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ABSTRACT

Context. Vortex flows have been found in the photosphere, chromosphere, and low corona in observations and simulations. It has been
suggested that vortices play an important role in channeling energy and plasma into the corona. However, the impact of vortex flows
on the corona has not been studied directly in a realistic setup.

Aims. We investigate the role vortices play for coronal heating using high-resolution simulations of coronal loops. The vortices are
not artificially driven and they arise, instead, self-consistently from magnetoconvection.

Methods. We performed 3D resistive (magnetohydrodynamic) MHD simulations with the MURaM code. Studying an isolated coronal
loop in a Cartesian geometry allows us to resolve the structure of the loop interior. We conducted a statistical analysis to determine
vortex properties as a function of height from the chromosphere into the corona.

Results. We find that the energy injected into the loop is generated by internal coherent motions within strong magnetic elements. A
significant part of the resulting Poynting flux is channeled through the chromosphere in vortex tubes forming a magnetic connection
between the photosphere and corona. Vortices can form contiguous structures that reach up to coronal heights, but in the corona itself,
the vortex tubes get deformed and eventually lose their identity with increasing height. Vortices show increased upward directed
Poynting flux and heating rate in both the chromosphere and corona, but their effect becomes less pronounced with increasing height.
Conclusions. While vortices play an important role for the energy transport and structuring in the chromosphere and low corona, their
importance higher up in the atmosphere is less clear since the swirls are less distinguishable from their environment. Vortex tubes

reaching the corona reveal a complex relationship with the coronal emission.
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1. Introduction

Vortex flows driven by magnetoconvection have been proposed as
a possible energy channel from the convection zone to the upper
solar atmosphere (Wedemeyer-Bohm et al. 2012). Rotating struc-
tures have been detected in the photosphere and chromosphere
in high-resolution observations (Brandt et al. 1988; Bonet et al.
2008, 2010; Wedemeyer-Bohm & Rouppe van der Voort 2009)
and simulations (Carlsson et al. 2010; Shelyag et al. 2011; Moll
et al. 2011, 2012; Kitiashvili et al. 2011, 2012a,b; Steiner et al.
2012; Yadav et al. 2020, 2021). A comprehensive overview of the
observations of vortical flows in different layers of the solar atmo-
sphere is given in Tziotziou et al. (2023). More recently, vortices
have been investigated in a coronal hole simulation (Finley et al.
2022) and one-half of a symmetric closed loop (Kuniyoshi et al.
2023). In addition to predominantly vertical vortices, Steiner et al.
(2010) identified horizontal vortices along the edges of granules
by comparing observations with simulations.

The photospheric vortices found in numerical simulations
have sizes of the order of the width of the downflow lanes or
smaller (Moll et al. 2011). It is not yet clear what drives the for-
mation of these small-scale vortices. Stein & Nordlund (1998)
found regions of enhanced vorticity in downflow regions in the
intergranular lanes and suggested that vorticity is produced at
granule edges and in downdrafts by a misalignment of pressure
and density gradients; furthermore, it is concentrated over time
in the intergranular lanes by advection. The conservation of the

angular momentum of the inflows results in the bathtub effect,
amplifying the rotational motion in the narrow downflow lanes
(Nordlund 1985). In contrast, Kitiashvili et al. (2012a) proposed
that instead vorticity is generated by convective granular insta-
bility or the Kelvin-Helmholtz instability developing between
shearing flows in the intergranular lanes.

In a plasma with a high magnetic Reynolds number such
as the solar atmosphere, magnetic field lines are frozen into the
plasma. Furthermore, in the high plasma beta environment of the
photosphere, the evolution of the magnetic field is determined
by plasma flows. The rotating downflows wind up the magnetic
field in the intergranular lanes. The twisting of the magnetic field
has been proposed to help to confine magnetic flux tubes by the
pinch effect (Stenflo 1975), although this is now not considered
to be of any real importance, with the main confinement being
produced by the evacuation of magnetic flux tubes (Spruit 1976,
cf. Solanki 1993).

In the chromosphere, swirls have been observed as dark struc-
tures in the Ca IT 8542 A line (Wedemeyer-Bshm & Rouppe van
der Voort 2009). Multiwavelength observations of chromospheric
swirls co-located with magnetic bright points have shown that vor-
tices reach from the photosphere into the low corona (Wedemeyer-
Bohm & Rouppe van der Voort 2009; Wedemeyer-Bohm et al.
2012). Animprint of rapidly rotating magnetic structures has been
detected in the transition region and coronal emission in the 304 A,
171 A, and 211 A channels of AIA corresponding to hot coronal
plasma (Wedemeyer-Bohm et al. 2012). Only 4 out of 14 detected
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swirls, however, show coronal counterparts. A persistent vortex
flow reaching the low corona was also reported by Tziotziou et al.
(2018). In contrast to Wedemeyer-Bohm et al. (2012), Tziotziou
etal. (2018) found a decrease in intensity in the 171 A channel and
no signal in the 193 A or 211 A channels. The vortices are also
seen as absorbing structures in Wedemeyer-Bohm et al. (2012),
but the authors noted higher intensities in some AIA channels at
the edges of the vortex flows. The number of chromospheric swirls
has been estimated as 2 x 10~ Mm™2 by Wedemeyer-Bshm et al.
(2012), 6.1 x 10" Mm™ by Liu et al. (2019) and 8 x 107> Mm ™
by Dakanalis et al. (2022). The diameter of the observed chro-
mospheric swirls ranges from 0.58 Mm (Liu et al. 2019) to 4.4
Mm (Tziotziou et al. 2018). Measured average lifetimes in obser-
vations lie between 21 s (Liu et al. 2019) and more than 1.7 h
(Tziotziou etal. 2018). For a comprehensive overview of observed
properties of swirls, we refer to the review by Tziotziou et al.
(2023).

The observed enhanced emission in coronal spectral lines
points to heating of the swirls. Heating at the location of vor-
tices has been found in simulations in the upper photospheric
layers due to viscosity (Moll et al. 2012) and in the chromo-
sphere, for example, in Kitiashvili et al. (2012b), Yadav et al.
(2020, 2021). The main contribution to the Poynting flux in the
atmosphere was suggested to stem from horizontal motions act-
ing on the strong predominantly vertical magnetic field (Shelyag
et al. 2012). Yadav et al. (2020) found that vortices contribute
a significant fraction of the Poynting flux in the chromosphere.
An increased Poynting flux associated with vortex locations was
also reported by Battaglia et al. (2021). Vortex motions could
thus be partially responsible for heating the solar chromosphere.

In addition to acting as an energy channel, vortices could
also be associated with the transport of matter. Wedemeyer-
Béhm & Rouppe van der Voort (2009) found that the chro-
mospheric swirls were blue-shifted, which they interpreted as
plasma moving upward along a twisted magnetic field. Tziotziou
et al. (2018) also detected upflows within the observed swirling
structure. Furthermore, vortices could be related to the ejec-
tion of jets and spicules which have been observed to be
spinning (Wedemeyer-Bohm & Rouppe van der Voort 2009; De
Pontieu et al. 2012). Kitiashvili et al. (2012b, 2013) found that
the vortices in their simulation are associated with quasi-periodic
upflows at the vortex edge driven by the Lorentz force arising
from current sheets in the atmosphere and by the pressure gradi-
ent in the subsurface layers, while a helical downflow is present
in the vortex core at the same time. lijima & Yokoyama (2017)
showed that the twisted magnetic field in a vertical vortex can
drive chromospheric jets via the Lorentz force.

Vortices could launch Alfvén waves that propagate into the
corona. Shelyag et al. (2013) interpreted vortices not as con-
tinuous rotational flows, but instead as torsional Alfvén waves
propagating along the guide field excited by oscillatory motions
of the plasma in magnetic concentrations. This view has been
challenged by Battaglia et al. (2021), who instead found uni-
directional upward propagating pulses that could contribute to
chromospheric and coronal heating. Various wave modes in a
long-lived vortex structure have been observed by Tziotziou
et al. (2020). Finley et al. (2022) suggested that vortices could
be responsible for heating and acceleration of coronal and solar
wind plasma.

One aspect that is common to most existing simulations is
that they have an upper boundary located in the chromosphere,
transition region, or low corona. The first mention of vortex
flows located in downdrafts in solar surface convection simula-
tions appears in Nordlund (1985). The computational domain of
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this simulation has a vertical extent of 1.6 Mm. Moll et al. (2011)
reached heights of 500 to 600 km above the (7) = 1 layer, while
the simulations studied in Moll et al. (2012) and Shelyag et al.
(2013) reached 800 km above the photosphere. The CO’BOLD
simulation used by Wedemeyer-Bohm et al. (2012) has an upper
boundary located in the upper chromosphere at a height of 2
Mm, while the Bifrost snapshot studied in the same article has
a vertical extent of 15.4 Mm. The simulation analyzed in Yadav
et al. (2020, 2021) has an upper boundary set in the upper chro-
mosphere at 2.5 Mm. Kitiashvili et al. (2013) used an upper
boundary in the chromosphere that extends to 1 Mm above the
photosphere. Studies featuring a coronal part include the simu-
lation by Iijima & Yokoyama (2017), with an upper boundary at
a height of 8 Mm in an open-field setup, as well as the half-loop
setup by Kuniyoshi et al. (2023) and the coronal hole setup from
Finley et al. (2022). The former study, however, did not investi-
gate the Poynting flux transport and dissipation inside the struc-
ture. Finley et al. (2022) found enhancements in temperature and
density that they considered to be attributed to the vortices. An
extensive overview of simulations including atmospheric vor-
tices can be found in Tziotziou et al. (2023). We note that the
choice of the top boundary conditions can affect the behavior of
the thermodynamic quantities, for example, an increased diffu-
sivity near the boundary (Moll et al. 2012; Yadav et al. 2020,
2021).

In this study, we investigate the influence of vortices on
heating and structuring of the corona in a stretched-loop setup
including a chromospheric layer and a shallow convection zone
layer at each end of the simulation box. Most previous studies of
vortices in the solar atmosphere have used an open field configu-
ration (Moll et al. 2011, 2012; Shelyag et al. 2013; Wedemeyer-
Bohm et al. 2012; Yadav et al. 2020, 2021; Kitiashvili et al.
2013; lijima & Yokoyama 2017; Finley et al. 2022), apart from
the Bifrost snapshot used in Wedemeyer-Bohm et al. (2012),
which contains a coronal loop structure connecting regions of
opposite polarity. In this snapshot, a swirl is found at one of
the loop footpoints, hinting that vortices could also contribute
to injecting energy into coronal loops (presented in the supple-
mentary material of that paper). Amari et al. (2015) considered
a magnetic field generated by a small-scale dynamo operating
in the subsurface layers superposed with a vertical field mim-
icking the footpoints of quiet-Sun magnetic loops reaching high
altitudes. We used a modified version of the MURaM code to
conduct full 3D (magnetohydrodynamic) MHD simulations. The
modifications to the code are discussed in detail by Breu et al.
(2022). Vortices in our simulation are self-consistently excited
by magnetoconvection and their effect on the solar atmosphere
is not affected by the choice of the boundary conditions at the
upper boundary.

The evolution of the swirling structures in higher layers of
the atmosphere and their contribution to the energy transport as
well as the impact of the energy and mass transfer in the chro-
mosphere has not yet been studied in detail. Including a corona
makes it possible to study the propagation of perturbations as
well as the effects of heating events in higher atmospheric lay-
ers on the cooler chromospheric plasma, such as chromospheric
evaporation.

The aim of this paper is to investigate the role the vortex
flows play for the energy and mass transport between the pho-
tosphere and the corona in coronal loops and their influence
on coronal loop structure. The paper is structured as follows:
Sect. 2 describes the numerical setup and methods of analysis.
The results are presented in Sect. 3 and discussed in Sect. 4. Our
conclusions are given in Sect. 5.
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Fig. 1. Overview over the simulation box. Top row: Temperature distribution (left) and the emission as it would be seen with the Al-poly filter of
the Hinode/XRT X-ray imager at the loop apex (right). Bottom row: Vertical magnetic field at the () = 1 layer at both loop footpoints at s = 0
(left, footpoint A) and s = 50 (right, footpoint B). The arrows show magnitude and direction of the velocity field perpendicular to the loop axis.
The yellow and orange rectangles mark the position of the closeups of the footpoints shown in Fig. 2. The magenta contours outline magnetic field
concentrations with |B;| > 1000 G. The snapshot was taken at 7 = 2.23 min. Data is taken after running the simulation at high resolution for 30

min. See Sect 2 for more details.

2. Methods
2.1. Numerical setup

We modeled an isolated coronal loop in a Cartesian box using
the MURaM code with the coronal extension (Vogler et al. 2005;
Rempel 2017). The setup is similar to the loop model described
in Breu et al. (2022). The coronal loop is modeled as a straight-
ened magnetic flux tube with a shallow convection zone included
at the loop footpoints at each end of the box. In the following, we
refer to the loop footpoints at each end of the simulation domain
as footpoint A and footpoint B. The simulation domain includes

the convection zone, the photosphere, an LTE chromosphere,
and a corona spanning the footpoints. The coronal part is heated
self-consistently by magnetoconvection at the loop footpoints.
The magnetic field configuration at the footpoints and temper-
ature as well as resulting X-ray emission are shown in Fig. 1.
We solve the compressible MHD equations by conducting 3D
resistive MHD simulations including the effects of field-aligned
heat conduction, optically thick gray radiative transfer in the
photosphere and chromosphere and optically thin losses in the
corona. The treatment of the radiative transfer, heat conduction
and resistivity, and viscosity are described in Vogler et al. (2005)
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and Rempel (2017). To close the system of equations, we used a
non-ideal equation of state.

We modeled the plasma as a single fluid and neglect effects
arising from the interaction between ions and neutrals. These
effects could influence the absorption of Poynting flux in the
chromosphere (Khomenko & Collados 2012; Shelyag et al.
2016). We did not take into account effects from non-local ther-
modynamic equilibrium in the chromosphere. While a more
accurate treatment of the chromosphere would influence the tem-
perature and electron distribution in the middle and upper chro-
mosphere (Przybylski et al. 2022), the lower chromosphere is in
LTE and the interaction between plasma and magnetic field that
leads to the formation of vortices is not expected to be signifi-
cantly affected.

The effective loop length is 50 Mm and the photosphere is
located at an average height of 3.5 Mm above the bottom bound-
ary. The horizontal extent of the simulation box is 6 X 6 Mm.
Throughout this paper, the coordinate “s” refers to the distance
to the approximate optical surface of the left loop footpoint
along the semi-circular arclength of the loop. The approximate
optical surface is defined as (t) = 1. The spatial resolution is
Ax = 12 km in both the horizontal and vertical direction. We
limited the Alfvén speed to v4 = 6000 km s~! to avoid strict
limits on the time step.

The initial condition for the magnetic field is a uniform ver-
tical field of 60 G. The high resolution simulation used in this
study is interpolated, in the first timestep, from a snapshot of a
corresponding simulation with a lower resolution of 60 km. The
simulation was run for 30 min with the new resolution to let ini-
tial transients subside before the results were analyzed.

2.2. Vortex detection

Identifying vortices in a systematic way is not a straightforward
exercise. We used the swirling strength criterion by Zhou et al.
(1999) to detect vortices in the simulation. The swirling strength
criterion is more reliable in the detection of vortices than the
increased vorticity alone, since the vorticity is not only enhanced
in rotational flows, but also in shear flows without rotation (Moll
et al. 2012).

The velocity gradient tensor U;; = (8;v;) can have all real
eigenvalues, or one real eigenvalue and two complex conju-
gate eigenvalues (Chong et al. 1990). According to the swirling
strength criterion, a grid cell is part of a vortex if the velocity
gradient tensor has a complex-conjugated pair of eigenvalues.
The eigenvector corresponding to the real eigenvalue A; is iden-
tified as the direction of the vortex. The swirling strength is then
defined as the unsigned imaginary part A.; of the complex eigen-
value. The sign of the swirling strength determines whether the
vortex rotates clockwise or counterclockwise. The shear part of
the vorticity can be computed as Wshear = W — 2.

Since this criterion selects the smallest vortices present in
the simulation domain, we followed the approach by Yadav et al.
(2020) and smooth the velocity field with a Gaussian kernel with
a FWHM of 500 km before applying the swirling strength cri-
terion in order to capture larger rotating structures. Examples
of alternative detection methods include the I'-function criterion
(Graftieaux et al. 2001), Objective Lagrangian Vortex detection
(LAVD; Haller et al. 2016), and the SWIRL algorithm (Canivete
Cuissa & Steiner 2022). Comparing vortex properties depending
on the vortex detection method is the subject of a future work.
For a detailed description of the swirling strength criterion as
well as the alternative detection methods, we refer to Tziotziou
et al. (2023).
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3. Results
3.1. Atmospheric coupling

Our simulations show an abundance of vortex flows in all lay-
ers of the solar atmosphere. We traced magnetic field lines from
a prominent vortex flow in order to determine how the rotat-
ing flows in the coronal part of the simulation are magnetically
connected to the solar surface. The swirling structure in the low
corona and the footpoints of magnetic field lines connected to the
structure are shown in Fig. 2. The field lines were traced from a
region of enhanced swirling strength at a distance of s = 6 Mm
to the solar surface (corresponding to a height of 5.86 Mm) to
the photospheric layers at both footpoints of the loop. The coor-
dinate s gives the distance to the photosphere based on the semi-
circular arclength of the loop. Here, we use the swirling strength
computed from the smoothed velocity field. The threshold for
the swirling strength was set to 0.002 rad s™!, corresponding
to a rotation period of less than 50 min. The threshold on the
swirling strength was chosen to select most of the visually iden-
tified regions showing rotational motions.

The right column shows the temperature (top) and the
swirling strength computed from the smoothed flow field (bot-
tom). The vertical magnetic field at the magnetic footpoints of
the structure is shown in the left column. The temperature shows
an enhancement along the edge of the rotating structure on the
right side.

At footpoint A, which is located closer to the swirl, the
magnetic field lines are connected to a region displaying rota-
tional motions in a magnetic concentration with kilogauss mag-
netic field strength located in the intergranular lanes. A closeup
of the region corresponding to the green square in Fig. 2 is
depicted in Fig. 3. The bundle of field lines traced from the
swirl seen in the low corona splits into two bundles of field lines
at a distance along the loop arc of about 16 Mm and ends in
two different magnetic concentrations with kilogauss strength at
footpoint B. The region containing the two magnetic concen-
trations is shown in the bottom left panel of Fig. 2. The kilo-
gauss concentrations are enclosed in pink contours. The geom-
etry of the field lines is illustrated in Fig. 4. Due to the strong
guide field and consequently large Alfvén speed, the magnetic
field is only weakly twisted in the upper atmospheric layers. The
field lines are twisted around each other at foopoint A where the
swirl is located. While the field lines are almost vertical above
the chromosphere, the streamlines of the velocity field show a
helical structure.

At loop footpoint B, the intersections of field lines with the
photosphere are less concentrated in space. The field lines are
not rooted in a particular flow structure, as can be seen in the
bottom left panel of Fig. 2. The concentrations that the field lines
are rooted in do not rotate around each other, therefore, the twist
in the magnetic structure must stem from footpoint A. From 81
traced field lines, 58 field lines are rooted in the large kilogauss
concentration centered at [x,y]=[3.25,4.75] Mm, while 19 field
lines are rooted in the smaller concentration at [x,y]=[1.6,5.4]
Mm. The axial Poynting flux interpolated along the two bundles
of field lines is illustrated in Fig. 5. While the Poynting flux on
each individual field line strongly varies, the Poynting flux aver-
aged over all the traced field lines indicated by the dashed black
line is positive through almost the whole domain.

The velocity and swirling strength in a plane transverse to the
guide field are organized in elongated structures aligned with the
magnetic field. The velocity perpendicular to the guide field in a
cut along the loop is shown in the left panel of Fig. 6. An elongated
structure with increased transverse velocity can be seen with its
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Fig. 2. Swirling strength, temperature, and connection to the footpoints. Left column: Cuts at the photospheric level showing the vertical magnetic
field component at both footpoints. The cut shown in the top left panel is located at a height of 0 Mm (footpoint A), the cut shown in the bottom
left panel at an arclength of 50 Mm (footpoint B). The displayed cutouts correspond to the yellow and orange squares in Fig. 1. Upper-right panel:
Temperature at s = 6 Mm. The blue contour is outlining a patch of enhanced swirling strength (|| = 0.002 rad s™' for an effective resolution
of 500 km after smoothing the velocity field to bring out the larger structures). The swirling strength calculated from the smoothed flow field is
shown in the bottom right panel at an arclength of 6 Mm. The light blue circles in the left column show the intersection of the magnetic field lines
traced from the region outlined in blue in the upper right panel with the photospheric layer. The magenta contours outline kilogauss magnetic field
concentrations. The field of view of the closeup in Fig. 3 is indicated by the green square. The arrows show direction and magnitude of the velocity

field perpendicular to the loop axis (see Sects. 3.1 and 4.3).

axis located at roughly x = 3 Mm. The middle panel shows the
swirling strength computed from the velocity field smoothed with
a Gaussian with a width of 0.5 Mm. Small-scale swirls are abun-
dant both inside and outside the larger rotating structure. After
smoothing, the vortex is visible as a single contiguous structure
with enhanced swirling strength reaching coronal heights. We
note that for the lower effective resolution, the vortex appears to
begin at a height of 1 Mm. This is due to the strong increase of
the swirling strength in the corona and the horizontal expansion
of structures, so that slower, smaller vortices in the chromosphere
are not accurately captured. The vortex does not end at roughly

12 Mm, where it disappears from the cut —rather, it is moving out
of the cut at y =4 Mm since its axis is inclined.

The rightmost panel of Fig. 6 shows the Poynting flux aver-
aged over a slab centered on the vortex location. The average
was performed between y =3.5 Mm and y =5 Mm. The Poynt-
ing flux is enhanced at the location of the vortex. This is con-
sistent with previous findings of enhanced Poynting flux at the
locations of vortices (Yadav et al. 2020; Battaglia et al. 2021;
Finley et al. 2022). The enhancement of the Poynting flux is still
present far into the coronal part of the loop. The Poynting flux
stems from footpoint A at which the vortex originates and the
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Fig. 3. Closeup of the footpoint of the swirl shown in Fig. 2. The field
of view corresponds to the region within the yellow rectangle in Fig. 2.
Contours in magenta mark regions with |B,| > 1000 G. The red arrows
show the magnitude and direction of the velocity field at the () = 1 sur-
face. The light blue markers correspond to the intersections of the field
lines traced from the swirl under consideration with the photospheric
layer (see Sect. 3.1).

field is twisted by the photospheric motion. There is only a weak
upwardly directed Poynting flux above the magnetic concentra-
tions that the field lines connected to the vortex are rooted in at
footpoint B on the opposite side.

The vortex evolves with height as it propagates into the
atmosphere. The height evolution of the vortex is shown in
Fig. 7. Regions of increased transverse velocity and Poynting
flux appear at all four heights shown in the figure. The vor-
tex shows increased elongation with height and is eventually
deformed into a crescent shaped flow at s = 20 Mm.

While we find an increased upwardly directed Lorentz force
at the edge of the vortex in the low chromosphere, there is no
clear enhancement at the vortex location in the corona. While the
Lorentz force is always directed perpendicular to the magnetic
field, due to the twisting of the magnetic field in the chromo-
sphere, the magnetic field has a strong horizontal component in
the lower atmosphere that allows for an upwardly directed force.
The Lorentz force is concentrated in many oppositely directed
patches at greater heights and does not seem to lead to a large-
scale acceleration of material.

In the chromosphere, the vortex contains a structure denser
than the surrounding plasma. At coronal heights, the density con-
trast is much lower and the area with the highest density in the
field of view is located outside the vortex. For a discussion on the
relation between the swirling strength and the density distribu-
tion, we refer to Sect. 4.2. Generally, the X-ray emission follows
the density distribution. For the lowest height of 1.3 Mm, no
X-ray emission is present since the plasma is too cool to emit in
this wavelength range. With increasing height, the X-ray emis-
sion begins to show a bright elongated structure at the edge of the
vortex that becomes the brightest structure in the field of view at
s =20 Mm.

3.2. Swirl properties

To investigate general properties of swirls across a large range
of atmospheric heights, we conducted a statistical study of swirl
properties analogous to the study in Yadav et al. (2020) and Yadav
et al. (2021). To study how swirls influence quantities such as
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Poynting flux, heating rate, and density, we computed the aver-
age of these quantities over areas where the swirling strength
exceeds a certain threshold, then normalized it by dividing by the
averaged quantity over the full cross-sectional domain at a cer-
tain arclength s. To compare our results to Yadav et al. (2021),
we chose a threshold of 0.0628 rad s~! for the swirling strength.
This is equivalent to selecting only events with a rotation period
shorter than v = 100 s if the swirls were rotating uniformly.
Due to the steep decrease in density, the rms velocity and thus
the swirling strength strongly increase with height in the chro-
mosphere and transition region. We nevertheless chose a fixed
value for the swirling strength threshold for simplicity since any
choice of threshold would introduce a bias to the results. While the
choice of threshold does affect the results, the general trend of an
increased Poynting flux and dissipation rate over vortices remains
the same. The average swirling strength for the small-scale swirls
in the coronal part of the loop is roughly 0.05 rads~!, vor-
tices with a swirling strength above our threshold are thus above
the average swirling strength in the loop cross-section. The pro-
files were averaged over 34 snapshots taken over a time range of
34.9 minutes.

The swirl properties as a function of height are displayed
in Fig. 8. The filling factor or area fraction covered by swirls
as a function of height is shown in panel a. The area cover-
age is low at the base of the chromosphere with less than 5%,
reaches a maximum in the transition region with about 26%, then
decreases slightly and remains roughly constant in the corona
since the magnetic field cannot expand due to the limitations of
our setup.

The Poynting flux shown in Fig. 8 panel b is increased
above vortices in the lower chromosphere. The averaged non-
normalized Poynting flux over vortices decreases strongly in
the transition region. The contribution from vortices strongly
decreases in the upper layers of the chromosphere. After a local
minimum at 1.15 Mm, it increases to a value of 1.26 to reach
a local maximum at about 2.5 Mm. Subsequently, the normal-
ized Poynting flux decreases and levels off at an enhancement
of roughly 20% in the corona, then decreasing further with
increasing height. We checked the different components of the
Poynting flux and found that the Poynting flux due to perpen-
dicular flows is increased, while the flux due to vertical motions
is even decreased in the swirls compared to the average. The
average net Poynting flux above vortices at s = 10 Mm is
5.9 x 10 erg s™'cm™. In total, small-scale vortices contain
5.5 x 10?* erg s™! at this height. The Poynting flux over vortices
at the height of the transition region is 1.6 x 10%* erg s

Likewise, the viscous heating shown in panel ¢ of Fig. 8 is
increased by about 20% over small-scale vortices in the corona.
The enhancement reaches values of more than 60% in the chro-
mosphere and transition region after a local minimum between
1-2 Mm. The resistive heating is not enhanced in vortices above
about 5 Mm. In the high Prandtl number setting that we are
using, the energy dissipation occurs mostly due to viscous dis-
sipation of flows. The total heating therefore closely follows
the behavior of the viscous heating. Absolute values for the
total heating rate in the corona at s = 10 Mm and at the
transition region are Qi = 10732 ergcm™>s™! and Qi =
1072 erg cm™3s7!.

The vortices are evacuated up to a height of about 1 Mm
above the photosphere, as shown in panel d of Fig. 8. The den-
sity is decreased by about 50% in the lower chromosphere and
increased in the upper chromosphere by about 30%. The increase
in density leads to enhanced emission in the 171 A channel of
AIA. The emission is increased by about 15% at a height of
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Fig. 4. 3D rendering of the magnetic field lines connected to the region with enhanced swirling strength shown in Fig. 2. Left panel: Closeup of
the footpoint rooted in the swirl shown in Fig. 2. The field lines are color-coded with the axial component of the Poynting flux. Red corresponds
to upward directed Poynting flux, while blue corresponds to downward directed Poynting flux. The range of the color scale is from -5 x 107 to
5x 107 erg cm?s~!. The vertical magnetic field is plotted on a cut at the height of the (r) = 1 surface. The range of the color scale of the magnetic
field is from —1000 to 1000 G in the left panel and from —150 to 150 G in the right panel. The orange lines illustrate the streamlines of the velocity
field traced from the swirl. Right panel: Magnetic topology of the structure rooted in the swirl. The field line bundles are colored red and blue,
respectively, depending on which magnetic concentration they are rooted in at the footpoint plotted at the right. The probes show the vertical

component of the magnetic field at the () = 1 surface at each footpoint. In the right panel, the simulation box has been compressed by a factor of

five in the axial direction for better visibility. See Sect. 3.1.

4 Mm. In the corona, the density of the vortices does not dif-
fer significantly from the background density.

At 8 Mm, the emission over vortices drops to values below
the mean value. In contrast to the emission in the 171 A channel,
the X-ray emission is only increased by about 5% in the corona
compared to the average emission at a certain height. The chro-
mosphere is too cool to emit in either of the wavelength ranges,
therefore the emission drops sharply below the transition region.

3.3. Additional events

We identified several more swirling events that reach up into the
upper chromosphere and low corona. Two such events are pre-
sented in Figs. 9 and 10. Similarly to Battaglia et al. (2021),
we frequently find events consisting of superpositions of swirls,
especially with increasing distance to the photosphere. The swirl
we have analyzed in this study is rooted in a relatively sim-
ple and isolated footpoint that shows a clear anticlockwise rota-
tional motion (see Fig. 3). Most magnetic patches have a more

complex structure and show a combination of rotation and shear-
ing motions. A superposition of events originating from a large
magnetic footpoint containing several magnetic flux concentra-
tions of kilogauss strength is shown in Fig. 11. This footpoint
is connected to the regions with the highest emissivity in X-
rays within the simulation domain. While several separate rotat-
ing regions are recognizable at a height of 1.3 Mm, the flow
field does not show a clear swirling pattern above that height.
Instead, bright X-ray emission is present at the location of strong
shear flows.

4. Discussion
4.1. Atmospheric coupling

The rotating structure seen at coronal heights is magnetically
connected to the photosphere and chromosphere. Strong vortices
are mainly found in regions above strong magnetic concentra-
tions. These regions show increased transverse motions and as a
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Fig. 5. Axial Poynting flux interpolated along field lines rooted in the
swirling structure shown in Fig. 2 traced from seed points at a height
of 6 Mm. Poynting flux directed in the positive s-direction is positive,
while Poynting flux directed in the negative s-direction is negative. The
two populations of field lines are colored in red and blue depending on
the magnetic field patch in which they are rooted at the loop footpoint at
the right. The color-coding is the same as in Fig. 4. The dotted black line
is drawn at a constant value of zero. The thick dashed red and blue lines
show the averaged Poynting flux per flux patch, while the dashed black
line shows the average taken over all traced field lines. For a discussion,
see Sects. 3.1 and 4.3.

consequence heightened Poynting flux, since the magnetic field
communicates the photospheric motions upward due to the ten-
sion force.

Vortices twisting the magnetic field lines have been found to
be important for the transport of Poynting flux in the chromo-
sphere (Yadav et al. 2020), but so far it has been unclear whether
they transport Poynting flux beyond the transition region — or
whether most of the Poynting flux is either dissipated in the chro-
mosphere or reflected at the transition region. We find a contigu-
ous structure with enhanced Poynting flux extending high into
the atmosphere. The Poynting flux strongly drops at a height of
1-2 Mm, but the enhancement reaches far into the coronal part of
the loop. Therefore, even though dissipation and possibly reflec-
tion do take place at the transition region, a large fraction of the
Poynting flux still reaches the corona.

The structure under consideration has one footpoint (A)
rooted in the swirl and two footpoints (BI/II) on the other end
of the simulation box. Poynting flux can be injected both by
internal motions within magnetic flux concentrations that twist
the magnetic field or by relative motions of magnetic field con-
centrations that lead to the magnetic flux tubes being wrapped
around each other. In this case, the Poynting flux averaged over
the traced magnetic field lines is positive throughout most of the
length of the box, indicating that the majority of the injected
Poynting flux is indeed coming from the vortical motion inside
a single magnetic flux concentration. It has been a longstand-
ing debate what the exact mechanism is that transports energy
into the upper solar atmosphere and subsequently releases it. The
original idea by Parker of field lines braided by random motions
at the boundaries (Parker 1972, 1983) has been further developed
into the fluxtube tectonics model. In this model, heating occurs
at the boundaries of flux tubes that are braided by photospheric
motions (Priest et al. 2002). In addition to the relative motion of
whole flux tubes, internal motions within a magnetic flux ele-
ment can drive the coronal magnetic field. Packets of Alfvén
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waves that are launched by such internal motions and generate
turbulence in the corona were studied by van Ballegooijen et al.
(2011), who named this concept “dynamic braiding”. While an
extensive study of the relative contributions of braiding of mag-
netic field by external or internal footpoint motions is out of the
scope of this work, the rotating motions inject sufficient Poynt-
ing flux into the atmosphere that is transmitted past the transition
region to heat a strand to several million Kelvin.

Internal footpoint motions could therefore be sufficient to
heat loops of a few million Kelvin, while very hot loops might
be heated by a different mechanism. Our scenario is similar to
the Alfvén pulses found by Battaglia et al. (2021) since we do
not see an oscillatory motion. The swirl lasts for roughly three
minutes, instead of an oscillatory motion in the photosphere, it
arises from coherent internal motion within a flux element.

In addition to energy transport, vortices could play a role in
the transport of mass. Distorted magnetic field lines can lead to
an upwardly directed Lorentz force (Iijima & Yokoyama 2017).
In hydrodynamic equilibrium, the gravitational force acting on
the plasma is balanced by the pressure gradient. We find that the
upward directed Lorentz force is of the same order as the force
caused by the pressure gradient. The resulting dense structure
in the chromosphere shown in the second column of Fig. 7 is
roughly 500 km wide and 1 Mm long at a height of 1.3 Mm, con-
sistent with the dark structures observed by Wedemeyer-Bohm
& Rouppe van der Voort (2009). Jets accelerated by the Lorentz
force have also been investigated in Martinez-Sykora et al.
(2017). Another possible effect that could lead to the increased
density in vortices in the lower atmosphere is downflowing
plasma being trapped in magnetic flux tubes. The increase in
Lorentz force is not equally distributed over the rotating structure
but enhanced at the leftmost edge in the investigated example.
Wedemeyer-Bohm et al. (2012) found that the highest Doppler
shifts were found in the outer part of the ring-like structures
where the centrifugal forces are strongest, which is consistent
with our simulations.

Various types of motion occur within magnetic concentra-
tions at the photosphere. In addition to rotational motions, shear-
ing of field lines occurs and magnetic concentrations merge and
split up again. Vortices might act to transport Poynting flux into
the upper atmosphere, but this does not automatically mean that
the energy is dissipated. While we do find increased heating of
the vortices, the relation between vortices and bright strands is
more complicated. Instead of a hot, dense, and bright loop that
is clearly distinct from its environment, we find that the emis-
sion has a complex structure similar to the coronal veil pic-
ture studied in detail in Malanushenko et al. (2022). This phe-
nomenon has also appeared in other numerical studies, such as
Gudiksen & Nordlund (2005), Winebarger et al. (2014), Antolin
et al. (2014). In the simulation of Antolin et al. (2014), strands
arise from velocity sheared regions with enhanced emissivity.
The vortices are generated from the Kelvin-Helmholtz insta-
bility in response to transverse oscillations of the entire mag-
netic flux tube. There is no one-to-one correspondence between
a bright strand and a vortex. The simulations by Antolin et al.
(2014) omit gravitational stratification and do not contain a
chromospheric or convection zone layer. The oscillations of
the loop structure are driven by a sinusoidal driver. In con-
trast to this, in our simulations complex internal motions are
already present in the photosphere at individual loop footpoints.
It is not straightforward to determine whether individual small-
scale vortices in our simulation are driven directly by rotat-
ing magnetic flux tubes or if they are created by instabilities
affecting larger structures. While not all vortices found in the
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Fig. 6. Axial cut through the loop at y =4 Mm. From left to right: Velocity transverse to the guide field (color, the red arrows illustrate the velocity
field projected onto the plane of the axial cut), swirling strength computed after smoothing the velocity field with a Gaussian with an FWHM of
500 km, and axial component of the Poynting flux averaged over a slab between y=3.5 Mm and y =5 Mm centered on the swirling structure. An
arclength of s = 15 Mm corresponds to a height above the optical surface of roughly 42 = 12.9 Mm. See Sect. 3.1 for a discussion.

corona seem to be connected to photospheric counterparts, indi-
vidual large-scale swirls, at least, can be traced back to cor-
responding rotating motions in the photosphere. This suggests

addition, a contribution from the dynamical pressure created by
that some of the vortices in our simulations are indeed driven the centrifugal force to the total pressure further lowers the gas
by rotating flux tubes or motions within them and not produced ~ pressure inside the vortices (Moll et al. 2011). This is consis-
directly in the corona by instabilities. This does not rule out the ~tent with our findings. From a height of 1 Mm on, this behavior
possibility that such instabilities contribute to the generation of ~reverses and the vortices are instead overdense. Increased den-
vortices in the corona or effects such as a cascade of vorticity sity associated with vortices in the low 'chrompsphere was also
to small scales producing vortices on various spatial scales, as found by Yadav et al. (2021), and by Kitiashvili et al. (2012b),
suggested by Yadav et al. (2021). where the vortex forms. a densp rmg-hke structure. A pos§1ble
cause for this increase in density is the tangling of field lines,
leading to a Lorentz force that lifts up dense plasma from the
4.2. Swirl properties lower atmosphere, as can be seen in Fig. 7. Alfvén waves have
been shown to be able to cause density perturbations in coronal
loops due to nonlinear effects (Terradas & Ofman 2004).

An increased Poynting flux at the location of vortices due to
the twisting of the magnetic field in the chromosphere has also
been found by Yadav et al. (2020), Battaglia et al. (2021). The
local minimum at and the subsequent sharp rise of the Poynting
flux above the transition region is possible because the signed

The vortices are predominantly rooted in the intergranular
lanes and thus evacuated due to the strong magnetic fields. In

Several simulations have shown that vortex flows could con-
tribute to chromospheric heating and transport Poynting flux into
the corona. Yadav et al. (2021) have studied the statistical prop-
erties of vortices. In agreement with their study, we find that the

area fraction covered by vortices increases with height due to the
expansion of the magnetic flux tubes.
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Fig. 7. Cuts perpendicular to the loop axis at different distances to the photospheric layer through the structure shown in Fig. 2. From left to right:
Velocity perpendicular to the loop axis, density, axial component of the Poynting flux, axial component of the Lorentz force, and X-ray emission.
From the top to the bottom row, cuts are shown at values of the axial coordinate s of 1.3 Mm, 6 Mm, 10 Mm, and 20 Mm. The arrows show
direction and magnitude of the velocity field. The units of the X-ray emission are DN s™'pixy;Mm™'. The center of the main vortex flow is
marked with a star. The vortex center has been determined as the location of peak vorticity magnitude computed from the velocity field smoothed
with a Gaussian with an FWHM of 500 km. For a discussion, see Sects. 3.1 and 4.1.

Poynting flux is used. At the transition region height, a larger
fraction of the upward directed Poynting flux is balanced by
downward directed flux, possibly from the submergence of low
lying loops or reflection at the transition region. In response to
the increased influx of energy, the vortices show an increased
heating rate compared to the surroundings, consistent with the
findings of Yadav et al. (2021). Since the magnitude of the
viscous heating depends on density, the strong increase in the
heating fraction in the chromosphere is due to the increased den-
sity over chromospheric vortices. The resistive heating is also
increased, but only by about 10% in the chromosphere; how-
ever, it did not show an increase compared to the background
at coronal heights. This is likely due to the more complex field
geometry in the chromosphere compared to the corona. Yadav
etal. (2021) find strong current sheets at the interfaces of vortices
in the chromosphere and an enhancement of currents over vor-
tices. In Carlsson et al. (2010), the heating is seen mainly at the
edges of magnetic flux concentrations and is Ohmic in nature.
Moll et al. (2012) associate vortices with increased viscous dis-
sipation and Ohmic dissipation with the edges of magnetic flux
concentrations. The ratio of viscous to resistive heating in sim-
ulations depends on the magnetic Prandtl number (Brandenburg
2014; Rempel 2017).

The temperature over vortices is lower in the upper photo-
sphere and lower chromosphere compared to the averaged tem-
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perature at the same geometrical height, consistent with the
location of the vortices in the cooler intergranular lanes (Moll
et al. 2012). In contrast to Yadav et al. (2021), who find that the
temperature is increased in vortices at all heights above the base
of the chromosphere, the temperature over vortices in our sim-
ulation is lower than average in the chromospheric layers and
slightly increased in the corona. This could be due to the cooler
material at higher densities trapped in the vortices at chromo-
spheric heights. In the corona, the temperature is only increased
by about 1-2% despite a 20% increase in the heating rate. This is
not surprising if we take a look at the RTV scaling laws (Rosner
etal. 1978). The RTV scaling laws relate the maximum tempera-
ture of a coronal loop and quantities such as pressure and heating
rate under the assumption of hydrostatic equilibrium and thermal
equilibrium, constant pressure, and a uniform cross-section. For
an increase in the heating rate of 20%, we would only expect an
increase of the temperature by 5%. We find an even smaller tem-
perature increase, but the RTV scaling laws assume a 1D atmo-
sphere in thermal equilibrium, which is not the case in a realistic
time-dependent 3D simulation.

In the corona, where the magnetic field is uniform, the effect
of vortices on the density is negligible. The regions with the
highest densities are not associated with vortex flows, despite the
increased heating rate in vortices. This behavior can be under-
stood considering the timescales involved. The density reacts to
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Fig. 8. Dependence of swirl properties on the axial coordinate along the loop: (a) area fraction covered by vortices, (b) averaged Poynting flux
over vortices (red) and Poynting flux over vortices normalized by the Poynting flux averaged over the loop cross section at the same distance along
the loop (blue), (c) normalized viscous (green) and resistive (red) heating fraction over vortices, and (d) normalized density and emission in the
X-ray and the 171 A bands over vortices. The coordinate s refers to the distance to the approximate optical surface of the left loop footpoint along
the semi-circular arclength of the loop. The shaded areas refer to the standard deviation of the depicted quantities at any given arclength along the

loop due to variation in time. See Sects. 3.2 and 4.2.

increases in the temperature with a delay. Typical axial velocities
in the simulation are of the order of 50—100kms~', therefore it
takes several minutes to transport material through the loop. This
is on the order of the typical lifetimes of small-scale vortices.
The cooling timescale for a coronal loop is on the order of half
an hour, therefore the loop remains hot after the actual heating
event has ceased. The initial increase in density in the chromo-
sphere is consistent with Yadav et al. (2021), but since the upper
boundary in their simulation is at a height of 2.5 Mm, they do

not see the subsequent decline in overdensity of the swirls in the
corona.

In observations, chromospheric vortices appear as dark fea-
tures (Wedemeyer-Bohm & Rouppe van der Voort 2009). This
is compatible with the presence of elevated, dense, and cool
material that we find in the vortices in the upper photosphere
and chromosphere. Despite the increased density and heating
rate for the low corona up to 7.5 Mm, the X-ray emission is
only increased by about 4-5%. The emission follows mainly the
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density distribution that is not significantly enhanced in swirls
above a height of 8 Mm. At chromospheric heights, both the
emission in the 171 A channel and in X-rays is lower than the
average emission at the same perpendicular slice. This could
be due to cool material reaching larger heights in the vortices,
so that the swirls are overdense in the chromosphere and low
corona, but slightly cooler than the surroundings and thus too
cool to be bright in X-ray emission or in the 171 A channel.

The emission in the 171 A channel, which has a response
function that peaks around 600000 K (Lemen et al. 2012) is
increased by about 10% in the low corona and its behavior quali-
tatively follows the density distribution from a height of 2.5 Mm
on. At coronal heights, the swirls are darker in the 171 A chan-
nel than the surroundings. This is due to the high temperatures in
the corona that rise well above 600000 K. The X-ray emission
is enhanced in the hottest parts of the corona.

The brightest areas do not coincide with the highest swirling
strength and the brightness contrast is small compared to other
parts of the loop cross section. Heating occurs at strong gradients
in either the magnetic or velocity field. This is the case in regions
with strong shear flows such as the edge of a vortex or regions
where vortices interact. This is similar to the case in Reale
et al. (2016), where the current first increases at the location of
shear between the twisted and untwisted regions. Other types
of motion, however, such as the relative motion of flux tubes
or pure shear motions can also lead to gradients in the velocity
and magnetic field and, thus, to viscous and resistive dissipation.
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The strand of bright X-ray emission in the right column of Fig. 7
corresponds to such a dissipation region caused by the vortex
flow, but since the vortex edge falls below the swirling strength
threshold and the emission is not necessarily increased within
the swirls themselves, this relation between vortices and bright
areas is not accurately captured in the statistics. The swirling
strength criterion, when applied to the smoothed velocity field,
does not capture the rotating structure in its entirety. An arbitrary
threshold needs to be selected to define the vortex boundary.
Different vortex identification methods should be investigated
and compared.

4.3. Implications for coronal heating

While the original Parker model considered random motions
on an infinitely conducting plate as the driver for the braid-
ing of field lines, the model has since been extended to more
realistic scenarios and the term is often used to refer to large-
scale braiding of magnetic structures. Most loops, however,
do not show evidence for braiding on observable scales. van
Ballegooijen et al. (2011) instead suggested that the heating is
due to motions inside magnetic concentrations. De Moortel &
Galsgaard (2006) compared coronal heating due to rotational
and spinning footpoint motions. In the first case, the sources of
two fluxtubes are rotating around each other, entangling the flux-
tubes. In the second case, the footpoints do not undergo a bulk
motion, instead the field lines inside the flux tubes are tangled by
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internal spinning motions. The authors find that in the presence
of a background field, the small-scale spinning motions are more
efficient at dissipating energy for the same misalignment angle
than rotational motions.

Our findings are more in line with the original Parker braid-
ing model that also includes reconnection due to torsion within
aligned flux tubes (Parker 1982) than with the flux tube tectonics
model in which heating arises from the relative motion of flux
tubes (Priest et al. 2002). Earlier studies found that swirls can
provide a significant amount of the energy flux to heat the chro-
mosphere and corona (Wedemeyer-Bohm et al. 2012; Battaglia
et al. 2021). The average vertical Poynting flux at a height of 6
Mm above the swirling structure outlined by the contour in the
bottom right panel of Fig. 2 is 5.1 kW m~2. At a height of 2 Mm
the average Poynting flux is 18.4 kW m™ and at a height of 1
Mm above the photosphere even 127.8 kW m~2.

Large-scale swirls with a swirling strength above a thresh-
old of 0.002 s~!, cover about 30% of the simulation domain
at a height of 1 Mm, while roughly 40% of the Poynting flux
is channeled through them. The amount of Poynting flux avail-
able at the transition region is compatible with the requirement
of 10 kWm™2 to heat coronal plasma to several million Kelvin.
Wedemeyer-Bohm et al. (2012) estimate a Poynting flux of 440
W m~2 from their numerical model contributed by vortices at
the transition region height in the quiet Sun. Chmielewski et al.
(2014) found an energy flux of 280 W m~? just above the transi-

tion region and 130 W m~2 in a simulation of a swirl exciting
Alfvén waves in a magnetic flux tube, while Murawski et al.
(2018) found 300 W m™2 in a similar numerical experiment.
Amari et al. (2015) estimated the Poynting flux carried by tor-
sional Alfvén waves at a height of 10 Mm to be 300 W m™2.
Yadav et al. (2020) found the full contribution from small-scale
vortices in the upper chromosphere to be 7500 W m~2. For an
isolated swirling event, Battaglia et al. (2021) find 34.5 kW m™
in the middle chromosphere.

Ion-neutral effects can enhance the absorption of waves in
the chromosphere (Khomenko & Collados 2012). The absorp-
tion of Poynting flux has been found to be enhanced in the
middle and upper chromosphere in the presence of ambipolar
diffusion (Shelyag et al. 2016).

We find several examples of large-scale vortex flows reach-
ing up into the corona shown in Figs. 7, 9, and 10 that are mag-
netically connected to photospheric vortex flows within strong
magnetic concentrations, indicating that at least some of the
coronal vortex flows found in the simulation are driven by
footpoint motions and not generated in the corona. The gener-
ation and connectivity of vortex flows in different atmospheric
layers will be the subject of future studies.

A significant fraction of the Poynting flux is transmitted
through the transition region. In order to dissipate the injected
energy, gradients in the magnetic field or in the velocity field
need to form. As Fig. 5 shows, the average axial Poynting flux

A94, page 13 of 16



Breu, C., et al.: A&A 675, A%4 (2023)

X [Mm]

X [Mm]

X [Mm]

F_[dyn cm~2] X — ray emission

0.000010
0.000005
10.000000
—0.000005

—0.000010

t0.0
-05
-1.0
1.0
05
|l to.0

-0.5

-1.0

X [Mm]

X [Mm]

Fig. 11. Perpendicular cuts at different distances to the photospheric layer for the complex magnetic footpoint located at [x,y] =[0.5,1.5] Mm.
From left to right: Transverse velocity, density, Axial component of the Poynting flux, axial component of the Lorentz force, and X-ray emission.
From the top to the bottom row, cuts are shown at values of the axial coordinate s of 1.3 Mm, 6 Mm, 10 Mm, and 20 Mm. The arrows show
direction and magnitude of the velocity field. The field of view has been centered on the footpoint assuming periodic boundary conditions. The
domain has been shifted by 3 Mm in the x- and y direction. The units of the X-ray emission are DN s™' pixy;z Mm™".

along a set of sample field lines is positive almost through the
entire length of the loop. Thus, a small fraction of the Poynting
flux does not get dissipated and reaches the opposite transition
region. The strongest dissipation occurs along the outer edge of
the vortex structure along a strong velocity gradient. The heat-
ing rate is higher above the complex footpoint seen in the lower
left quadrant. A superposition of swirls creates more small-scale
structure that allows for dissipation.

5. Conclusion

In simulations, vortices have been found both in the photosphere
and in the chromosphere. These structures are not distinct, but the
chromospheric vortices are rooted in their photospheric counter-
parts. While vortices have been observed in the low corona—and it
has been suggested that vortices play an important role in channel-
ing energy and plasma into the corona (Wedemeyer-Bohm et al.
2012) — the continuation of these structures beyond the transition
region has never been studied in detail in simulations.

Using high-resolution simulations of the solar surface, chro-
mosphere, and corona, we find that vortices do not only extend
into the chromosphere, but also form contiguous structures that
connect the photosphere with the corona. Consistent with previ-
ous studies, vortices are energetically important especially in the
upper chromosphere, showing increased Poynting flux and heat-
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ing rates. Upward acceleration of chromospheric plasma leads
to a higher density at vortex locations in the chromosphere and
low corona. While vortices play an important role for energy
transport and transverse density structuring of the chromosphere
and low corona, their role becomes less clear with increas-
ing height. Poynting flux and heating rate are still increased
at coronal heights, but less so than in the chromosphere, and
the effect on the density is small. There is a complex rela-
tionship between coronal emission and vortices. Regions with
enhanced emissivity at vortex edges could potentially appear as
loop strands.

A large variety of vortex detection methods exists, from
which some, such as the I'-functions method (Grafticaux et al.
2001) or the LAVD method (Haller et al. 2016) and the Ror-
tex criterion (Canivete Cuissa & Steiner 2022), allow for the
identification of vortices and their boundaries without the loca-
tion of the boundary being dependent on an arbitrary threshold
on the vorticity or swirling strength. The Rortex criterion has
been found by to be the most reliable criterion for extracting
properties of the vortex, such as the rotation period. For a
comprehensive overview of the advantages and disadvantages of
different vortex detection methods, we refer to Tziotziou et al.
(2018). The influence of different criteria for the identification
of vortices and their boundaries on the derived properties of vor-
tices merits further investigation.
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Appendix A: Influence of the swirling strength
threshold

The swirling strength criterion for the identification of vortices
requires the choice of a threshold on the swirling strength to
determine the location of the vortex boundaries. In this study,
events with periods shorter than 100 s are selected to compute
statistical properties of vortices. The influence of the swirling
strength threshold on these properties is illustrated in Fig. A.1.
The figure shows the average Poynting flux over vortices, the
total Poynting flux over vortices summed over a cross section
of the loop and the average heating rate as a function of the
swirling strength threshold at a distance to the photosphere of
s=10 Mm. Two different additional thresholds corresponding to
periods of 468.7 s and 62.8 s are being considered. While the
threshold on the swirling strength does affect the results, the
general trends remain the same. The average Poynting flux and
the total heating rate consisting of the sum of the resistive and
viscous heating rate are increased over vortices. Only including
faster rotating vortices leads to a higher average Poynting flux
and increased dissipation due to larger gradients in the veloc-
ity. While the average Poynting flux and the average heating rate
over vortices increase with a higher threshold, the total Poynting
flux over vortices decreases since faster rotating vortices cover a
smaller fraction of the loop cross-section.
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Fig. A.1. Average Poynting flux, total Poynting flux, and average heat-
ing rate over vortices as a function of the swirling strength threshold at
$s=10 Mm (shown from top to bottom).
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