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Abstract

Vortex flows are structures associated with the rotation of the plasma and/or the magnetic
field that are present throughout the solar atmosphere. In recent years, their study has
become increasingly important, as they are present on a wide variety of temporal and spatial
scales and can connect several layers of the solar atmosphere. In this work, we focused on
the detection and analysis of these structures in an automatic way. We use realistic 3D
MHD numerical simulations obtained with the Mancha3D code at different magnetic field
configurations and spatial resolutions. The vortex detection has been performed using the
novel SWIRL code. We have been able to determine multiple structures associated with
small and large scale vortices that extend in height in our simulations. We performed a
statistical analysis of these structures, quantifying their number and typical sizes, as well as
their temperature and heating profiles, confirming their importance in the energy transport.

1 Introduction

In recent years, the study of vortices in the solar atmosphere has become increasingly im-
portant [11]. It has been shown that these structures can connect and transport energy
throughout the different layers of the solar atmosphere [12]. Thus, they have been proposed
as an important key to understand the heating of the outer layers of the solar atmosphere.

A vortex can be defined as “the collective motion associated with the azimuthal component
of a vector field (e.g. velocity or magnetic field) about a common centre or axis and that it is
persistent in time” [11]. There are evidences of the presence of vortices in both observations
[1, 13, 4] and numerical simulations [8, 10, 14]. Nowadays, several studies of vortices in
numerical simulations have been carried out. Each of them have been done using different
numerical codes with a specific magnetic field configuration and spatial resolution. In this
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2 Vortex Flows in the Solar Atmosphere

Figure 1: Left side: Illustration of the physical domain used in all the simulations. Right
side: schematic representation of the path followed to calculate the different numerical sim-
ulations. The blue panels indicate if the dataset includes ambipolar diffusion (ambipolar) or
not (MHD). The green panels show the horizontal spatial resolution at each stage.

work we address the study of energy transport and dissipation mechanisms that take place in
vortices under different magnetic field configurations and spatial resolutions using the same
numerical code. This will allow us to compare all of our models under the same numerical
framework, without the possible influence of using different numerical schemes.

2 Methodology

2.1 Numerical simulations

To perform the analysis of vortices in numerical simulations, we used 3D magnetoconvection
numerical simulations which have been obtained through the Mancha3D code [7]. We have
three different magnetic field configurations: small-scale dynamo (SSD) simulation, which
are initiated through the Biermann battery term [5]; and two simulations with an artificially
implanted vertical magnetic field of 50 G and 200 G. Each magnetic field model is available
at different spatial resolutions: 20× 20× 14 km3 for the three magnetic field configurations,
10 × 10 × 7 km3 for the SSD and 50 G simulations, and 5 × 5 × 3.5 km3 just for the SSD
simulation. All of the models cover the same physical domain of 5.76 × 5.76 × 2.3 Mm3,
expanding approximately 0.95 Mm below the solar surface and 1.4 Mm above it. A sketch of
the simulation box can be found in the left side of Fig. 1. Simulations are computed based on
the process illustrated on the right side of Fig. 1. Two similar datasets are available for each
model: one that does not include non-ideal MHD effects and one that incorporates ambipolar
diffusion. Both datasets evolve from the same initial time instant until about 20 minutes of
solar time, whereafter the two datasets start to be different enough and cannot be compared
one to one. The output temporal cadence is 10 s.

2.2 Vortex detection

Vortex detection in our simulations has been carried out using the SWIRL code [2]. In
particular, we have focused on detecting vortices using the velocity field. The code uses the
mathematical quantity Rortex, which is based on the velocity gradient tensor Uij := ∂jvi, as
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the mathematical background for detecting regions with a rotating velocity field:

R = ω · ur −
√
(ω · ur)

2 − λ2 , (1)

where ω = ∇× v is the vorticity, and ur and λ are the real eigenvector and the eigenvalue
associated with the imaginary eigenvector of the velocity gradient tensor U , respectively.
Combined with this mathematical criteria, the code includes a clustering algorithm to auto-
matically detect regions associated with vortices. For this purpose, it searches for clusters of
the Rortex quantity to determine the presence of vortices.

Before applying the SWIRL code, we have filtered the simulations to eliminate the global
oscillation associated with the p-modes. For that we applied the FFT technique and removed
oscillations with phase speeds above the local sound speed.

Fig. 2 shows two examples of vortex detections over the entire simulation domain. The
gray contours represent the vortex detections that the code has made. For the SSD simulation
(left panel), it can be seen that there are no large and coherent vortex structures and they
are widely distributed throughout the domain. In contrast, in the 50 G simulation (right
panel), structures with high spatial coherence extending in the vertical direction from the
photosphere to the top boundary of the simulation box are observed. This kind of behavior
is due to the presence of stronger and more vertical magnetic fields structures in the 50
G simulations and have been previously reported in other studies [11]. The area covered
by vortices increases with height in all the models, reaching up to 1 − 1.5% in the highest
resolution SSD models, and up to 6− 7% in the unipolar models.

Figure 2: 3D rendering of the detected vortices over the simulation box for the SSD (left) and
50 G (right) simulations at 20 km horizontal spatial resolution. The 2D colormap indicates
the vertical magnetic field at Z= 0 Mm.
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3 Results: Statistical properties

3.1 Number and size

We determined the mean number of vortices as a function of height. In all of the models,
we observed a minimum in the number of detections around 200 km. This minimum may
be related to the change in the energy propagation mechanism. Up to 200 km, the velocity
field is dominated by overshooting convective flows while as we move upward the velocity
field starts to be dominated by waves [9]. From approximately 200 km height, the number of
detections increases in larger or lesser extent depending on the considered model. In general,
we have observed that both with increasing magnetic field and spatial resolution, the number
of vortices increases significantly.

The radius of vortices are in the range between 20 and 100 km in all of our models. Similar
values can be found in previous works in numerical simulations [15, 3]. The main effect
associated with increasing the spatial resolution for the same magnetic field configuration is
a decrease in the vortex sizes. At higher resolutions smaller vortices appear, which were not
present at lower resolutions, producing the decrease in the average radius. The 5 and 10 km
SSD simulations exhibit similar average vortex sizes. Thus, the higher resolution simulation
may be reaching a saturation in the size of vortices. Including a magnetic field tends to shape
the structure of vortices by increasing the average radius with height. This can be an effect
of the magnetic flux tubes opening up with height.

3.2 Temperature profiles

To study the importance of vortices as energy propagation channels, we have analyzed the
mean temperature profiles of these structures. The left panel of Fig. 3 clearly shows that the
temperature in vortices (dashed black line) is always higher than the solar average (solid black
line). This result is independent of the magnetic field configuration and spatial resolution.

We observed that spatial resolution does not affect the temperature profiles of vortices.
Increasing the magnetic field leads to the reduction of the difference between the vortex
temperature profiles and the solar average.

We compared these temperature profiles with the temperature profiles of granules and
intergranules. For this, we computed a mask for granules and intergranules at Z= 0 Mm,
applying it at all heights. In this way, we observed that the temperature profile of the
intergranules fits very well with that of the vortices up to about 200 km. This is expected
since vortices are essentially located in intergranules regions. Temperatures in both structures
increase with respect to the solar average up to about 200 km because of reverse granulation.
Higher up, the temperature of the vortices is above that of the intergranules.

3.3 Heating terms

In order to understand why vortices are always hotter than their surroundings, we computed
the mean heating rates produced by viscosity, magnetic diffusivity and ambipolar diffusion,
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Figure 3: Left: mean temperatures in the whole domain (solid black), vortices (dashed
black), intergranules (blue) and granules (red) as a function of height for all the models.
Right: mean heating rates in vortices (dashed), in the whole domain (solid) as a function of
height. Black: numerical magnetic diffusivity; magenta: viscosity; blue: ambipolar diffusion.

see [6] for the details of the computation. The only term that is actually physical is ambipolar
diffusion, while the other two terms are of numerical nature.

The results in the right panels of Fig. 3 demonstrate that viscous heating is the dominant
term, followed by magnetic diffusivity and finally ambipolar diffusion. This result is indepen-
dent of the magnetic field model and spatial resolution. Vortices have larger contributions to
these terms than the solar average up to about 600 km. Above this height, the contribution
of vortices becomes similar to those of the average. In the 200 G model, the contribution of
vortices to viscosity and magnetic diffusivity never exceeds the mean values.

Looking back at the temperature profiles (left panel of Fig. 3), we observed that the largest
temperature differences were located around 600 km for the unipolar models and at higher
layers for the SSD models. At these heights, the heating rates are similar to those of the
solar average. Therefore, we speculate that vortices are able to dissipate energy in the lower
layers of the atmosphere, where the heating rates are significantly higher than the average.
Then, the hot plasma is transported by some mechanism to the upper layers producing this
temperature increase in the profiles.

4 Conclusions

We carried out the detection and analysis of vortices in numerical 3D magnetoconvection
simulations for different magnetic field configurations and spatial resolutions. We have ap-
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plied the SWIRL code for vortex detection, validating its performance. We have found that
different magnetic field configurations and spatial resolutions significantly affect the number
and size of detected vortices.

We have clearly determined that the temperature of the vortices is always higher than that
of the surroundings for all models. Thus, we confirmed the importance of these structures for
the solar atmospheric heating. We found that vortices follow the same temperature profile
as intergranules up to about 200 km. Thereafter, vortices continue to be hotter than the
surroundings. We analyzed different heating mechanisms to understand the increased tem-
perature in vortices. We focused on viscosity, magnetic diffusivity and ambipolar diffusion,
confirming that viscosity is the dominant dissipation mechanism at all heights. Vortices have
higher contributions to these terms than the average only in the lower layers, up to about 600
km. To account for the higher temperatures in vortices, we suggest that vortices dissipate
energy in the photosphere and transports the heated plasma to the upper layers.
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