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ABSTRACT
We perform radiative magnetohydrodynamic calculations for the solar-quiet region to investigate the dependence of statistical
flow on magnetic properties and the three-dimensional structure of magnetic patches in the presence of large-scale flow that
mimics differential rotation. It has been confirmed that strong magnetic field patches move faster in the longitudinal direction at
the solar surface. Consequently, strong magnetic patches penetrate deeper into the solar interior. The motion of the deep-rooted
magnetic patches is influenced by the faster differential rotation in the deeper layer. In this study, we perform realistic radiative
magnetohydrodynamic calculations using R2D2 code to validate that stronger patches have deeper roots. We also add large-scale
flow to mimic the differential rotation. The magnetic patches are automatically detected and tracked, and we evaluate the depth
of 30 000 magnetic patches. The velocities of 2.9 million magnetic patches are then measured at the photosphere. We obtain the
dependence of these values on the magnetic properties, such as field strength and flux. Our results confirm that strong magnetic
patches tend to show deeper roots and faster movement, and we compare our results with observations using the point spread
function of instruments at the Hinode and Solar Dynamics Observatory (SDO). Our result is quantitatively consistent with
previous observational results of the SDO.
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1 IN T RO D U C T I O N

The solar surface is filled with turbulent thermal convection and
magnetic fields. Energy is continuously generated by nuclear fusion
around the centre of the Sun. The energy is transported by the
radiation in the radiation zone (<0.71 R�). In the outer 30 per cent
of the solar interior, the energy is transported by thermal convection
(Priest 2014). Thus, the solar surface is filled with granulation, with
thermal convection cells with a scale of about 1 Mm. Because of the
turbulent thermal convection, magnetic fields of various scales are
observed at the solar surface. Parnell et al. (2009) found the power-
law distribution of the magnetic flux from 1017 to 1023 Mx, and the
power-law index is –1.85.

While the solar convection zone is filled with turbulent thermal
convection, solar physicists have revealed the existence of large-scale
flows called differential rotation and meridional circulation. Such
large-scale flows are essential for understanding the 11-yr solar cycle
as magnetic flux generation and transport (Parker 1955; Dikpati &
Charbonneau 1999). Helioseismology is a great tool to evaluate the
solar internal flow accurately (Schou et al. 1998; Thompson et al.
2003). The differential rotation is known to have a near-surface shear
layer in which the angular velocity decreases in the radius direction
near the solar surface.
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Another way to measure the large-scale flow in the solar interior
is magnetic feature tracking. There are various sizes of magnetic
patches on the solar surface. We can intuitively think that the larger
and stronger patches tend to penetrate deeper and be influenced by
the flow in the deeper layer. Therefore, the statistical magnetic patch
properties, such as average magnetic field strength, magnetic flux,
and motion, may reveal the solar internal flow.

An observational attempt has already been made to this end.
Imada & Fujiyama (2018) tracked the solar surface magnetic patches
and obtained the relation between average magnetic field strength and
the velocity of magnetic patches. Their result shows that stronger
magnetic patches tend to move faster than the average differential
rotation in their latitude. The deep solar flow may cause this relation
because the angular velocity decreases in the radial direction in
the near-surface layer. We cannot, however, obtain the detailed
three-dimensional (3D) structure of the turbulent magnetic field
in the solar interior from observations and cannot validate our
notion.

In this study, we carry out numerical simulations to model the
photosphere and quantify the statistical properties of the magnetic
patches. The purpose of this study is to determine the effect of the
large-scale flow on the motion of the magnetic patches observed at
the photosphere. We aim to obtain information on the solar interior
from surface observations by evaluating the relationship between the
motion of each magnetic patch and properties, such as mean-field
strength and magnetic flux.
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Although helioseismology provides accurate measurements of
the solar internal velocity field, the measurements require long
observation times, making it difficult to follow the instantaneous
flow field. If we can quantitatively associate the motion of magnetic
features with the internal flow, it will be possible to estimate the
instantaneous flow and be easier to better understand the solar
interior.

2 NUMERICAL SIMULATION

2.1 Numerical setting

In this study, we use radiation magnetohydrodynamics code R2D2
(Radiation and RSST for Deep Dynamics; Hotta, Iijima & Kusano
2019; Hotta & Iijima 2020; Hotta & Toriumi 2020). The R2D2 code
solves the following magnetohydrodynamic equations:

∂ρ

∂t
= −∇ · (ρv), (1)

∂

∂t
(ρv) = −∇ · (ρvv) − ∇p + ρg + 1

4π (∇ × B) × B, (2)

∂B
∂t

= ∇ × (v × B) , (3)

ρT
∂s

∂t
= ρT (v · ∇) s + Q, (4)

p = p (ρ, s) , (5)

where ρ, v, p, T, g, B, s, and Q are the density, velocity, gas pressure,
temperature, gravitational acceleration, magnetic field, entropy, and
radiative heating, respectively.

The R2D2 code solves the equations with the fourth-order spatial
derivative and four-step Runge–Kutta method for time integration.
The gas pressure p is obtained from the entropy and the density table
served by the OPAL equation of state considering partial ionization
(Rogers, Swenson & Iglesias 1996). The radiative heating Q is
calculated by solving the radiation transfer equation using the grey
approximation and the short characteristic in two directions. For
details, see equations (6)–(11) for Qrad in Hotta et al. (2019). For the
initial stratification, we use Model S (Christensen-Dalsgaard et al.
1996), which is the standard model of the solar interior. We use the
periodic boundary condition for the horizontal directions and make
the magnetic field vertical at the upper and lower boundaries. The
initial value of the magnetic field is a weak and uniform magnetic
field of By = 0.1 G.

The computational domain extends 98.304 Mm in the horizontal
directions and 24.576 Mm in the vertical direction. The number of
grids is 1024 × 1024 in the horizontal directions and 512 in the
vertical direction with a grid spacing of 96 km in the horizontal
directions and 48 km in the vertical direction. This is an acceptable
grid spacing to resolve the features at the photosphere. The upper
boundary is 700 km above the average τ = 1 surface, where τ is the
optical depth. Our set-up allows us to include some supergranulations
with a scale of about 30 Mm.

After 4 d of evolution, turbulent thermal convection creates
magnetic fields through small-scale dynamo (e.g. Rempel 2014)
observed at the photosphere. After the convection and magnetic field
become a statistically steady state, we add equation (6) to the equation
of motion to enforce the large-scale flow,

∂vy

∂t
= −

{
vy(z) − vf (z)

τf

}
. (6)

Here, z is the vertical direction and vy is the horizontally averaged y-
component velocity. We set the reference flow vf as vf(z) = v0z/zmin,
where v0 = 500 m s−1. This is much faster than the real solar value
(∼15 m s−1). When we adopt the realistic value, we need to detect a
massive number of magnetic patches to evaluate the slow large-scale
flow against the fast turbulent convection (∼4 km s−1). Because
the possible number of the detection is restricted by numerical
resources, we increase the reference flow speed to decrease the
required numerical cost. Because z = 0 is the solar surface, the
reference flow is 0 and 500 m s−1 at the surface and the bottom
of the computational domain, respectively. We adopt the relaxation
time τ f = Hp/vc, where Hp and vc are the pressure scale height
and the typical convection velocity, respectively. The convection
velocity vc is evaluated with the solar energy flux at the surface
F� = 6.3 × 1010 erg s−1 cm2 and the density ρ0 as vc = F�/(2ρ

1/3
0 ).

In our setting, the large-scale flow in the deeper region is faster
to mimic the near-surface differential rotation. After the convection
reaches a steady state, we set the output cadence to 45 s and continue
the calculation for about 45 h to obtain data for tracking.

2.2 Point spread function

The simulated magnetic field data are pre-processed to be compared
with observations. The magnetic field data at τ = 0.01 surface are
convolved with satellite point spread function (PSF) to prepare three
kinds of data: (a) the raw simulated magnetic field data; (b) magnetic
field data convolved with the PSF for the Solar Optical Telescope
(SOT; Tsuneta et al. 2008) of Hinode (Kosugi et al. 2007); and (c)
magnetic field data convolved with the PSF for the Helioseismic and
Magnetic Imager (HMI; Schou et al. 2012) of the Solar Dynamics
Observatory (SDO; Pesnell, Thompson & Chamberlin 2012). The
PSF for the Hinode/SOT is obtained from Mathew, Zakharov &
Solanki (2009) as follows:

PSFHinode(r) =
4∑

i=1

wici e−r2/(2b2
i

), (7)

where the normalized constant ci = 1/
√

2πb2
i , weights wi and width

bi were used with values of 5500 Å. This wavelength is close to the
commonly used Na D 589.6 nm line for Hinode’s magnetogram.

The PSF for SDO/HMI is adopted from Wachter et al. (2012),

PSFSDO(r) = e−( r
w )2

, (8)

where r is the distance from the target grid and w = 0.909 arcsec.
For a simple approach to mimic observations, the magnetic

field data are directly convolved with the PSF, while the circular
polarimetric intensity (Stokes V) should be convolved. In order
to convolute Stokes V, we need to calculate the polarization of
the radiation. Since this process is not implemented in the R2D2
code, we just spatially convolved the magnetic field obtained in the
calculations.

2.3 Detection and tracking of magnetic features

2.3.1 Detection of magnetic patches

We automatically detect the magnetic patches from the simulated
magnetic field data at the photosphere and evaluate the depth and
the velocity of these features (see Iida, Hagenaar & Yokoyama
2012, for details). A magnetic patch is defined as a group of
numerical grids that have a magnetic field strength larger than a
specific threshold value in a horizontal plane. The thresholds for
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Figure 1. Schematic picture for explaining our method of evaluating the
depth of the magnetic structure.

magnetic field strength, area, and flux at the photosphere are set
to 40 G, 20 grids, and 1017 Mx, respectively. In the solar interior,
we only set a threshold for the magnetic field strength. Because the
magnetic field strength increases with depth, we set the field strength
threshold at four times the horizontally averaged field strength |Bz|.
We labelled each magnetic field patch that satisfies these thresholds
using OPENCV. Note that if the positive and negative magnetic fields
are not handled separately, neighbouring magnetic fields with the
opposite sign would be considered as one feature.

2.3.2 Depth evaluation

In this section, we explain our method of evaluating the depth of
magnetic patches. We expect that the magnetic structures penetrate
to a deep layer and lose their coherence in a certain layer. We evaluate
this tendency with automatic detection. The detected magnetic patch
in Section 2.3.1 is associated with magnetic structures in deep layers.
We compare two-slice data at z = zk and zk − 1, where k denotes the
vertical grid. If magnetic patches in two layers overlap, we label the
patch at the plane z = zk − 1 with the same number as that at z = zk

(see Fig. 1a). If more than one patch in the plane z = zk overlaps with
a patch at z = zk − 1, we adopt the label number of the largest patch at
z = zk for the overlapped patch at z = zk − 1. The same label number
is assigned to all magnetic patches at every height for a magnetic
structure, even if they are split (see Fig. 1b). If several patches are
merged, the label number of the largest overlapped patch is used for
the other merged features (Fig. 1c). These procedures are carried out
for 505 planes from the plane near the photosphere to the bottom of
the computational domain, and the amount of magnetic flux of each
label and the deepest position reached are recorded. This processing
series was performed for 34 steps of data with a cadence of 30 min.
The structure of about 30 000 magnetic patches was then analysed.

2.3.3 Tracking of the horizontal direction at the photosphere

In this section, we explain our method of measuring the velocity
of the magnetic patch. The centre of gravity weighted by vertical
magnetic field strength is obtained for each magnetic patch:

rg =
∫

rBz dS∫
Bz dS

, (9)

where r is the horizontal position, and the integration is carried out
in a patch. To identify the patch movement, we need to find a pair
of patches in two consecutive time steps. We define the pair as two
same-signed magnetic patches with the shortest distance in two time
steps. These patches are assumed to be the same, and the motion

Figure 2. Schematic for detecting the velocity of the magnetic patch.

of the patches causes the distance. The velocity of the magnetic
features was calculated with the movement of the centre of gravity
by dividing the distance by the time cadence (see Fig. 2). We have
traced about 2.9 million, 1.3 million, and 330 000 magnetic patches
from the original data, the Hinode PSF convolution data, and the
SDO PSF convolution data, respectively.

3 R ESULTS

Fig. 3 shows the raw simulation data comprising the radiative
intensity (panel a), the vertical magnetic field strength at τ = 0.01
(panel b), and the magnetic field strength and detected magnetic
patches with red and blue lines (panel c). The intensity is normalized
with the average intensity. The white and black magnetic fields
indicate the positive and negative magnetic fields, respectively. The
magnetic field is distributed in a network with a scale of several
10 Mm, and the structure of supergranulation can be seen. We note
that although the maximum value of the colour bar for the magnetic
field is 300 G, the maximum magnetic field strength exceeds 1000 G.
The red and blue contours in panel (c) indicate positive and negative
magnetic patches, respectively.

Fig. 4 shows the vertical magnetic field convolved with PSF and
the detected features. The figure shows the raw simulated magnetic
field (panel a), the magnetic field with the PSF of the Hinode/SOT
(panel b), and the magnetic field with the PSF of SDO/HMI (panel
c). SDO/HMI (panel c) shows the most diffused patches, and the field
strength is weak on average.

Fig. 5 shows the probability density function (PDF) of the
magnetic flux at the photosphere. Orange, green, and blue lines
indicate the magnetic flux in the original raw data, the data with
the PSF of Hinode/SOT, and the data with the PSF of SDO/HMI,
respectively. The black line indicates the fitting result for a range that
clearly shows the power-law distribution. The slope increases with
increasing resolution, i.e. the raw simulation data show a steeper
slope than the data with Hinode and SDO PSF. The power-law index
of the PDF with Hinode’s PSF (green line) is –1.848, consistent
with Parnell et al. (2009), which showed –1.85 for the power-law
index with the Hinode observation. This suggests that the simulated
magnetic field data reproduce the real Sun nicely and support the
appropriateness of the model in this study.

Fig. 6 shows the results of our analysis for the detected magnetic
field depths. |〈Bz〉| means the absolute value of the vertical magnetic
field averaged over each magnetic patches. We divide the horizontal
axis into 100 bins. Each bin has the same size in logarithmic and
linear scales for magnetic flux (panel a) and magnetic field strength
(panel b), respectively. Error bars indicate standard errors. The red
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Figure 3. The radiative intensity (panel a), the vertical magnetic field
strength (panel b), and the detection of magnetic patches (panel c). The
intensity is normalized by the average intensity I�. Panels (b) and (c) show
the vertical magnetic field at τ = 0.01 surface. The red and blue lines indicate
positive and negative magnetic patches, respectively.

Figure 4. Magnetic field strength convolved with different kinds of PSF. The
simulated raw magnetic field data (panel a), data convolved with the PSF of
Hinode/SOT PSF (panel b), and data convolved with the PSF of SDO/HMI
(panel c).

MNRAS 503, 3610–3616 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/503/3/3610/6168408 by guest on 18 April 2024



3614 K. Takahata et al.

Figure 5. The probability density function (PDF) at the photosphere. Orange,
green, and blue lines indicate the PDF of the raw simulation data, the data
with Hinode/SOT’s PSF, and the data with SDO/HMI’s PSF, respectively.
The black lines are the fitted lines for their power-law distribution.

Figure 6. Detected depth of the magnetic field. The horizontal axes are the
magnetic flux (panel a) and the vertical magnetic field strength (panel b).
The red lines are the fitting results. The background 2D histograms are the
distributions of the sample number N.

lines indicate the fitting results. We use a power-law function to fit
the result. The background two-dimensional (2D) histogram shows
the distribution of the sample number N. The reliability decreases
around 1020 Mx and 300 G because a small number of data exist
and the error becomes large. This figure shows that magnetic patches
with strong (weak) magnetic field strength and flux tend to have a
deep (shallow) root.

Fig. 7 shows the result of the relationship between the velocity
and the magnetic patch properties. We adopt the same method as
in Fig. 6. We divide the horizontal axis into 100 bins, and the
velocity is averaged over a bin. The fitting is done with a power-law
function for both results. Our results show that stronger and larger

Figure 7. The velocity of the detected magnetic field at the photosphere. The
horizontal axes are the same as those in Fig. 6. The red lines are the fitting
results. The background 2D histograms show the distribution of the number
of data N.

Table 1. Coefficients of the power-law function for the fitting results of the
magnetic structure depth.

Coefficient of power law a b c d

Depth (Mm) 8.97 0.524 2.44 1.32
vy (no PSF) (m s−1) 11.0 0.682 4.58 2.58
vy (Hinode PSF) (m s−1) 9.15 0.589 2.78 2.10
vy (SDO PSF) (m s−1) 8.18 0.537 0.28 1.10

magnetic patches tend to show faster movement in the large-scale
flow direction.

Table 1 shows coefficients of the power-law function for the fitting.
The depth of the magnetic structure dm and the movement velocity
vy are approximated with two functions as

10−a × �b, (10)

10−c × 〈Bz〉d , (11)

where � is the magnetic flux. The fitting results for the depth dm and
movement velocity vy are seen in Figs 6 and 7 as red lines. These
results are from the raw simulation data, but the Hinode/SOT and
SDO/HMI data show similar values.
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Figure 8. Comparison of the depth of the magnetic structure between
direct detection (solid line) and the conversion with equation (12) (dashed
line).

In this study, we know the profile of the large-scale flow. The flow
speed at the photosphere may be related to the large-scale flow speed
in a certain depth. Because the reference flow is expressed as vf =
v0z/zmin, the detected velocity vy at the photosphere can be converted
to depth as

z = zminvy/v0. (12)

This evaluation would be different from the direct detection of the
magnetic structure depth. Fig. 8 shows a comparison of the depth
between the direct detection and the evaluation from the detected
velocity vy. The solid line is the fitting function of the depth in Fig. 6.
The dashed line is obtained from the conversion of equation (12). In
all ranges, the solid line shows a deeper layer than does the dashed
line.

4 D ISCUSSION AND CONCLUSION

In this paper, we perform numerical simulations with large-scale
forced flow mimicking the solar differential rotation. By using
magnetic feature tracking, we investigate the dependence of the depth
of the magnetic structure and the velocity on magnetic properties
(strength and flux) at the photosphere. Our results show that stronger
and larger magnetic patches tend to show deeper roots and faster
movement influenced by the large-scale flow. Our result is consistent
with Imada & Fujiyama (2018), where the stronger magnetic field
moves faster than the average differential rotation.

The results in Imada & Fujiyama (2018) using SDO/HMI data
show a linear relationship between magnetic field strength (>100 G)
and the movement velocity. Our result with the PSF of SDO/HMI
is consistent with Imada & Fujiyama (2018). We use the power-
law function for the fitting, and the power-law index is 1.10

Figure 9. Panel (a) shows the average of Bz/Beq at different depths. The red
and blue lines show groups with the magnetic flux at the surface of � >

3 × 1018 Mx and � < 3 × 1018 Mx, respectively. The dashed line shows
the depth evaluated from vy (dashed line in Fig. 8) averaged over each group.
Panel (b) shows the probability density function (PDF) of Bz/Beq for each
group at the solar surface.

for the relationship between the magnetic field strength and the
velocity (bottom of Table 1). This means that our result can be also
approximated with a linear function.

In this study, we use the reference flow of 500 m s−1, which
is much faster than the expected value in the Sun. The depth of
our calculation box is 25 Mm, and the expected relative velocity
by the differential rotation is about 15 m s−1, as evaluated from
Thompson et al. (1996) and Howe et al. (2000). If we change the
maximum value of the flow, the result also changes. The turbulence
convection velocity at the photosphere is 4 km s−1, and it is difficult
to determine the tiny large-scale flow of 15 m s−1. Thus, we
decided to adopt the fast reference velocity. To determine the real
tiny flow, we need to calculate for a long period and/or prepare
a large computational box to increase the number of samples.
The other possible way of obtaining the result with the realistic
slow large-scale flow is to investigate with different reference
velocities. In this paper, we choose a value of 500 m s−1 for the
reference large-scale flow to clarify the effect of the deep differential
rotation. When we repeat the investigation with different reference
velocities, we can extrapolate the result to the solar value in the
future.

Fig. 8 shows that the depth evaluated from the detected velocity
is shallower than the direct detection. This can be explained with
the balance between kinetic and magnetic energies. Fig. 9(a) shows
the average of Bz/Beq at different depths, where Bz is the average
magnetic field strength in the magnetic patches and Beq is the
equipartition magnetic field strength, i.e. B2

eq/(8π) = ρ(v2
x + v2

y)/2,
averaged over the horizontal computational domain. The red and
blue lines show groups with the magnetic flux at the surface of �

> 3 × 1018 Mx and � < 3 × 1018 Mx, respectively. The dashed
line shows the depth evaluated from vy (dashed line of Fig. 8)
averaged over each group. Panel (b) shows the PDF of Bz/Beq for
each group at the solar surface. When the magnetic energy is smaller
than the kinetic energy, i.e. Bz/Beq < 1 at the photosphere (blue line),
turbulence is already dominant near the surface. Thus, the vy of the
magnetic patches at the surface is random, and the depth evaluated
from vy is nearly zero. When Bz/Beq > 1 at the photosphere (red line),
the magnetic energy dominates near the surface, and the turbulent
energy dominates as the depth increases. The depth evaluated from vy

(red dashed line) corresponds to a depth where Bz/Beq ∼ 1, suggesting
that magnetic fields with sufficient flux at the surface reflect the
information at the depth of Bz/Beq ∼ 1.
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