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ABSTRACT

In the quiet region of the solar photosphere, turbulent convective motions of the granular flows nat-

urally drive the subgranular-scale flows. However, evaluating such small-scale velocities is challenging

because of the limited instrumental resolution. Our previous study, Ishikawa et al. (2020), found line

broadening events during fading process of granules; however, their physical mechanism has remained

unclear. In the present study, we observed the fading granules with the Hinode-SOT/SP and performed

spectral line inversions. Moreover, we investigated broadening events of synthesized spectra in fading

granules reproduced by the MURaM simulation. Our results demonstrated that the small-scale turbu-

lent motions are excited in the fading process and such turbulent flows contribute to line broadening.

The spectral line widths can be potential tracers of the photospheric turbulent flows.

Keywords: Solar granulation — Solar photosphere — Spectropolarimetry

1. INTRODUCTION

The quiet region of the solar photosphere is covered

by numerous cellular patterns, termed granules. The

granular motions are so turbulent that the granulation

exhibits various dynamics such as birth, death, merger,

and fragmentation (Hirzberger et al. 1999; Lemmerer
et al. 2017). The turbulent nature of granulation is also

represented by the broad feature in the power spectra

of kinetic energy (Rieutord et al. 2010; Katsukawa &

Orozco Suárez 2012) as well as by the power-law compo-

nent of the probability density function of size of gran-

ules (Abramenko et al. 2012). The turbulent nature

inherently drives the subgranular-scale flows via a cas-

cading process resulting from the energy injection at the

granular scale. Such subgranular-scale flows are critical

in creating small-scale magnetic structures through a

local dynamo mechanism, and more than half of the to-

tal magnetic energy is assumed to be hidden on spatial

scales smaller than 100 km (Rempel 2014). This spatial

scale has remained difficult to resolve.

The microturbulence velocity is one of the ways to

describe the unresolved velocity fields. The microtur-

bulence term was originally introduced to explain the

large equivalent widths that were unexplainable only

with thermal broadening. Although some inversions use

the microturbulence term, the physical mechanism that

produces such excess broadening is still unclear.

The extent of the microturbulence term necessary for

explaining the photospheric line profiles observed with a

high spatial resolution, which are associated with uncer-

tainties in small-scale velocities, remains unclear. Socas-

Navarro (2011) assumed that the small-scale velocity

corresponding to the microturbulence term is so small

that the spectral line profiles observed with Hinode-SOT

can be explained without microturbulence. Bellot Ru-

bio & Beck (2005) and Quintero Noda et al. (2014) also

explain the photospheric spectra obtained with Hinode-

SOT without the microturbulence term, which demon-

strates that the small-scale velocity field is much smaller

than the thermal velocity
√

2kBT/m = 1.3 km/s at

T = 6000 K. Some other studies, however, observed that

the microturbulence term was necessary in the photo-

sphere (López Ariste et al. 2007; Buehler et al. 2015;

Guglielmino et al. 2020). Buehler et al. (2015) esti-

mated the average microturbulent velocities of 3.1 km/s

at log τ = 0 and 0.8 km/s at log τ = −0.9 by perform-
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2 Ishikawa et al.

ing a spectral line inversion with a deconvolution tech-

nique that reduced the effect of the spatial resolution

of Hinode-SOT. These values were comparable to the

root-mean-square velocity related to granulation of ap-

proximately 1.1 km/s (Oba et al. 2017). This implies

that the velocity fields on small scales are comparable

to those on granular scales.

Small-scale variations in LOS velocity are measured

by analyzing the spectral line broadening as mentioned

above. The spatial distributions of the FWHM of photo-

spheric spectra are observed to be larger in intergranular

lanes than in the granules using observations barely re-

solving the granulation scale (Holweger & Kneer 1989;

Nesis et al. 1992). Nesis et al. (1992) stated that line

broadening is related to turbulent motions caused by

shocks driven by supersonic flows in granulation. How-

ever, Solanki et al. (1996) and Gadun et al. (1997)

performed 2-dimensional hydrodynamic numerical sim-

ulations and calculated the photospheric spectral line

widths. They concluded that LOS gradients of LOS

velocities related to granulation can cause spectral line

broadening and excess line broadening in intergranular

lanes can be explained using the strong gradient of ver-

tical velocities. In addition, Solanki et al. (1996) and re-

cent numerical simulation by Vitas et al. (2011) demon-

strated that the supersonic motions are preferentially

seen as horizontal flows, which implied that line broad-

ening relevant to shocks can be observed only in a limb

observation (Bellot Rubio 2009).

Ishikawa et al. (2020) found that the excessive spectral

line broadening appeared in spatially localized regions

with the Hinode-SOT/SP. Some of them were associ-

ated with the fading process of granules. Velocity dif-

ference between the upper and lower photosphere was

enhanced in the fading phase of granules and simultane-

ous line broadening was also observed. They concluded

that these line broadenings cannot be explained only by

the Doppler velocity gradient obtained with the bisec-

tor analysis due to the small-scale fluctuations of LOS

velocity in fading granules.

There is a limitation to estimating the Doppler veloc-

ity gradient using the bisector analysis. The Hinode-

SOT/SP observed two neutral iron lines 6301.5 Å and

6302.5 Å. The bisector analyses only analyzed the 6301.5

Å line and used the two bisector velocities to calculate

the velocity difference between the lower and upper pho-

tosphere, providing an approximate estimation of veloc-

ity gradient along the LOS. To examine the origin of the

line broadening quantitively, the contributions of tem-

perature and velocity by the LOS gradients to the line

broadening should be evaluated by analyzing the en-

tire profiles of the spectra based on the radiative trans-

Table 1. Number of nodes for the inversions

Without microturbulence With microturbulence

Temperature 5 5

Doppler Vel. 5 5

microturbulence 0 1

Nn 10 11

fer. Therefore, spectral line inversions were performed

to determine the detailed atmospheric structures in the

granulation. Moreover, we analyzed MHD simulation

data and synthesized spectra to reveal the photospheric

dynamics that caused the spectral line broadenings.

2. OBSERVATION AND METHOD

2.1. Observation

We observed the quiet region near the disk center with

a spectropolarimeter (SP; Lites et al. 2013) of the So-

lar Optical Telescope (Tsuneta et al. 2008) aboard the

Hinode spacecraft (Kosugi et al. 2007). SOT achieves

a spatial resolution of 0.3 arcsec (corresponding to 200

km on the solar surface) owing to the diffraction-limited

performance at 6300 Å.

We analyzed the dynamic mode data obtained on

November 8, 2018. This dataset was used in Ishikawa

et al. (2020). In this observation, SOT repeats 15-

position raster scans, covering 2′′.3 × 82′′ field-of-view

(FOV), with a time cadence of 17.8 s. The plate scale

of a pixel is 0′′.15×0′′.16 = 0.11Mm×0.12Mm. The slit

is directed in the North-South direction and the scan

direction in East-West. The average root-mean-square

fluctuation of the continuum intensity σI of 1.0% is an

expected photometric error from the data, which was

evaluated in the wavelength range from 6301.83 Å to

6302.17 Å, where the continuum spectra between the

two iron lines was observed.

2.2. Observational Parameters

We obtained some observational parameters to quanti-

tatively capture the features of the observed spectral line

shapes (see Table 2 of Ishikawa et al. 2020). We focused

on four parameters such as the continuum intensity

(Icont), the FWHM, the velocity difference (∆v), and the

equivalent width. The velocity difference are derived by

th bisector analysis and is defined by ∆v = v0.05 − v0.7,

where v0.05 and v0.7 are the bisector velocities at the

normalized intensities of 0.05 and 0.7. We can evalu-

ate the asymmetric shape of the observed spectral line

profile with ∆v which should be caused by the Doppler

velocity variation along the LOS.
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2.3. Spectral Line Inversion

We perform spectral line inversion using the SIR code

(Stokes Inversion based on Response function; Ruiz

Cobo & del Toro Iniesta 1992). SIR code can fit the

observed spectra with a 1-dimensional atmosphere. Re-

sponse function Rξ is based on a first-order perturba-

tive analysis of the radiative transfer equation for polar-

ized light (Landi Degl’Innocenti & Landi Degl’Innocenti

1985; Sanchez Almeida 1992) and is defined as

δI(λ) =

∫ ∞

0

Rξ(λ, τ)δξ(τ)dτ, (1)

where δξ(τ), τ , and I are perturbation of a phys-

ical quantity, optical depth at 5000 Å, and Stokes

profiles normalized with the average continuum in-

tensity, respectively (Landi Degl’Innocenti & Landi

Degl’Innocenti 1977). The response function represents

the linear relationship between the perturbation and

corresponding small change in the emergent Stokes spec-

tra I(λ). The continuum intensity reflects the temper-

ature at approximately log τ = 0, and both Fe I 6301.5

Å and 6302.5 Å lines have a sensitivity to the temper-

ature from log τ = 0 to log τ = −3. The lines are also

sensitive to the Doppler velocity and microturbulence at

approximately log τ = −1.

To investigate the small-scale turbulent motions, we

inverted the observed line profiles both with and without

microturbulence and compared the results. The number

of nodes of the inversions is listed in Table 1. The optical

depths at which perturbations are sought are determined

only by the number of nodes, which are logarithmically

equally spaced. In this study, we considered the atmo-

sphere from log τ = 1.0 to log τ = −3.8, putting the

nodes at log τ = 1.0,−0.2,−1.4,−2.6,−3.8 for the tem-

perature and Doppler velocity. After the perturbations

were introduced to the parameters at each node, they

were interpolated with cubic-spline functions. In the

inversion without microturbulence, the microturbulence

term is fixed with 0 km/s, while it is a free parameter

but assumed to be constant along the LOS in the inver-

sion with microturbulence. The line-spread-function of

the Hinode-SOT/SP (Lites et al. 2013) is considered.

The inversion was done only for the Stokes I spectra

and the magnetic field strength was assumed to be zero,

because the concerned region has small total polariza-

tion Ptot < 1.6% that was evaluated using the sp_prep

routine (Lites & Ichimoto 2013). Goodness of the fitting

was evaluated with a reduced χ2 defined as

χ2 ≡ 1

Nλ −Nn

Nλ∑
λi=1

∣∣∣∣Iobs(λi)− Ifit(λi)

IcσI

∣∣∣∣2 . (2)

Here Nλ, Nn, and σI indicate the number of pixels for

the wavelength, number of free parameters, and photo-

metric error of the observed spectra, respectively.

The SIR code performs the Levenberg-Marquardt al-

gorithm to determine the solution that minimizes the

χ2 by calculating the derivative of χ2 with the re-

sponse function. However, it still has a dependence

of the inversion results on the initial parameters and

the solution is trapped in a local mininum. To avoid

such dependence, we inverted each spectrum 2500 times

with random initial guesses and adopted the inver-

sion result, which achieved the minimum χ2. The

initial values of temperature ranged between ±1500

K from the Harvard-Smithsonian reference atmosphere

(HSRA;Gingerich et al. 1971) at each node, that of

Doppler velocity ranged from -2 km/s to 2 km/s at each

node, and those of microturbulence from 0 km/s to 2

km/s.

3. RESULTS

To investigate the line broadening mechanism related

to the granulation, we analyzed two fading granules ob-

served in the dynamic mode data. Observed spectra in

both fading granules had wide spectral line profiles and

small Ptot < 1.6%. Owing to the small polarization, the

line broadening of these spectra is unlikely to be a result

of the Zeeman effect.

Figure 1 shows the first case we analyzed (here-

after sample 1), which was the same event analyzed by

Ishikawa et al. (2020). The top four rows show the tem-

poral evolutions of the bisector parameters during the

fading process of the granule: normalized continuum in-

tensity (Ic), spectral line widths (FWHM), bisector ve-

locity difference between upper and lower photosphere

(∆v), and the equivalent width (EW) of Fe I 6301.5 Å

line defined in Ishikawa et al. (2020). Line broadening

was seen at around (x, y) = (0.6, 1.1) Mm. The Fe I

6301.5 Å line profile at this pixel had FWHM of 192

mÅ, ∆v of 1.56 km/s and EW of 155 mÅ, which are

largely different from the values appear in other pixels.

These temporal evolutions of the observational parame-

ters show a sporadic change in the spectral line profile,

which suggests small-scale dynamics in the photosphere.

Lower panels in Figure 1 showed the inversion results

for the center of the fading granule at (x, y) = (0.6, 1.1)

Mm at t = 231 s. Both the inversions with and without

microturbulence successfully reproduced the observed

spectral line profiles with χ2 of 1.34 with microturbu-

lence and 1.42 without microturbulence. However, the

estimated atmospheres were completely different. The

inversion with microturbulence obtained an atmosphere

with the microturbulent velocity of 1.3 km/s, while that
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without the microturbulence required large gradients of

temperature and Doppler velocity for reproducing the

wide spectral line width. The inverted profiles of tem-

perature are also different. In the absence of a micro-

turbulent term the line broadening is fitted by a strong

rise of temperature in higher layers.

Another line broadening event (sample 2) associated

with a fading granule is shown in Figure 2 detected in

the dynamic mode data. Also in this event, both the

inversion scenarios can reproduce the observed spectra,

estimating largely different atmospheric structures. The

inversion with microturbulence obtains the atmosphere

with microturbulent velocity of about 0.9 km/s, while

the result without microturbulence requires large gradi-

ents of temperature and Doppler velocity to reproduce

the wide spectral line width.

Figure 3 shows the spatial distributions of inversion

results around a fading granule of sample 2. The stan-

dard deviation of Doppler velocity was calculated from

log τ = −0.5 to −2.5. This standard deviation repre-

sents the velocity gradient on large scales because the

small-scale velocity variation cannot be detected due to

the interval of the locations of nodes of ∆(log τ) = 1.2

in the inversion.

The spatial distribution of inversion results were not

smooth. This was because the broad spectra were ob-

served in a local region, which was indicative of small-

scale variations of physical quantities. In addition, the

χ2 values fitted with and without microturbulence were

similar to each other, and even with microturbulence,

the inversion sometimes adopts the large-gradient sce-

nario to explain the line broadening with a small micro-

turbulence.

Figure 4 shows the scatter plot of the FWHM and in-

ferred microturbulent velocities in the regions near fad-

ing granules of sample 1 and 2. Color denotes the stan-

dard deviation of Doppler velocity at each pixel inferred

by the inversion without microturbulence. We empha-

sized that these standard deviations indicated the veloc-

ity gradient on scales larger than ∆(log τ) ≳ 1.2 that is

the interval of the locations of the nodes. On the other

hand, the microturbulence term stands for velocity vari-

ations on scales smaller than ∆(log τ) ≲ 1.2. Although

there is a large scatter, the microturbulence velocities of

approximately 1 km/s are estimated from the wide spec-

tra with FWHM larger than 165.8 mÅ. The large vari-

ation in Doppler velocity along the LOS is required to

reproduce such wide spectral line profiles without micto-

turbulence. The average standard deviation of Doppler

velocity with FWHM from 141.5 mÅ to 157.7 mÅ is 1.3

km/s, while that with FWHM larger than 165.8 mÅ is

3.2 km/s. Notably, the average FWHM obtained with

the entire FOV of the normal map data was 150 mÅ. The

inversion was performed in local regions in the vicinity

of fading granules, preferentially showing larger FWHM

than average. These results demonstrate that the varia-

tion in Doppler velocity along the LOS can explain the

spectral line broadening without the microturbulence.

In the inversion with microturbulence, some results have

small microturbulence velocity for large FWHM. These

results also explain the large FWHM by including the

variation in Doppler velocity along the LOS. Therefore,

the two scenarios cannot be distinguished only with the

two neutral iron lines observed with Hinode-SOT/SP.

The inverted microturbulence velocities have a bi-

modal distribution: first is the solution with microtur-

bulence larger than 0.2 km/s and other is the solution

with microturbulence near zero as shown in the bottom

panel in Figure 4. Only a few pixels have microturbu-

lence of approximately 0.1 km/s.

4. DISCUSSION OF THE INVERSION RESULTS

Our results show the difficulty in estimating the height

variation of Doppler velocities from wide spectral line

profiles of the two neutral iron lines observed by Hinode-

SOT/SP. One of the causes of the difficulty is the limited

range of the formation height of the lines. Both the lines

are sensitive to Doppler velocities in the middle photo-

sphere (at around log τ = −1) and had low sensitivity

to those in other layers. Multi-line observation and si-

multaneous inversion can be a powerful way to resolve

this problem. For example, the neutral iron line at 1.56

µm that is formed in the bottom photosphere may have

a strong capability to constrain the velocity profiles.

Another issue is possibly associated with the defini-

tion of the microturbulence term. The LOS velocity

and the microturbulence term are formulated as sepa-

rate terms. In terms of the hydrodynamics, however,

their difference is just at a spatial scale and they are

seamlessly connected. If there are velocity variations

on scales smaller than the finite width of the response

function, the spectral line profile and the bisector analy-

sis cannot resolve them and the velocity variations may

play a similar role as the microturbulence term. The de-

generacy between the LOS velocity and microturbulence

term usually occurs in the turbulent convection.

We also tried another inversion with only 2 nodes for

LOS velocity without the microturbulence term (Ap-

pendix A). The reduced χ2 value is 4.47 which is larger

than the results with 5 velocity nodes and the deviation

is large not only near the line wing but also near the

line center. This implies that the small-scale velocity

variation along the LOS direction, which cannot be rep-

resented by such a large-scale velocity gradient, exists in

the photosphere, although we cannot rule out the effect
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Figure 1. The temporal evolution of a fading granule. Upper three rows show the temporal evolutions of continuum intensity,
FWHM of Fe I 6301.5 Å line, the velocity difference ∆v, and the equivalent width of Fe I 6301.5 Å line from top to bottom.
The observed spectrum and inversion results at (x,y)=(0.6, 1.1) Mm at t=231 s are also shown. The observed Fe I 6301.5 Å
spectrum has FWHM of 192 mÅ and ∆v of 1.56 km/s. Bottom left panels show inversion results with microturbulence, inferring
the microturbulence of 1.3 km/s. Bottom right panels show results without microturbulence. The reduced χ2 values are 1.34
with microturbulence and 1.42 without microturbulence.
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Figure 3. The spatial distributions of inverted physical quantities of sample 2 (indicated by the magenta boxes in Figure 2)
with and without microturbulence at t = 445 s and 463 s when large FWHM is observed. For the inversion results, temperature
at log τ = −1, microturbulence velocity, standard deviation of LOS velocity in −2.5 ≤ log τ ≤ −0.5, and the reduced χ2 are
displayed. The FOV of each image is 1 Mm × 1 Mm.

of the approximate treatment of the collisional broad-

ening in the line wing. The LOS velocity at approxi-

mately log τ = −1 can be well determined by the Fe I

6301.5 Å and 6302.5 Å lines, while the LOS velocities

at other heights are less constrained. Multi-line obser-

vations may improve the inversion due to the different

response functions of the lines.

The Doppler width of spectral line is written as

σ =

√
2kBT

m
+ v2t . (3)

A large FWHM of a spectral line can be explained using

a high temperature without any microturbulence term.

However, the spectral lines observed in fading granules

have large equivalent widths. As the equivalent width

has a strong sensitivity to temperature, the low tem-

perature in the middle photosphere can cause a large

equivalent width (del Toro Iniesta 2003). Therefore,

explaining both the large FWHM and large equivalent

width simultaneously only using the temperature is im-

possible. The microturbulence term can simultaneously

reproduce both the large FWHM and large equivalent

width. The microturbulence term can simultaneously

enlarge both the FWHM and equivalent width. The

LOS gradient of Doppler velocity can contribute to re-

produce the asymmetric profiles of spectral lines.

5. COMPARISON WITH SIMULATION

5.1. Numerical Simulation

To interpret the inversion result, we check the atmo-

sphere simulated by MURaM code (Vögler et al. 2005).

In the code, the radiative energy exchange was solved

via a non-gray radiative transfer assuming a local ther-

mal equilibrium (LTE) that reproduced realistic granu-

lar scale flows in the photosphere. The grid size was 10.4

km × 10.4 × 14 km, covering 6 Mm × 6 Mm × 1.4 Mm

(Riethmüller et al. 2014). A unipolar homogeneous ver-

tical magnetic field of Bz = 30 G was introduced as an

initial condition. The simulation used a fully-developed

hydro-dynamical simulation as the initial condition and

additional calculation for 3 h of solar time was sufficient

to reach a statistically stationary state. The temporal

cadence of the data cube is 35 s. The emergent spectral

line profiles of Fe I 6301.5 Å and 6302.5 Å are synthe-

sized with the SIR code (Ruiz Cobo & del Toro Iniesta

1994) that calculates a LTE radiative transfer with the

line-spread function of the Hinode-SOT/SP (Lites et al.

2013).

5.2. Evaluation of turbulent velocity

To quantify the small-scale velocity fields that cannot

be resolved by the Hinode-SOT/SP, we define two veloc-

ity variances using the PSF of the Hinode-SOT/SP and

response function for the FWHM. The response function

for the FWHM associated with the velocity perturba-

tions R
FWHM

v for Fe I 6301.5 Å line is calculated at each

grid using the generalized response function (Ruiz Cobo

& del Toro Iniesta 1994; del Toro Iniesta 2003).

The generalized response function for the FWHM as-

sociated with velocity perturbations is obtained with a

linear combination of response function at four wave-

length positions around the bisector level of 50% as

the FWHM is calculated by the linear interpolation of

songyongliang
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Figure 4. Scatter plot of FWHM and the inverted microturbulent velocity of the local regions around fading granules. The
color shows the standard deviation of the Doppler velocity at each pixel inferred by the inversion without microturbulence.
The horizontal solid line shows the average FWHM measured in the data. The horizontal dashed and dotted lines indicate the
FWHM ±1σ and ±2σ, respectively. The histogram of the FWHM in the two regions inverted is also shown in the right panel,
emphasizing that most of the inverted spectra have large FWHM as broad spectral line profiles are observed around fading
granules. Bottom panel shows the histogram of inferred microturbulence velocity.

intensities at these four points (Ishikawa et al. 2020).

Hence, we get a simple equation in the same manner

that González Manrique et al. (2020) used for the bisec-

tor velocities:

R
FWHM

v (τ) =
∑
i

αiRv(λi, τ), (4)

where the four coefficients αi for i ∈ {−2,−1, 1, 2} are

defined as

αi = sgn(i)
(λi − λj)(Ij − IHM)

(Ii − Ij)2
, (5)

where j = sgn(i)
{
|i|+ (−1)|i|+1

}
and sgn(i) is the

signum function. Here, IHM represents the intensity at

the bisector level of 50% where the FWHM is measured.

Since the coefficients satisfy α1 = α−1 and α2 = α−2

and the response function Rv has an anti-symmetric pro-

file (Rv(λ−δλ, τ) = −Rv(λ+δλ, τ)), the response func-

tion of FWHM (RFWHM
v ) is always zero for a model

atmosphere such as HSRA that does not include any

LOS velocity variation along the LOS. The Doppler ve-

locity term, rather than the microturbulence term, can

enlarge the FWHM by the higher-order effect. The small
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Figure 5. Temporal evolution of a fading granule observed in the MURaM simulation data. The horizontal distributions of
continuum intensity and vertical velocity at z=112 km (994 km height from the bottom boundary) are shown in upper rows.
The vertical cuts at x=4.0 Mm (indicated by the green dashed lines) of vertical velocity and the x−component of vorticity are
shown in bottom rows. The black solid lines represent the iso-τ surfaces of log τ = 0.

amplitude perturbation of the LOS velocity profile only

causes a small shift or asymmetry in the spectral line

profile and does not lead to line broadening. In the

actual solar atmosphere, the velocity perturbations do

not always have small amplitudes so that the response

function RFWHM
v can have a non-zero value.

The response function R
FWHM

v describes how the LOS

velocity over entire atmosphere affects the FWHM. The

vertical average of vertical velocity of each grid is defined

as

uz =

∫
uz|R

FWHM

v |dτ∫
|RFWHM

v |dτ
. (6)

and the horizontal average of uz is defined as the con-

volution with the PSF, P :

⟨uz⟩ = uz ∗ P. (7)

The variances of vertical velocities on the LOS and hor-

izontal direction are then calculated as

ξ2|| = 2
〈
(uz − uz)2

〉
, (8)

ξ2⊥ = 2
〈
(uz − ⟨uz⟩)2

〉
. (9)

These definitions are similar to those of Steffen et al.

(2013) who investigated stellar spectra (observed as a

point source), but considered the PSF of the spatially

resolving observation and response function of 6301.5 Å

line. The LOS variance ξ2|| is defined as the variance

of the vertical velocity along the LOS direction, aver-

aging over the PSF, and the horizontal variance ξ2⊥ is

the variance of the average vertical velocities within the

PSF.

Qualitatively, ξ|| corresponds to the microturbulence
term while ξ⊥ corresponds to the macroturbulence term.

Here ξ|| indicates the velocity variance along the LOS di-

rection on scales either smaller or similar to the height

range where the response function exhibits some sensi-

tivity, averaged over the horizontal scale of PSF. How-

ever, ξ⊥ shows the velocity variance along the horizontal

direction on scales smaller than the PSF.

5.3. Fading granule in the MHD simulation

Figures 5 and 6 show an example of a fading granule

observed in the simulation. In this fading granule, the

decrease of the continuum intensity and change in the

vertical velocity upward to downward are observed (Fig-

ure 5) and related broad line widths of approximately

180 mÅ are reproduced (Figure 6). The line broadening

appears within the spatial scale of 500 km and lasts for

about 100 s. The velocity difference ∆v also increases
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Figure 6. The horizontal distributions of FWHM and ∆v with PSF convolution and the velocity variances ξ|| and ξ⊥ calculated
for the Fe I 6301.5 Å line (see equations (8) and (9)) in the same fading granule event in Figure 5 are shown.

when the granule fades out. These features are con-

sistent with the nature of the observed fading granules

described in Ishikawa et al. (2020).

In the former phase before t = 490 s, laminar up-

flows near the center of the granule are seen in the

vertical velocity distribution (Figure 5). In this phase,

vorticity distributions displayed in the bottom row are

vertically elongated at the boundary between the gran-

ule and intergranular lane, which indicates the existence

of velocity shears around the boundary. Subsequently,

the emergent continuum intensity shown in the top row

rapidly decreases. In this fading phase at around 595 s,

a significant line broadening occurs as shown in Figure

6. Small-scale vortices appear inside this fading granule

and the vertical distributions of vertical velocity have

small-scale variations as shown in bottom panels in Fig-

ure 5. The enhanced variance of vertical velocity can

also be seen in the spatial distribution of ξ|| in Figure 6.

The spatial distributions of large FWHM and large ξ||
in the fading granule are in good agreement with each

other. Finally, the fading granule becomes an intergran-

ular lane dominated by strong downflows. The correla-

tion coefficient between FWHM and ξ|| calculated with

all the five frames is 0.54, while that between FWHM

and ξ⊥ is 0.25. The FWHM observed with the Hinode

resolution reflects the LOS velocity variance along the

LOS direction rather than the horizontal variance.

Figure 7 shows the temporal evolutions of the LOS
velocity profiles in the fading granule without the PSF

convolution. LOS velocity profiles at 11 simulation grids

that cover the horizontal scale of 100 km are presented.

At t = 105 s, the LOS velocities are similar to those

in the adjacent simulation grids within a scale of 100

km. The LOS velocities have a velocity gradient that

is almost constant along the LOS. At t = 595 s, small-

scale variations in the velocity gradient exist in the lower

photosphere from log τ = 0 to −2. These small-scale

fluctuations correspond to the LOS velocity variation

at around y = 4.0 Mm and z = 0.1 Mm shown in the

vertical cut in Figure 5, changing the sings of vorticities

within 50 km. These turbulent motions and correspond-

ing line broadenings exist until t = 665 s as shown in

Figure 7. The horizontal scale of these fluctuations is

also so small that the LOS velocity profiles differ from
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Figure 7. The temporal evolutions of the LOS velocities in the fading granule are shown in Figures 5 and 6. LOS velocities
at 11 grids around Y ∈ [4.02, 4.12] Mm along the green line in upper panels in Figure 5 and Figure 6 are presented. The color
shows the FWHM at original resolution, i.e. without the convolution of the Hinode PSF.

the neighboring simulation grids. At t = 735 s, the ve-

locity fluctuations remain but with a small amplitude,

consequently, the FWHM is small.

At t = 595 s, the localized gradient of vertical ve-

locity appears in a few grids along the vertical direc-

tion in the simulation, which corresponds to a few 10

km. This causes a large variance of LOS velocities at

−1.5 < log τ < −0.5. Therefore, this localized gradi-

ent can work similarly as the microturbulence term and

broaden the line profiles.

6. DISCUSSION: DRIVING OF TURBULENT

FLOWS

In the MURaM simulation data, spectral line broad-

ening in a fading granule is associated with the turbu-

lent motions in the lower photosphere. A typical gran-

ule with a bright continuum intensity consists of hot

and less turbulent upflow plumes in this numerical sim-

ulation. At the edge of such typical granule, owing to

the presence of an intergranular lane, a horizontal gra-

dient of vertical velocity exists inherently. Nesis et al.

(1993) concluded that line broadening can occur in con-

centrated regions with a large horizontal gradient of ver-

tical velocity. Solanki et al. (1996) suggested that such

a horizontal gradient of vertical velocity can broaden

the spectral line width because of a type of macrotur-

bulence effect. As suggested by Solanki et al. (1996),

the horizontal velocity variance ξ⊥, which corresponds

to the macroturbulence, is large at the boundary where

the horizontal gradient of vertical velocity exists. How-

ever, the resultant spectral line profile at the boundary

does not have a large FWHM at approximately y = 3.8

Mm at t=595 s as shown in Figure 6, even though

considering the PSF of the Hinode-SOT/SP that can

cover the strong shear flow structure. Khomenko et al.

(2010) found both observationally and numerically that

the spectral line profiles with small FWHM are pref-

erentially observed at the boundary between a granule

and an intergranular lane because the vertical gradient

of LOS velocity is small.

Small-scale velocity variations along the LOS can

broaden the spectral line widths. During the fading

process of a granule, small-scale turbulent motions are

developed as shown in Figure 5. Small-scale velocities

emphasize the turbulent nature in the fading granule.

These turbulent motions result in small-scale fluctua-

tions of LOS velocity at −1.5 < log τ < −0.5 where the

Fe I 6302 lines are formed. The spatial scale of these

fluctuations are smaller than the scales of the response

function of the iron lines, so they can broaden the spec-

tral lines. Both the vertical and horizontal fluctuations

of LOS velocity potentially can broaden the spectral line

profiles. The contribution of the vertical structures are

demonstrated as shown in Figure 7. However, the contri-

bution of the horizontal structures are not obvious. As

the region with large FWHM (or developed turbulent

motions) are localized, the large FWHM and adjacent

small FWHM can be averaged by the PSF.

These turbulent motions can be triggered by the shear

flow or vorticity at the boundary between the granule

and intergranular lane. Formation of vortex tube at the

edges of granules were found observationally (Steiner

et al. 2010) and numerically (Kitiashvili et al. 2012).

Such vortical flows can excite turbulent motions (green

rectangle in Figure 5) via the Kelvin-Helmholtz instabil-

ity. During the fading process of granules, the turbulent
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motions grow and intrude into the granules. The turbu-

lent motions contributing to the line broadening in the

fading granule could be driven by the shear flows of up-

ward and downward velocities at the boundary between

the granule and intergranular lane. This implies that

the excess line broadening found by Nesis et al. (1993)

and Hanslmeier et al. (1994) may be related to these

turbulent motions.

After the fading process of a granule, converging flows

appear probably due to decrease in the gas pressure.

Although the fading process is not always associated

with the magnetic fields as shown in Ishikawa et al.

(2020), the magnetic flux can be advected and ampli-

fied by these converging flows if it is weak around a fad-

ing site. Such amplification of magnetic fields is found

by Rempel (2018) in newly formed downflow lanes that

cause converging flows and subsequent turbulent flows.

As the turbulent motions are developed already when

the magnetic field are advected into the fading site, the

small-scale interaction and energy conversion can occur

immediately.

As shown in Figures 1 and 2, there are the Doppler

velocity variations along the LOS direction, as mani-

fested by an increase in the bisector velocity difference

∆v. This numerical simulation also suggests the exis-

tence of small-scale velocity variations especially in the

lower photosphere. Although the Doppler velocity in

the lower photosphere cannot be determined by the Fe

I 6302 Å lines, multi-line observation and simultaneous

inversion are a powerful way to probe such a complex ve-

locity distribution. For example, the neutral iron line at

1.56 µm formed in the bottom photosphere (Milić et al.

2019) can have a strong capability to constrain the ve-

locity profiles. By observing both the 6302 Å and 1.56

µm lines, we can constrain the large-scale velocity gradi-

ent along the LOS as well as detect the LOS variations

of small-scale velocities via the spectral line widths.

7. SUMMARY

We estimated the atmospheric structure associated

with the wide spectral line by performing spectral line

inversion with the SIR code. Two inversion scenar-

ios were considered: with and without microturbulence

term. Microturbulent velocity of approximately 1 km/s

can explain the wide spectral line width, while the line

width was also reproduced without microturbulence by

including large gradients of temperature and Doppler ve-

locity. However, the narrow line profiles in granule and

intergranular lanes can be fitted without the microtur-

bulence term, which shows the average microturbulence

term in the quiet region is smaller than 1 km/s. This

value is much smaller than the average microturbulent

velocity of 3.1 km/s at the solar surface obtained by

Buehler et al. (2015).

We also analyzed the MHD simulation data obtained

with the MURaM code. Turbulent motions are excited

in the vicinity of a fading granule, which broaden the

emergent spectral line width. As the spatial scales of the

velocity variation in the lower photosphere are ∼ 10 km

smaller than ∆(log τ) ≲ 1, which demonstrates that the

MHD simulation supports the inversion scenario with

the microturbulence term. We showed that small-scale

velocity variations along the LOS direction in the lower

photosphere are a dominant source of the excess broad-

ening, which indicates that the line broadening can be

a good tracer of turbulent motions in the photosphere.

We cannot completely differentiate between microtur-

bulence and a complex velocity structure only from the

observational and inversion analyses of a single line pro-

file, but MHD simulation favors small-scale turbulent

motion as a cause of line broaening.

To evaluate such small-scale velocity fields by spectral

line inversion, numerous nodes for LOS velocity in the

lower photosphere are required. Otherwise, the inclusion

of the microturbulence term becomes necessary in the

lower layer. Observing other lines sensitive to the lower

photosphere is also important. Owing to the low con-

tinuum opacity, Fe I 15650 Å lines are good candidates

for assessing the LOS velocity in the lower photosphere,

which can be observed with Daniel K. Inouye Solar Tele-

scope (DKIST; Rimmele et al. 2020; Rast et al. 2021).

DKIST has a 4-m aperture and the Diffraction-Limited

Near-IR SpectroPolarimeter has a spatial resolution of

0.1 arcsec at 15650 Å corresponding to 70 km on the

solar surface. This can spatially resolve the local region

with wide spectral line profile in a fading phase of gran-

ule. The simultaneous spatial and spectral coverage and

high temporal cadence observation enable us to capture

the rapid change in the small-scale flow fields and corre-

sponding line profiles. In addition, observing Fe I 8468

Å and 8514 Å lines via the SUNRISE Chromospheric

Infared spectroPolarimeter (Katsukawa et al. 2020) on-

board SUNRISE-3 balloon-borne telescope (Feller et al.

2020), enables us to determine the LOS velocity in the

upper photosphere.
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Figure 8. The inversion result with 2 velocity nodes and 5 temperature nodes without microturbulence term. The spectral
line profile analyzed here is the same as that shown in Figure 1.
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APPENDIX

A. INVERSION WITH 2 VELOCITY NODES

We conducted a spectral line inversion with 2 velocity nodes, instead of 5 nodes used in Section 2.3, without the

microturbulence term. The number of nodes for temperature is 5. Figure 8 shows the result. The spectral line profile

analyzed here is the same as that shown in Figure 1. The inversion result shows a larger reduced χ2 compared with

the results with 5 velocity nodes shown in Figure 1. The deviation is large especially near the line core. This result

implies the existence of small-scale velocity variations along the LOS direction.
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Rast, M. P., Bello González, N., Bellot Rubio, L., et al.

2021, SoPh, 296, 70, doi: 10.1007/s11207-021-01789-2

Rempel, M. 2014, ApJ, 789, 132.

https://arxiv.org/abs/1405.6814

—. 2018, ApJ, 859, 161, doi: 10.3847/1538-4357/aabba0

Riethmüller, T. L., Solanki, S. K., Berdyugina, S. V., et al.

2014, A&A, 568, A13, doi: 10.1051/0004-6361/201423892

Rieutord, M., Roudier, T., Rincon, F., et al. 2010, A&A,

512, A4, doi: 10.1051/0004-6361/200913303

Rimmele, T. R., Warner, M., Keil, S. L., et al. 2020, SoPh,

295, 172, doi: 10.1007/s11207-020-01736-7

Ruiz Cobo, B., & del Toro Iniesta, J. C. 1992, ApJ, 398, 375

—. 1994, A&A, 283, 129

Sanchez Almeida, J. 1992, SoPh, 137, 1,

doi: 10.1007/BF00146572

Socas-Navarro, H. 2011, A&A, 529, A37,

doi: 10.1051/0004-6361/201015805

Solanki, S. K., Rueedi, I., Bianda, M., & Steffen, M. 1996,

A&A, 308, 623

Steffen, M., Caffau, E., & Ludwig, H. G. 2013, Memorie

della Societa Astronomica Italiana Supplementi, 24, 37.

https://arxiv.org/abs/1306.4307

Steiner, O., Franz, M., Bello González, N., et al. 2010,
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