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The dynamics in the solar photosphere are governed by thermally driven convection.
This produces cellular patterns termed granules that are observed in visible-light
continuum images. The granules with hot rising flows are surrounded by darker and
cooler intergranular lanes. Granules repeat birth and death in a finite lifetime,
highlighting their dynamic nature. These dynamics of granulation inherently create
small-scale flow structures that are smaller than the typical size of granules. These
small-scale flows interact with magnetic fields and can produce the Poynting flux
upward. This in turn can drive various phenomena, such as explosions, jets, and
heating, in the upper atmosphere, chromosphere, and corona. Because of the high
plasma- f condition in the solar photosphere, the magnetic flux is concentrated in
regions smaller than the granular scale. Then the interaction between the magnetic
field and gas motion occurs on such small scales. Therefore, it is important to evaluate
not only the magnetic fields but also the 3-dimensional velocity fields on scales smaller
than the granules in the solar photosphere.

We can obtain the line-of-sight (LOS) component of the flow velocities by a
spectroscopic observation via the Doppler effect. Conversely, to date, there are no direct
methods for observing the components perpendicular to the LOS. These components
correspond to the horizontal velocity on the solar surface in disk center observations.
The most commonly used method for estimating the horizontal velocity field is local
correlation tracking (LCT). Although the LCT technique can evaluate the horizontal
velocity with good accuracy on a larger scale, its accuracy on a scale smaller than
granules is limited. In Chapter 2, we developed a convolutional neural network model
with a multi-scale deep learning architecture. The method consists of multiple
convolutional kernels with wvarious sizes of receptive fields. Furthermore, we
introduced a novel coherence spectrum to assess the horizontal velocity fields that were
derived at each spatial scale. The multi-scale deep learning method successfully
predicts the horizontal velocities for each convection simulation in terms of the global-
correlation-coefficient, which is often used for evaluating the prediction accuracy of the
methods. The coherence spectrum reveals the strong dependence of the correlation
coefficients on the spatial scales. Although the coherence spectra are higher than 0.9
for large-scale structures, they drastically decrease to less than 0.3 for small-scale
structures wherein the global-correlation-coefficient indicates a high value of

approximately 0.95. By comparing the results of the three convection simulations, we



determined that this decrease in the coherence spectra occurs around the energy
injection scales, which are characterized by the peak in the power spectra of the
vertical velocities.

Spectral line profiles have information of the LOS velocity on scales smaller than the
spatial resolution. In Chapter 3, we perform bisector analysis using spectral line
profiles of the Fe I 6301.5 A line obtained with the spectropolarimeter of the solar
optical telescope (SOT) onboard the Hinode satellite and study how both the spectral
line widths and the bisector velocities are related with the granulation. We confirm
that the LOS gradient of Doppler velocity causes the spectral line broadening, and
there exist two types of velocity gradients: faster downward and upward flows in the
lower photosphere. The former ones are preferentially seen in the intergranular
downflow lanes, and some of them are associated with a strong concentration of
magnetic fields. The later ones, on the other hand, have no clear correlation with
magnetic fields. We estimate the average turbulent velocity at about 0.9 km/s by
discriminating the contributions of the LOS velocity gradient and the turbulent velocity.
We examine the temporal evolution of the line widths and velocity gradients related to
the granulation, and we confirm that the velocity gradient with faster upward flows
develops in the fading granules. The spectral line sometimes becomes so wide that the
increase of the line widths cannot be explained only by the velocity gradients, and we
interpret it as the broadening induced by the photospheric turbulent motions.

There are multiple possibilities, such as temperature and velocity gradients, in
addition to the micro-turbulence to cause the line broadening. It is difficult to
investigate the mechanism of the line broadening only by the bisector analysis. In
Chapter 4, we conduct spectral line inversion, which enables us to infer the height
dependence of the temperature and the Doppler velocity by fitting the observed spectra
by calculating radiative transfer. We find two possible scenarios to explain the observed
spectral line broadening in fading granules: one is microturbulence of about 1 km/s and
the other is large gradients of Doppler velocity along the LOS. Although the height
profile of temperature and vertical velocity estimated with and without
microturbulence are largely different in fading granules, it is difficult to distinguish
them only with the two neutral iron lines observed with SOT. We also analyze the
spectral line profiles synthesized with 3D MHD simulation data. Spectral line
broadening in fading granules is also seen in the synthesized line profiles. We find that
this line broadening is caused by the turbulent flows in the lower photosphere
associated with the fading process of a granule. The turbulent motions are driven by
the shear flow structures located at the boundary between the granule and

intergranular lanes.
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