma from base. In these
equations, we assume unpolarized incident radiations. .J§ is the total radiation amount,
whereas J2 is the vertical and horizontal radiation imbalance with respect to Figure 3.7.
We use the average value of the disk-center intensity from the SJ observation as / (Q)
in Equations (3.2)—(3.3), assuming that it is constant regardless of the solid angle. We

calculated the radiation field parameter JZ/JQ as 0.020 in which the anisotropy of the
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radiation field was normalized by .J{. In practice, / is higher than 5 arcsec, as the radiation
is likely to be emitted from a slightly lower height than the surrounding spicules. In that
case, J3/JJ also increases. Therefore, JZ/.J§ is larger than 0.02 under this assumption.
The calculation code provided by Goto et al. (2019) is used to calculate the @)/
and U/ signals in the assumed radiation field without considering the radiative transfer
equation. In this calculation, we used the last scattering approximation that evaluates
polarization, considering multiple scattering by radiation from the disk as single scattering
assuming an axisymmetric radiation field. The magnetic field parameters include the
magnetic field strength B, inclination 6, and azimuth x5, shown in Figure 3.8. The
angle 0p represents the angle from the Z-axis, and g is the angle from the X-axis on the

X-Y plane.

ZA

Figure 3.8: Coordinate of the magnetic field parameters. The Z-axis is normal direction
of the solar surface. The X-axis is line-of-sight direction. The magnetic field vector is
characterized by its strength B, inclination angle 63, and azimuth yg. The Y-Z plane
corresponds the plane-of-sky. The heliocentric angle © (cos © = p) is fixed as 90°, since

it is off-limb observation.
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We calculated the /I and U/ signals using a calculation code based on the value of
J¢/JQ obtained from the assumed cone model. We restricted the inclination and azimuth
of the magnetic field based on the spicule inclination seen in the SJ image, assuming
that the spicule is aligned along a magnetic field line. Because the temporal variation of
the spicule inclination was small, we assumed that it was constant with time. Because
the spicule inclination seen in the SJ image is the plane-of-sky projection (Y-Z plane in
Figure 3.8), we converted the projected inclination 6’5 into the inclination of the magnetic

field 65 using the following relationship.

tan 0

sinygp

tanfp = (3.4)

In addition, the SJ image shows that the magnetic field is inclined in the (—Y, +Z) di-
rection or (+Y, —Z) direction in Figure 3.8. When 0° < 0p < 90°, the range can be
limited to 180° < yp < 360°, and when 90° < 65 < 180°, the range can be limited to
0° < xp < 180°. We cannot identify the difference in the calculation results between the
direction of (=Y, +Z) and (+Y, —Z), owing to the 180° uncertainty (i.e., /I and U/I
do not change when the magnetic field vector is rotated 180° around the line-of-sight). In
the following discussion, we only calculate the direction of (—Y, +Z).

The calculation results are shown in Figure 3.9 as a Hanle diagram, in which the
horizontal axis is U/ and the vertical axis is /. In this calculation, we fixed JZ/J) =
0.020 in each panel. We changed the parameters of ¢’;, and the magnetic field strength B,
assuming that their temporal variations are small.

As shown in Figure 3.9, both the (/I and U/I signals decrease as the magnetic
field strength increases. Similar to the magnetic field, increasing the anisotropy of the
radiation field JZ/J§ increases both the )/ and U/I signals, whereas decreasing the
anisotropy of the radiation field decreases both the ()/I and U/I signals. Assuming that
the oscillation of the spicule is the Alfvén wave, the temporal variation in the polarization

signal is limited in this plot, because the oscillation can be represented by a change in the
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inclination and azimuth.
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Figure 3.9: Calculated result of the Hanle diagram with JZ/.J§
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0.020. The projected

inclination #’; changes from 10°, 20°, and 30° from the left, middle, and right columns,

respectively. The magnetic field strength is fixed as 30 G in the top three panels, 50 G

in the middle three panels, and 100 G in the bottom three panels. The values next to the

symbols in each panel are the values of 63 and y g in degrees.

Figure 3.10 shows the temporal variation of the observed polarization signals in the

upper-part of the spicule in the Hanle diagram. Colors represent the temporal variation

from the start to the end of observation. We try to determine the magnetic field parameters
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to be consistent with this Hanle diagram: the )/I signal is almost constant about +0.5%,

and the U/ signal changes from +0.5% to —0.5%.
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Figure 3.10: Observed polarization signals plotted on the Hanle diagram. The color rep-

resents time evolution from the start (black) to the end (red).

For example, by comparing Figure 3.9 and 3.10, when the magnetic field is 50 G and
0 = 30° (Figure 3.9(f)), the temporal variation of the U/ signal from +0.5% to —0.5%
can be explained by the variation from 65 = 40° and x5 = 223° to f = 50° and x5 =
331°. This angle variation corresponds to a ~ 70° ! change in the magnetic field direction.
However, this is inconsistent with the result of the spicule oscillation obtained by the
spectroscopic observation. Based on the low-frequency oscillation (velocity amplitude:
20 km s~ 1, period: 240 s; Yoshida et al. 2019) found from the spectroscopic observations
and a spicule height of 18 Mm, the possible change in the angle of the spicule (i.e.,
magnetic field direction) is 6° even if it is largely estimated. In addition, the value of
the magnetic field strength of 50 G in the spicule upper-part is larger than expected from

previous studies. Orozco Sudrez et al. (2015) reported that near the active region, the

IThe angle variation from 6#; and x; to 6y and x2 is expressed by
cos ™! [sin 6 sin B + cos 0 cos B2 cos (|x1 — x2|)]-
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magnetic field strength of the lower-part of the spicule is about 80 G but decreases with
height, and the upper-part of the spicule is about 30 G. The magnetic field strength around
the quiet region might be smaller than that of near the active region.

Therefore, further revision of the radiation field model is required. Considering the
time-averaged observation results (Figure 3.1; /I = 0.5% and U/I = 0.0%), it is clear
that a magnetic field strength of 50 G or more is required to explain the observation results
(Figure 3.9(f)). In the modeling of the radiation field around the spicule, we considered
only the thermal radiation from the solar surface, assuming that the thermal radiation of
the spicule was sufficiently smaller than the thermal radiation from the solar surface for
simplicity. The thermal radiation from the off-limb spicule is unpolarized from the ob-
server because radiation in the vertical and horizontal directions are balanced; Jg = 0.
However, the solid angle of the total radiation amount J§ can be regarded as approxi-
mately 27 because the scatterer is located on the spicule. Assuming that the radiation
from the solar surface is contributed by on-disk spicules, the thermal radiation from the
spicule and the solar surface are comparable. In that case, the denominator of JZ/.J§ in
the scatterer becomes 27 larger on the spicule due to the thermal radiation of the spicule.
Because (/I is approximately proportional to JZ/JJ (Trujillo Bueno et al., 2011), it is
expected that re-evaluation of JZ/.J§ in consideration of thermal radiation of spicules will

yield consistent results between observations and calculation results.

3.4.3 Magnetic Field Constraint (Non-Axisymmetric Radiation Field)

We consider the effect of non-axisymmetric radiation field qualitatively. From the SJ ob-
servation (Figure 3.5), the spicule oscillated left to right with respect to the slit position
with an almost constant inclination to the plane-of-sky. Figure 3.5(g) shows the slit lo-
cated on the right side of the spicule in the 50—100 s time range and the slit located on the

left side of the spicule in the 200-250 s time range. The period of this change coincides
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with the temporal variation of U/I in the upper-part of the spicule (Figure 3.3 bottom)
and the polarization direction (Figure 3.4) (i.e., about +-20° in the 50-100 s time range
and about —20° in the 200-250 s time range, with respect to the X-axis).

Assuming that the off-limb spicule in the Ly« line is sufficiently optically thick, when
the slit is located on the right side of the spicule, radiation from the disk does not propa-
gate from the left side; thus, only radiation from the spicule needs to be considered. From
the intensity ratio of the brightness in the SJ image, the radiation of the spicule itself is
sufficiently smaller than the radiation from the disk. Therefore, in this case, the radiation
from the left side becomes weak, and the radiation from the right side becomes strong.
The direction of the scattering polarization is orthogonal to the symmetrical axis of in-
coming radiation field. In this case, the incoming radiation field comes mainly from the
right side, and 4-U is generated. This is consistent with the SJ images and the polarization
direction observed during the 60—110 s time range (left panel of Figure 3.11). Conversely,
when the slit is located on the left side of the spicule, radiation from the right side be-
comes weak, such that radiation from the left side becomes strong. In this case, —U is
generated. This is consistent with the polarization direction observed during the 200-250
s time range (right panel of Figure 3.11). When the slit is located in the middle of the
spicule, radiation comes from the front side. In this case, the radiation from the right and
left sides are equal, and U becomes zero, which is consistent with the polarization direc-
tion observed around 160 s (middle panel of Figure 3.11). From the above discussion,
the temporal variation of U signal is considered as the effect that the observation position

changed with respect to the spicule.
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Figure 3.11: The relationship between the slit, spicule, and polarization direction in time.

If the above discussion is correct, if we could perform a spectropolarimetric obser-
vation in the Ly« line with a slit perpendicular to the spicule, we could observe the po-
larization direction being different on the left and right sides of the spicule structure. To
derive the magnetic field semi-quantitatively, we have to model a non-axisymmetric ra-
diation field. In this case, because only radiation from one side is considered, it can be
approximated as a half cone (0° < x < 180° in Figure 3.7). We have to consider not only

J{ and JZ, but also higher-order parameters, such as J? and .J3.

3.5 Summary and Conclusion

A spicule is a jet-like structure, which is most ubiquitously present in the chromosphere.
As the structure that connects the photosphere and corona, it has been studied from the
consideration of various mechanisms, such as those of spicule formation, energy trans-
portation, and energy dissipation. In this consideration, the magnetic field of the spicule
is the most basic and important physical quantity for its characterization. A few obser-
vational studies have derived the magnetic field of spicules; however, a comprehensive
understanding of this magnetic field has remained elusive.

CLASP is a sounding rocket experiment that has succeeded in obtaining Ly« spec-
tropolarimetric data from spicules for the first time. In this study, we tried to derive the

magnetic field of the spicule using CLASP observational data. First, we found that a 90°
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scattering polarization (i.e., positive ()/I) is dominant in the Ly« off-limb spicule. This
indicates that the radiation mainly comes from below and is symmetric around the spicule
axis in the temporally averaged field. Second, we found the height variation of the polar-
ization signal. The polarization degree is higher in the spicule upper-part (Q/1 = 0.5%)
than in the lower-part (QQ/I = 0.2%). This is understood to be caused by the height
variation in the radiation anisotropy. In the lower-part, because the spicule is dense, the
radiation comes from not only the vertical but also the horizontal directions. Therefore
the net polarization is small. However, in the upper-part, because the radiation comes
from the vertical direction, the polarization is larger than in the lower-part. Third, we
found that the U/ signal varies temporally from +0.5% to —0.5%. This is the first re-
sult that indicates the temporal variation of the polarization signal on a spicule, thanks
to the CLASP high-throughput observations. This variation may be due to the temporal
variations in the radiation field and/or the magnetic field resulting from the Hanle effect.
To distinguish between these effects, we have semi-quantitatively modeled the radiation
field, particularly considering the axisymmetric and non-axisymmetric fields, and com-
pared the observed and calculated polarization signals. Based on the analytical results, we
found that it is difficult to explain the observational results, e.g., the temporal variation
of the polarization signal in the axisymmetric radiation field. In addition, we found that
the period of the plane-of-sky oscillation of the spicule with respect to the slit position
coincided with the temporal variation in the polarization signal. This can be explained
qualitatively because, assuming that the Ly« line spicule is optically thick, the oscillation
of the spicule causes a temporal variation in the non-axisymmetric radiation field at the
slit position. Therefore, to derive the magnetic field of the Ly« line spicule, it is necessary
to evaluate the non-axisymmetric radiation field, considering the spicule dynamics.
CLASP was launched again in April 2019 as the Chromospheric LAyer Spectro-
Polarimeter (CLASP2; Narukage et al. 2016; Song et al. 2018; Yoshida et al. 2018), and
the full Stokes vector (/, 9, U, and V') of the Mg 11 h & k lines near 280 nm was obtained.

The Mg 11 £ line at 279.6 nm is not only sensitive to the Hanle effect, like the Ly« line,
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but also sensitive to the Zeeman effect, which is not affected by the radiation field because
it has a longer wavelength than the Ly« line. In the future, more quantitative magnetic
field derivations will be possible by simultaneously observing multiple spectral lines with

different magnetic field sensitivities.
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Chapter 4

Discussion and Summary

4.1 Energy Flux

This is the first and a very challenging study focused on deriving a magnetic field and
velocity field simultaneously in the ultraviolet wavelength range, which will provide new
insights into the theoretical model and lead to observation by satellites in the future. We
found that spicules have a very dynamic structure and some physical quantities are related
to the derivation of the physical quantities in a complex manner. In addition, this obser-
vation experiment has only obtained data for the very limited time of 5 min. Conversely,
good observational data of 5 min can provide very interesting results. In the future, we
will be able to understand the relationship between multiple physical quantities by con-
ducting studies using long-term observation data from satellite observations and using
multiple spectral lines with different magnetic field sensitivities.

Previous studies have suggested for the mechanism of energy transfer to the corona
to be waves. From CLASP observations, we found high-frequency and low-frequency
oscillations in the chromospheric spicules. In this section, we calculate the energy flux
of the high-frequency and the low-frequency oscillations and discuss the effects on the

corona.
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4.1.1 High-Frequency Oscillation

We have found a high-frequency wave propagating along a spicule from high-resolution
spectroscopic observations of CLASP for the first time. The wavelet analysis revealed
that high-frequency waves with a period of about 30 s propagated upward with a veloc-

ity amplitude of 3 km s~! and a propagation velocity of 470 km s~*

. This propagation
velocity is equal to the Alfvén velocity in the chromosphere (100 km s~!; magnetic field
strength of 10 G, and density of 7 x 10~'* ¢ cm~?). Therefore, this wave can be regarded
as the MHD wave. There are two possible modes of MHD waves: Alfvén wave, which
is incompressible wave, and fast mode, which has compressibility. As the propagation
velocities of these two modes are almost the same in the chromosphere, we did not iden-
tify the modes for the derivation of the energy flux. The solid line in Figure 4.1 shows
the height variation of the velocity amplitude of the observed high-frequency wave. The
uncertainty of the velocity amplitude obtained from the observation is 0.6 km s~*, which

is attributed to the bisector analysis. The dashed line is the height variation of the velocity

amplitude calculated using Equation (1.2) under the following three assumptions.
1. The magnetic field is constant in the height direction.

2. The density of the spicules decreases exponentially in the height direction (Figure

4.2).

3. Energy flux is preserved in the height direction.
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Velocity amplitude [km s™]

Figure 4.1: (Left) The results from the 30 s wave filter (33-50 mHz) with the gray mask
showed no significant oscillation. The white lines and values indicate the phase veloc-
ity. (Right) Observed velocity amplitude (solid line) and calculated velocity amplitude
(dashed line) as a function of height from a photospheric limb. The blue lines are the
blue-shifted component of the left panel, and the red lines are the red-shifted component
of the left panel, each of which is an absolute value. The dashed lines are the height
variation of the velocity amplitude calculated using Equation (1.2), and assuming that the

energy flux is preserved in height, calculated based on the observed propagation velocity
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Figure 4.2: Spicule density as a function of height from photospheric limb. Figure adapted

from Beckers (1968).

It is seen that the height variation between the observation result (solid line) and the
calculation result (dashed line) is equal within the range of the error. Hence, it is seen
that at this height, the energy flux of the wave propagates upward without dissipation.
In contrast, an energy flux of the high-frequency wave (about 3 x 10* erg cm=2 s71) is
smaller than the value required for heating the corona (about 3 x 10 erg cm~2 s~*; With-
broe & Noyes 1977). However, it is conceivable that the velocity amplitude necessary for
deriving the energy flux has been underestimated (see Section 2.4.3), or that the influence
of the displacement between the oscillation direction and the line-of-sight direction has

been underestimated.

4.1.2 Low-Frequency Oscillation

A low-frequency oscillation with a period of about 240 s was found from the Ly« line
spectroscopic data and imaging data of CLASP. Figure 4.3 shows the temporal variation
of the position X,,s of the spicule in the plane-of-sky (pos) and the line-of-sight (los)
velocity Vj,s. In the SJ image, as the slit is located at the center of the spicule, it is

difficult to quantitatively estimate the oscillation of the spicule in the pos, but it can be
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seen that X,,,; and V,s have a phase difference of 90°. As this means that there is no
phase difference between the pos velocity and the los velocity, it can be understood as
a transverse kink mode oscillation. This indicates that this low-frequency oscillation is
also a MHD wave with low compressibility. Further, it can be seen from Equation (4.1)
that the inclination of the oscillation plane 1) with respect to the pos is ¢y = 44°. We
derived this value from the observed los velocity amplitude as V},, = 20 km s~!, the
observed oscillation period as 1" = 240 s, and the observed pos oscillation amplitude as

Xpos = 800 km.

_ ‘/los<t) — Vzos
_ 1 _ 1 Vs
¥ = tan (pros(t)> = tan (Xpos X 27r/T) D

dt
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Figure 4.3: (Left) Temporal variation of the position X,,,; of the spicule upper part in the
plane-of-sky observed by SJ. This panel is as same as panel (g) of Figure 3.5. (Right)
Line-of-sight velocity amplitude V},; as a function of time averaged in the spicule upper

part observed by SP.

As the oscillation period of the low-frequency oscillation is similar to the observa-
tion time of CLASP, the propagation of this oscillation could not be investigated in de-
tail. However, it can be seen from bottom right panel of Figure 2.4 that the phase of the
oscillation (red and blue patterns) is shifted in the height direction. This phase differ-
ence matches that of the high-frequency wave which indicated by white arrows in this
panel. Therefore, it is conceivable that the low-frequency oscillation propagates as a
wave similar to the high-frequency wave. As the propagation velocity is determined
by the density and the magnetic field in the medium and does not depend on the fre-

quency, the propagation velocity of the low-frequency oscillation can be considered to
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be the same as that of the high-frequency wave. The propagation velocity of the trans-
verse kink mode is equal to the Alfvén velocity, if the density of the spicule is sufficiently
higher than the surrounding density. The energy flux of the low-frequency wave can be
obtained from the velocity amplitude as Vj,,/sinty) = 29 km s~! considering the incli-
nation ¢ of the oscillation plane, the propagation velocity (470 km s™1!), and the density
as 6 x 10715 g cm ™3 (18 Mm height from the photosphere; Beckers 1968). The derived
energy flux (about 2 x 10% erg cm™2 s71) is greater than the amount required to heat the
quiet corona (3 x 10° erg cm~2 s~!; Withbroe & Noyes 1977).

The low-frequency wave is considered to originate from photospheric convection, be-
cause its oscillation period corresponds to the time scale of convective motion in the
photosphere (Zaqgarashvili & Erdélyi, 2009). In this case, as the low-frequency wave is
generated regardless of the existence of the spicule, it is considered that the low-frequency
wave can constantly contribute to the heating of the corona in various regions. In a region
without a spicule, the density decreases but the velocity amplitude and the propagation
velocity increase accordingly. Therefore, it is considered that a similar amount of energy
can be transported in the chromosphere, regardless of the non-uniformity of the density.
These observations have revealed the energy propagation process of waves in the chro-
mosphere in detail. To investigate the contribution of this wave to the coronal heating
in detail, it is necessary to examine the wave propagating in the corona in detail. In the
corona, as the density is smaller than in the chromosphere, it is estimated that the wave
propagation is observed as a value larger than the propagation velocity and the velocity
amplitude value observed in the chromosphere this time.

Tomczyk et al. (2007) performed spectroscopic observations of the corona using a
ground-based telescope and found wave propagation along a coronal loop. They re-
ported that the wave propagates at a velocity of 2000 km s~! and a velocity amplitude of
0.3 km s~!. The propagation velocity is greater than the value in the chromosphere, but
the velocity amplitude is two orders of magnitude smaller than the value in the chromo-

sphere. Furthermore, it has been reported that the energy flux (10 erg cm =2 s~1) obtained
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from these values is insufficient for heating the corona assuming the coronal density. In
this observation, it is considered that the velocity amplitude was underestimated due to
multiple velocity components overlapping in the line-of-sight (for details, see Chapter
2.4.1). Thus, sufficient wave energy flux has not been found in the corona. To understand
the coronal heating mechanism, it is necessary to observe the chromosphere and corona
simultaneously with high spatial resolution to investigate the propagation process of the

low-frequency waves in more detail.

4.2 Future Prospects

g
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7 — Heating (?)

Corona
Contribution to the coronal heating

Low-frequency wave -> Strong
High-frequency wave -> Weak

Wave propagation
along a field line
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Convective motion

Figure 4.4: Summary of our findings and the remaining unknowns marked with question

mark.
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We summarize in Figure 4.4 what we did and did not find. From this study, the propaga-
tion process of the magnetic wave in the chromosphere was clarified more quantitatively
than previous studies. However, to investigate their influence on the corona, it is necessary
to seamlessly observe from the chromosphere to the corona and quantitatively evaluate the
energy flux and energy dissipation of magnetic waves in the corona.

Solar-C_EUVST is the next solar observation satellite scheduled to be launched in
early 2026, and will perform spectral observations of the chromosphere and corona simul-
taneously with high spatial and temporal resolution using multiple spectral lines sensitive
to various temperatures. As a result, the energy flux and dissipative process of waves
propagating from the chromosphere to the corona will be observed, and it is expected
that the coronal heating mechanism can be investigated in detail. In particular, the Ly«
line, whose usefulness was fully demonstrated by this observation, is the brightest among
the spectral lines that Solar-C_EUVST will observe. Therefore, this analysis method and
analysis result will be important for future research.

Furthermore, from the viewpoint of quantitatively deriving the energy flux propagat-
ing in the chromosphere, it is necessary to derive the magnetic field in the chromosphere.
From analyzing the CLASP spectro-polarimetric data, it was found that the derivation of
the magnetic field using the Ly« line requires modeling of the radiation field and con-
sidering non-axial symmetry. The Chromospheric LAyer Spectro-Polarimeter (CLASP2;
Narukage et al. 2016; Song et al. 2018; Yoshida et al. 2018) is the second flight of CLASP
and was launched on April 11, 2019 (Figure 4.5). In CLASP2, we conducted complete
Stokes-vector (I, ), U, and V') spectro-polarimetric observations in the Mg 11 h & k
lines near 280 nm with the SP, while imaging observations in the Ly« line conducted
with the SJ. In particular, the Mg 11 £ line at 279.6 nm is sensitive to weaker magnetic
fields than Lya. In addition to the Hanle effect, the circular polarization induced by the
Zeeman effect is measurable in Mg 11 i (280.4 nm) & k lines by sampling strong-field
regions (Belluzzi & Trujillo Bueno, 2012; del Pino Aleman et al., 2016; Alsina Ballester

et al., 2016). It may possible to detect foot-points of the spicule magnetic fields, as it is

85



important to understand the spicule formation and wave generation.

I participated in the CLASP2 project from the planning stage, and led the measure-
ment of various optical elements, optical alignment of the telescopes (Yoshida et al.,
2018), and evaluation of stray light. We have confirmed that the CLASP2 instrument
has achieved the performance that meets the design requirements before and after the
launch. Nearly all the calibrations have been completed, and the scientific results will be
released soon. I have not started to analyze the scientific data yet, but it appears that the
Stokes V' signal caused by the Zeeman effect is likely to be obtained in the Mg II £ lines;

hence, we await more interesting results than that of CLASP.

Figure 4.5: CLASP2 launch. Credit: US Army Photo, White Sands Missile Range.
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Appendix A

Appendix

A.1 Wavelet Analysis with Different Thresholds

Figure A.1 shows the wavelet analysis with different thresholds. Similar as the results of
the 30% threshold (a and b), the oscillations of frequency 33—-50 mHz are prominent in the
time range of 0-100 s (c and e), and the oscillations of 19-27 mHz exist with a relatively
longer duration than that of the oscillations of 33—50 mHz (d and f). The differences of
the maximum wavelet power 9 (km s™1)? in 30%, 14 (km s7')? in 40%, and 9 (km s~1)?

in 50% thresholds are consistent with the error of Doppler velocity ~ 0.6 km s~
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(a) 30% threshold, Height= 16.7 arcsec (b) 30% threshold, Height= 10.0 arcsec
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Figure A.1: The results of wavelet analysis and curves of Doppler velocity with a different
thresholds of the bisector analysis and height. Top (a and b), middle (¢ and d), and bottom
(e and f) panels correspond to a results of 30%, 40%, and 50% threshold, respectively.
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