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ABSTRACT

Constraining the processes that drive coronal heating from observations is a difficult task due to the complexity of the solar
atmosphere. As upcoming missions such as the Multi-slit Solar Explorer (MUSE) will provide coronal observations with
unprecedented spatial and temporal resolution, numerical simulations are becoming increasingly realistic. Despite the availability
of synthetic observations from numerical models, line-of-sight effects and the complexity of the magnetic topology in a realistic
set-up still complicate the prediction of signatures for specific heating processes. 3D magnetohydrodynamic (MHD) simulations
have shown that a significant part of the Poynting flux injected into the solar atmosphere is carried by small-scale motions, such
as vortices driven by rotational flows inside intergranular lanes. MHD waves excited by these vortices have been suggested to
play an important role in the energy transfer between different atmospheric layers. Using synthetic spectroscopic data generated
from a coronal loop model incorporating realistic driving by magnetoconvection, we study whether signatures of energy transport

by vortices and eventual dissipation can be identified with future missions such as MUSE.
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1 INTRODUCTION

Spectroscopic measurements allow us to study the physical processes
responsible for coronal heating. The upcoming Multi-slit Solar
Explorer (MUSE) mission is expected to provide spectroscopic data
with unprecedented spatial and temporal resolution as well as spatial
coverage (De Pontieu et al. 2020, 2022). The MUSE spectrograph
will observe in three extreme ultraviolet wavelength channels centred
around 171, 284, and 108 A, including strong unblended lines of
Fe1x, Fe Xv, and Fe XIX, respectively, formed around temperatures
of 0.8—-12 MK. This large span of plasma temperatures allows for
the observation of a wide range of phenomena in different layers
of the atmosphere, from the transition region to flare plasma. Due
to its multislit nature (the MUSE spectrograph will have 35 slits),
MUSE has a large spatial coverage, providing simultaneous spectra
of entire structures such as coronal loops, while having a high spatial
resolution of 0.4 arcsec x 0.167 arcsec (De Pontieu et al. 2022),
with the slit width of 0.4 arcsec corresponding to 291 km and the
resolution along the slit to 121.409 km on the solar surface. In
contrast, existing coronal spectrometers such as the Hinode EUV
Imaging Spectrometer (EIS) have a much lower resolution of over 2
arcsec.

A high spatial and temporal resolution is vital since heating events
in the corona are thought to take place on small spatial scales and
short time-scales. In recent years, simulations and observations have
shown that small-scale motions in the intergranular lanes, especially
vortex motions driven by magnetoconvection, may play an important
partin the transfer of energy and mass to the corona (e.g. Wedemeyer-
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Bohm et al. 2012; Yadav, Cameron & Solanki 2020, 2021; Kuniyoshi
et al. 2023). These flows are difficult to detect due to their small
spatial extent, down to 0.58 Mm in the chromosphere (Liu et al.
2019) and below 100 km in the photosphere. Nevertheless, vortices
have been detected in the photosphere and in the chromosphere
(Bonet et al. 1988, 2008, 2010; Wedemeyer-Bohm & Rouppe van
der Voort 2009), where some of the detections were associated with
brightenings in the low corona indicative of heating (Wedemeyer-
Bohm et al. 2012). Due to the spatial coincidence of detections
across multiple atmospheric layers, it is hypothesized that swirls
consist of a coherent, rotating or twisted magnetic field structure
connecting several atmospheric layers. Simulation results indicate
that chromospheric swirls with sizes of several megametres could
be made up of smaller swirls of the size of a few kilometres (Yadav
et al. 2021), indicating a turbulent cascade. It is unclear how many
of these structures penetrate the transition region and continue into
higher layers of the atmosphere, but it has been suggested that they
could launch torsional Alfvén perturbations into the corona (Shelyag
etal. 2013; Battaglia et al. 2021). In order to observe wave signatures,
observations at high cadence would be required in addition to very
high spatial resolution, due to the low densities and high Alfvén
speed in the corona. In the paper, we will investigate whether MUSE
would be able to detect atmospheric swirls and follow a propagating
twist along a coronal loop.

2 METHODS

2.1 Simulation set-up

We model a coronal loop as a straightened-out magnetic flux tube
in a Cartesian box with dimensions of 6 Mm x 6 Mm x 57
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Mm and a spatial resolution of A = 60 km. The 3D resistive
magnetohydrodynamic simulations are solved using the MURAM
code (Vogler et al. 2005) with the coronal extension (Rempel
2017). The effects of gravitational stratification, field-aligned heat
conduction, optically thick grey radiative transfer in the photosphere
and chromosphere, and optically thin losses in the corona are taken
into account. As an initial condition for the magnetic field, we use a
uniform vertical field with a field strength of 60 G. In the photosphere,
the magnetic field is then concentrated into the intergranular lanes
by convection. The set-up is described in more detail in Breu et al.
(2022).

Using a straightened-loop model in combination with a realistic
treatment of the magnetoconvection at the loop footpoints, we found
that small-scale torsional motions in the intergranular lanes play a
non-negligible role in the energy transport in coronal loops and the
model reproduced observed strand widths of coronal loops (Brooks
et al. 2013; Williams et al. 2020).

2.2 Differential emission measure calculation

For optically thin conditions, the differential emission measure
(DEM) quantifies the contribution to the emission by plasma within a
specific temperature interval. The energy flux F in a certain emission
line at a specific location is given by a height integration of the
emissivity along the line of sight (LOS; Peter, Gudiksen & Nordlund
2006):

F= /G(T,ne)nzds, M

where 7, is the electron density, G(7, n.) is the contribution function
of the respective emission line, and ds is the line element along the
LOS.

Since the integral is not dependent on the ordering of volume
elements along the LOS, this can be replaced by an integration over
the temperature (Craig & Brown 1976):

F = /G(T, n.)DEM dT, 2)
with the DEM given by
, ds
DEM = n_ —. 3)
dr

Due to the Doppler effect, emission line profiles produced by a
moving plasma parcel will be shifted to longer (if moving away
from the observed) or shorter (if moving towards the observer)
wavelengths, so the energy flux due to emitted photons of a given
wavelength depends on the plasma velocity in addition to the
temperature. In order to obtain synthetic spectra, we need to obtain
the distribution of emission as a function of plasma temperature and
the velocity component along the LOS. This quantity is termed the
velocity DEM (VDEM; Newton, Emslie & Mariska 1995):

, ds
VDEM = n, ——,
dTdv
F = //G(T,ne)VDEM dT dv. (®)]

“

In practice, we divide the temperature and velocity ranges present
in the simulation into intervals and determine the amount of plasma
present in each temperature and velocity bin.

From the simulation cubes, we obtain density, temperature, and the
LOS velocity. The electron density is computed using the tabulated
equation of state.
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‘We choose a linear spacing for the LOS velocity and logarithmic
spacing for the temperature. The width of the temperature bins in
logarithmic space is 0.1, which is a typical bin width for a DEM. The
width of the velocity bins is 5 km s~!.

2.3 Synthetic spectra

With the obtained VDEM and the MUSE response function, we can
then calculate the synthetic spectrum for a specific spectral line:

L(x, ) = VDEM,;r'™ ds, (6)

where r is the instrument response function for MUSE providing the
detector response for all 1024 spectral bins for all three wavelength
channels per unit emission measure (in 1072’ cm~>), ¢ and v are the
indices along the temperature and velocity axes, respectively, 7 and j
are the spatial indices of each pixel, and m is the index of the spectral
bin.

The response function has been calculated using CHIANTI 10.0
(Dere et al. 1997, Del Zanna et al. 2021) assuming coronal abun-
dances and includes instrumental line broadening and thermal line
broadening (De Pontieu et al. 2022). The synthetic spectra are in
units of phs~! pix~! with the MUSE spectral pixel of size of 0.4
arcsec x 1.67 arcsec.

2.4 Spectral profile moments

After synthesizing the spectral line profiles, we calculate the profile
moments to obtain intensity, Doppler shift, and line width:

Iy(x) = /Il(x,)»)d)», 7)
1
Il(x) = m /)\.I)L(x,)\‘)d)\‘, (8)
bx) = S = L) (x, A) a ©)
Ip(x)

This gives the intensity in units of phs~! pix~' and the Doppler shift
and line width in A. From the second profile moment, we calculate
the exponential line width oy/.(x) = V2L(x). The wavelength is
in units of A. To convert from wavelengths to Doppler velocities,
We use Vgource = € (A'/A — 1), where vgoue is the Doppler velocity
of the emitting plasma, c is the speed of light, A is the unshifted
wavelength, and 1’ is the observed wavelength.

Since the MUSE resolution differs from the grid resolution of the
simulation, we resample our obtained spectra to the MUSE plate
scale. Following De Pontieu et al. (2022), we resample the spectra to
apixel size of 0.167 arcsec x 0.167 arcsec since the slit could always
be reorientated to obtain the maximum possible resolution. For the
raster scan in Fig. 1, however, we use a resolution of (0.4, 0.167)
arcsec. Since the grid spacing of the simulation is A = 60 km, we
approximate the MUSE resolution by averaging the spectra from a
2 x 2-pixel wide square.

2.5 Data analysis

We compute MUSE synthetic spectra for two different observing
modes, a raster scan and a sit-and-stare observation. In the first case,
the slits are moved over the observed structure, whereas the location
of the slits is kept constant in the latter case so that the time evolution
of the spectra can be studied in a fixed location. For the raster scan,
we assume an exposure time of 1 s, so each column of pixels parallel
to the slit has a time difference of 1 s.
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Figure 1. MUSE synthetic raster scan of the coronal loop model for the Fe Xv 284 A line. From top to bottom: intensity, Doppler shift, and line width. We
assume a pixel size of (0.4, 0.167) arcsec and an exposure time of 1 s. The loop was scanned from left to right. The dashed black lines illustrate the location of
the MUSE slits at the start of the exposure. Slit 5 is chosen for closer examination and is marked in orange. The raster scan covers the strongest line broadening
event in the time series. The yellow and purple rectangles mark the location of strong adjacent redshift and blueshift. The light blue and pink contours outline

Doppler shifts stronger than 5 km s~

Small-scale torsional motion has been suggested to cause an
increase in line broadening (De Pontieu et al. 2015). A swirl
seen at the limb could manifest either as adjacent redshifted and
blueshifted features or as region with broadened emission lines if
several structures are overlapping along the LOS or have sizes below
the instrument resolution limits. We compute MUSE spectra for 14
different slits with locations marked by dashed black lines in Fig. 1.
We systematically check for events showing high line broadening in
time—distance diagrams for the different MUSE slits.

To identify an event, we compute the average line broadening
over the time series for each slit. We define an event as line
broadening exceeding the average broadening by five times the
standard deviation. This threshold was chosen to filter out only the
strongest events associated with clusters of swirls or strong shear
flows. At the location of the peak of the event, we check for increased
Doppler shifts and increased emission in different lines.

3 RESULTS

3.1 Detected events

We calculate an artificial Fe Xv MUSE raster scan and sit-and-stare
observations of the simulated flux tube. We identify an elongated
structure with high line width in the raster scan at x & 5.5 Mm
(yellow rectangle in Fig. 1). At the location of this structure,
the synthetic emission displays elongated parallel blueshifted and
redshifted features with adjacent blueshift and redshift, indicating the
possible presence of twisted structures. There is a second blueshifted
and redshifted feature at x = 0—1.5 Mm (purple rectangle), but only
in the first case is the feature cospatial with a region of strong line
broadening. There is no clear relation between Doppler shift, line
width, and the intensity.

We can also identify several persistent adjacent redshifted and
blueshifted features in the time—distance diagram for the Doppler
shift. Time—distance diagrams for a sit-and-stare observation for all

14 slits are shown in Figs 2—4. The largest and most long-lived
feature, located at x = 0-1.5 Mm, is visible from slits 1 through
11 (pink rectangles), indicating a spatial extent along the loop axis
of about 40 Mm, and lasts for several minutes. The feature appears
for different time ranges in different slits. While it is present for
about 800 s in slit 2, it appears fainter in slit 11 and appears for a
shorter time of only 200 s. This feature also appears in Fig. 1 (purple
box), extending roughly 30 Mm along the loop. The second feature
appearing in the raster scan (yellow box) is also visible in the time
series, but from slit 5 only the blueshifted component is discernible
(blue rectangles).

Similar to the raster scan, regions with increased line broadening
tend to be cospatial with strong Doppler shifts, although similar to the
raster scan, the intensity shows no obvious correlation with Doppler
shift or line width.

As an example, we choose the time series for slit 5 (Fig. 4) at
an axial distance of s = 16.545 Mm from the photosphere for event
detection. Slit 5 is marked in orange in Fig. 1. This part of the loop
is in the corona and would be visible in an on-disc observation. We
identify 36 events using the methods outlined in Section 2.5. The six
strongest events are marked in Fig. 5 with circles. Of the total of 36
events, 34 show patterns of alternating redshift and blueshift within
a range of 500 km around the spike in the line width. Since Doppler
shift fluctuations are present nearly everywhere in the domain, we
could also consider a threshold on the amplitude of the Doppler shift
as an additional selection criterion. Using a threshold of 5 km s~ to
only take into account stronger flows reduces the number of identified
events to 13 (out of 36). Only in four cases are the peaks in line width
associated with local peaks in intensity. Some events are associated
with local minima in the intensity, and four cases are even close to or
coincide with a global minimum in the intensity along the slit. Out
of the six strongest peaks in line width, two occur at the location of a
local intensity peak. Five out of the six events are associated with a
sign change in the Doppler shift under consideration of the 5 km s~
threshold.

MNRAS 531, 1671-1684 (2024)
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Figure 2. Synthetic ‘sit-and-stare’ observation for 14 of the 35 MUSE slits. From left to right, the figure shows the time—distance plots of the intensity for each
slit. The location of the slits is marked by the dashed black lines in Fig. 1. The pink and blue boxes mark the location of long-lived strong Doppler shifts.
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Figure 3. Synthetic ‘sit-and-stare’ observation for 14 of the 35 MUSE slits. From left to right, the figure shows time—distance plots of the Doppler shift at each
slit. The location of the slits is marked by the dashed black lines in Fig. 1. The pink and blue boxes mark the location of long-lived strong Doppler shifts.

3.2 Selected events

We choose the six strongest events for closer examination. Fig. 1
shows a MUSE raster scan centred around the strongest event (a).
An elongated structure with high line widths as well as blueshifted
and redshifted emission is present along almost the full length
of the loop at x = 4.5 Mm and y = 0-40 Mm. The alternating
blueshift and redshift indicate a potential twisted structure. Intensity,
Doppler shift, and line width are shown at the time of peak
broadening for events (a)—(c) in Fig. 6 and for events (d)—(f) in
Fig. 7. The peak in line width coincides with a peak in Doppler
shift in cases (a) and (c). For events (a) and (c), the peak in line
width is at the location of a local maximum in the intensity, while

MNRAS 531, 1671-1684 (2024)

for event (b), it is located close to the global minimum of the
intensity.

The enhancement in the line width can be caused by different kinds
of flow patterns. Line broadening can arise from the cumulative effect
of fluctuations in the plasma flow along the direction of the LOS
or from small-scale flows below the instrument resolution. Since
the resolution in this initial study is relatively low with 60 km, the
effect is expected to arise mainly from the LOS integration. Line
broadening can also arise from increased plasma temperature during
heating events. We found that the total line width for the Fexv
line integrated over the coronal part of the loop is always above the
thermal width for a viewing window covering the coronal part of
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Figure 4. Synthetic ‘sit-and-stare’ observation for 14 of the 35 MUSE slits. From left to right, the figure shows the time—distance plots of the line width at each
slit. The location of the slits is marked by the dashed black lines in Fig. 1. The pink and blue boxes mark the location of long-lived strong Doppler shifts.
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Figure 5. Synthetic ‘sit-and-stare’ observation for slit 5. From left to right:
line width for the Fe XV line, intensity, and Doppler shift. The locations of
the six strongest heating events are marked with black and red circles. The
pink and blue boxes mark the location of long-lived strong Doppler shifts.
The green and purple contours outline areas in the time—distance plots with
Doppler shifts above the threshold of 5 km s~!.

the loop for a similar set-up (Breu et al. 2024). We checked for the
three strongest line broadening events in our time series whether this
is also the case for individual heating events by computing the total
line width from our simulation cubes assuming that the temperature
is constant everywhere and equal to the line formation temperature.
We find a comparable peak in the line width in the same location and
conclude that the enhancement in line width is not primarily caused
by an increased plasma temperature and we can neglect the effect of
thermal broadening. The MUSE response functions also contain the
effect of instrumental broadening, but this is uniform in space.

We find that in most cases the strongest line broadening occurs near
sign changes in the Doppler shift. Torsional motions, bidirectional
jets such as nanojets, and shear flows could all lead to parallel
redshifted and blueshifted features adjacent to each other and to high
line widths. For a bidirectional jet, this would be the case if the LOS is
along the direction of the jet axis so that both the component moving
towards the observer and away from the observer are detected.

In order to determine whether the detected events are related to
small-scale swirls or other types of flow, we have a closer look at
events (a)—(c). Cuts perpendicular to the loop axis are shown in Figs
8-10 for various quantities.

For event (a), a strong shear flow is present at the location of the
increased line width and Doppler shift. The shear flow leads to the
strong shift seen in the time—distance diagram at x ~ 5.5 Mm. The
LOS also crosses a strong heating event marked by green contours
of the volumetric heating rate in Fig. 8. Temperature and vertical
velocity are enhanced at the location of the shear flow. Additionally,
the component of the Lorentz force perpendicular to the loop axis is
enhanced, driving outflows with speeds up to 80 km s~

Event (b) consists of a superposition of swirling/shearing flows
and jet-like outflows (see Fig. 9). The swirling component is strongly
elongated. Temperature and vertical velocity are enhanced and two
strong heating events are present along the LOS.

A flow consisting of two counter-rotating vortices is present in
event (c), also showing some jet-like features driven by an enhanced
Lorentz force (see Fig. 10). Event (c) is also associated with a

MNRAS 531, 1671-1684 (2024)
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Figure 6. From left to right: cuts through intensity, Doppler shift, and line width at the position of slit 5 for the Fe XV line for events (a)—(c) (top to bottom).
The vertical solid line marks the position of the highest peak in the line width. The dashed vertical lines in the middle panels mark a distance of 0.5 Mm from
the peak in line width. The horizontal dashed lines show the threshold on the magnitude of the Doppler shift of 5 km s~!.

strong heating event at the interface of the vortices. Both upflow
and downflow are present at the location of the heating event.

Upward-directed Poynting flux is enhanced for all three events.
We rarely find isolated swirl events, superpositions of swirls are
common.

To test whether events (b) and (c) have a chromospheric coun-
terpart, we traced field lines from a cut through the events at the
height of slit 5 down to the chromosphere and photosphere. The
starting points for the magnetic field lines were selected to lie in
regions with enhanced swirling strength (here, we set a threshold of
0.002 rad s~!, which corresponds to a rotation period of less than
50 min). In order to detect only the larger structures, we smoothen

MNRAS 531, 1671-1684 (2024)

the velocity field with a Gaussian with a full width at half-maximum
of 500 km before computing the swirling strength. We then calculate
the intersection of the field lines with a slice at a height of 0.5
Mm and with the photosphere. The result is illustrated in Fig. 11.
While for event (c), the magnetic field lines are clearly rooted in a
chromospheric region and a kilogauss magnetic field concentration
exhibiting swirling motions, the case is less clear for event (b). Event
(b) consists of a superposition of several swirls, and the magnetic
field lines are rooted in a larger, more complex footpoint. We trace
field lines from two identified swirls. One of them appears to be
connected to the edge of a photospheric swirl. In the chromosphere,
it is connected to a flow that exhibits partial swirling motions, but is
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Figure 7. From left to right: cuts through intensity, Doppler shift, and line width at the position of slit 5 for the Fe XV line for events (d)—(f) (top to bottom).
The vertical solid line marks the position of the highest peak in the line width. The dashed vertical lines in the middle panels mark a distance of 0.5 Mm from
the peak in line width. The horizontal dashed lines show the threshold on the magnitude of the Doppler shift of 5 km s~!.

weaker than a nearby large-scale swirl. We conclude that while some
coronal swirls are magnetically connected to a swirling structure in
the chromosphere, others show no clear connection and might form
in the corona itself due to an energy cascade to small scales or local
wave excitation.

Strong Doppler shifts are present several 100 s before event
(c). In the supplementary movie, a superposition of several slow-
moving rotating flows is present along the LOS in the region x =
0-2 Mm and y = 0-6 Mm. At the time of event (c), the heating
event leads to strong outflows in opposite directions along the LOS.
While the swirls present before event (c) are mostly aligned and
show the same sense of rotation, the strong outflows occurring at the

time of event (c) lead instead to a broadening of the emission line
profile.

3.3 Hot and cool plasma

Broadening of coronal emission lines is most likely caused by small-
scale motions that could be associated with heating. Previous studies
find some correlation of non-thermal line broadening and intensity
(Dere, Bartoe & Brueckner 1984; Chae, Schiihle & Lemaire 1998;
Testa, De Pontieu & Hansteen 2016), which we do not find in our
simulation for the Fe XV emission. There is no clear correlation
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Figure 8. Cuts perpendicular to the loop axis at the location of slit 5 for event (a). Top row: x, y, and z components of the velocity. Bottom row: axial Poynting
flux, temperature, and Lorentz force perpendicular to the loop axis. The arrows illustrate the velocity field. The solid vertical line indicates the position of the
peak in line width for this event. The contours outline regions with a heating rate of log10(Qwt) > —1.
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Figure 9. Cuts perpendicular to the loop axis at the location of slit 5 for event (b). Top row: x, y, and z components of the velocity. Bottom row: axial Poynting
flux, temperature, and Lorentz force perpendicular to the loop axis. The arrows illustrate the velocity field. The solid vertical line indicates the position of the
peak in line width for this event. The solid contours outlines regions with a heating rate of 1og19(Qrt) > —1. The dashed contours mark the region from which

field lines are traced in Fig. 11.

between large line width, Doppler shift, and brightenings for the
Fexv line. Most peaks in line width and Doppler shift are not
associated with a peak in intensity. The lack of correlation between
Doppler shift, line broadening, and intensity could be due to the
fast-moving plasma responsible for the increases in Doppler shift
and line broadening exceeding the peak formation temperature of

MNRAS 531, 1671-1684 (2024)

the Fe Xv ion. The presence of very hot plasma at temperatures of
several million Kelvin is a signature of heating by nanoflares (e.g.
Cargill 1994; Reale et al. 2009; Schmelz et al. 2009; Testa & Reale
2012, 2023) that locally heat loop strands to flare temperatures. We
find plasma exceeding temperatures of 2.5 MK along the LOS for
all of the six events under closer consideration. For events (b) and
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Figure 11. Top row: transverse velocity at a height of 0.5 Mm and vertical
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row for event (c). The pink and blue markers mark the intersection of the
magnetic field lines with a slice at height of 0.5 Mm (left column) and the
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(f), the plasma temperature even exceeds 5 and 6 MK, respectively.
Plasma of this temperature should be bright in the Fe XIX line, since
the peak formation temperature of this ion is in the range of logo(7)
XK)=1[7,7.1].

While most line broadening events are not associated with bright-
enings in Fe XV, we should find a correlation for hotter lines such as
Fe x1x. We have synthesized spectra for the Fe XIX line. Intensity,
Doppler shift, and line width at the position of slit 5 are shown in
Fig. 12 for events (a)—(c). In contrast to the Fe XV emission, large line
widths are associated with brightenings in the Fe XIX emission. We
found a strong correlation between line width and Fe XIX intensity for
the events (a)—(c). Due to the small filling factor and consequentially
low photon count rates, emission in the Fe X1X channel would not be
measurable for this loop.

Since the loop also contains plasma below the peak formation
temperature of Fe XV, we checked the emission in the Fe IX line with
a peak formation temperature of 0.8 MK. Due to the sensitivity to
cooler plasma, the emission in this line is concentrated mostly near
the footpoints for our model, with negligible emission in the coronal
part of the loop.

3.4 Exposure time

In order to determine Doppler shift and line width with an accuracy
of 5 km s~!, roughly 100 detected photons are needed for the Fe IX
line and 150 for the Fe XV line (see fig. 6 in De Pontieu et al. 2022).

We test different exposure times to check how long we need to
integrate in time to obtain a sufficient amount of photons to determine
Doppler shift and line width with the desired accuracy. Since heating
events occur on short time-scales, it is important to not expose for too
long, so that the events are still discernible as separate heating events.
For an exposure time of 5 s, the majority of detected events lie outside
of areas where enough photons are detected. An integration time of
at least 10 s is needed to achieve the desired accuracy. The time—
distance diagrams for the intensity, Doppler shift, and line width are
shown in Fig. 13 for an integration time of 10 s. A sufficient number
of photons is detected for most of the loop area. Using the same
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Figure 12. From left to right: cuts through intensity, Doppler shift, and line width at the position of slit 5 for the Fe X1xX line for events (a)—(c) (top to bottom).
The vertical red line marks the position of the highest peak in the line width for the Fe Xv line. The vertical green line shows the location of the largest line
width along the slit for the Fe XIX line. Only the green line is shown where the red and green lines overlap. The dashed red lines in the middle panels mark a

distance of 0.5 Mm from the peak in line width.

event detection method as before, we recover the events (a)—(f) for
the time-integrated data.

3.5 Time evolution and propagating features

While in the lower atmosphere individual swirls are discernible,
with height the flow field becomes increasingly complex. Instead
of being associated with a single isolated twisted structure, the
region with high line width and Doppler shift at x = 4-6 Mm
and y = 3-6 Mm shows many emerging and disappearing rotating
structures (see Figs 8—10 and accompanying movie). The distinction
between swirls and waves is not clear and depends on time-

MNRAS 531, 1671-1684 (2024)

scales of photospheric motions and propagating disturbances in the
corona. While in the low atmosphere a swirl might be a persis-
tent structure, the Alfvén speed increases steeply at the transition
region and twists in the magnetic field are quickly propagated
away.

We are interested in the question whether the swirls we see in our
simulations are contiguous, persistent twisted structures, torsional
oscillations, or propagating ‘Alfvén pulses’ as suggested by Battaglia
et al. (2021), and whether it would be possible to detect their
propagation if they are indeed features moving upwards from the
photosphere.
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Figure 13. Time-integrated time—distance images for the Fe XV line at slit 5.
Left to right: Line width, intensity, and Doppler shift. We assume an exposure
time of 10 s. The pale blue contours mark regions where the photon count is
below a threshold of 150 photons. Detected events are marked with circles.

Most line broadening events and strong Doppler shifts can be seen
in several slits. The broadening appears at slightly different times for
slits at different positions along the loop.

To check whether this delay is associated with propagating fea-
tures, we plot a time—distance diagram assuming that the instrument
slits are oriented parallel to the loop axis.

A time—distance diagram for the line width for two loop-aligned
slits located at x = 0.5 and x = 5.5 is shown in Fig. 14. The slits are
placed to cover the location of events (a)—(c).

The time—distance diagrams show several elongated structures.
Since heating events usually occur as extended structures along the
loop axis, these signals could be signatures of spatially extended
intermittent heating events or propagating features. In order to check
whether these signals are consistent with perturbations propagating
with the Alfvén speed, we calculate the trajectories of test particles
moving with the local, time-dependent Alfvén speed as Az = (va
+ v,;)At. These trajectories are overplotted in Fig. 14 as black lines
and their slope is indeed roughly compatible with the slope of the
line broadening events (a)—(c). Depending on whether or not the
Doppler shift undergoes a sign change, we can distinguish between a
torsional oscillation and a pulse. Instead of the characteristic pattern
expected for a torsional oscillation, we find unidirectional Doppler
shifts lasting for several 100 s.

A practical obstacle to detect signals of propagating disturbances
lies in the necessary exposure time to achieve the photon count
required to measure Doppler shifts and line width with sufficient
accuracy. For an integration time of 5 s, the majority of detected
events occur in regions that do not show a sufficient photon count.
This poses a problem for the detection of propagating disturbances
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due to the high Alfvén speed and therefore short travel times in
the corona. While fewer maxima for the line width are detected
in the time-integrated data due to the loss of fine structure, the
strongest events can still be detected even after 10 s exposure time.
The detection of signatures of propagation, however, is impeded
for an exposure time of 10 s. As illustrated in Fig. 15 for event
(c), we would still detect the enhancement in line broadening, but
the structure in the time—distance diagram does not appear inclined
anymore and it is therefore not possible to distinguish between a
propagating feature or an event that occurs simultaneously over a
large height range. With Alfvén speeds of the order of thousands of
kilometres and a loop length of 50 Mm, the travel time is of the order
of 10 s. An event would need to have a travel time of more than
20 s along the flux tube in order to be detected. Likewise, we can
only detect oscillations with periods above 20 s. The coronal field
strength of 60 G we choose for our simulation, however, is quite
high and corresponds to active region loops. For active region loops,
measured coronal electron densities are log,o(n) = 8.9-9.8 cm™>
and field strengths in the range of 60-150 G (Brooks, Warren &
Landi 2021), while being of the order of a few G in other regions
(Yang et al. 2020) and several 100 G in flare loops (Kuridze et al.
2019), leading to large variations in typical Alfvén speeds.

3.6 Discussion and outlook

Swirls cause observable signatures in Doppler shift and line width.
They could be observed as elongated structures showing adjacent
redshift and blueshift in the Doppler velocity, enhanced line widths,
or a combination of both. The exact nature of swirls is not yet solved;
they might be stationary rotating magnetic flux tubes or torsional
Alfvénic waves (Battaglia et al. 2021). Some of the structures we
find in our simulation appear to be propagating along the loop axis
roughly at the Alfvén speed. Due to the high cadence that MUSE
allows for, it may be possible to follow perturbations in time, but
the low intensity of these structures and the resulting long required
exposure times might prohibit this.

Similar signatures to the swirl signatures we find, however, could
also be produced by a jet or shear flow depending on the observing
angle. Additional uncertainty is introduced by the overlap of emission
from different structures along the LOS due to the optically thin
nature of the coronal emission. The Doppler shift is non-zero and
fluctuating in almost every part of the domain and the Doppler
shift signal alone is not enough to detect presence of swirl. A
few events, however, stand out due to the spatial and temporal
coherence of enhanced Doppler shifts that hint at the presence of
a persistent flow structure instead of a superposition of randomly
directed flows. Most line broadening events are located near a
region of strong Doppler shift or at its edges. The presence of both
enhanced Doppler shifts and enhanced line widths suggests both
flows on large scales as well as heating and associated small-scale
flows.

Distinguishing between different kinds of events depends on
information about the 3D structure of the observed plasma flows. A
3D reconstruction would require observations from multiple different
aspect angles. This could be achieved with a combination of MUSE
and the Spectral Imaging of the Coronal Environment (SPICE) in-
strument (SPICE Consortium 2020) or the Interface Region Imaging
Spectrograph (IRIS) (De Pontieu et al. 2014) for cooler lines.The
spectral resolution of SPICE, however, is not sufficient to accurately
determine the line widths in non-flaring coronal loops. MUSE could
also be combined with an imager in order to determine plasma
velocities by tracking motions of bright structures (see Enerhaug,
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Figure 14. Time—distance image for the line width of the Fe XV line for two slits placed parallel to the loop axis at positions x = 0.5 Mm and x = 5.5 Mm. The
dashed vertical lines mark the time of the three strongest line broadening events. Events (a) and (c) are occurring near x = 5.5 Mm, while event (b) occurs near
x = 0.5 Mm. The trajectories of test particles moving with the Alfvén speed are overplotted.
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Figure 15. Time-distance image for the line width of the Fe XV line at a slit placed parallel to the loop axis at position x = 0.5 Mm. Left panel: zoom-in of
Fig. 14. Right panel: time—distance image for the time-integrated spectra. The data have been integrated over ~10s. The overplotted curves represent tracks for
test particles moving with the time-dependent Alfvén velocity averaged along the LOS.

Howson & De Moortel 2024), but this method is not applicable for
purely torsional Alfvén waves that do not exhibit transverse motions
and do not lead to brightenings. MUSE observations would have to
be supplemented by additional observations such as chromospheric
observations in the same region to shine more light on the nature
of the events. An observation of a chromospheric swirl would
make the presence of a similar structure in the corona more likely.
Furthermore, it has been suggested that swirls could result from a
merger of photospheric magnetic concentrations (Finley et al. 2022;
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Kuniyoshi et al. 2023). These structures have a small diameter of
hundreds of kilometres, but could be observed with new instruments
such as the Daniel K. Inouye Solar Telescope (DKIST) and the
Extreme Ultraviolet High-Throughput Spectroscopic Telescope (EU-
VST), which will make it possible to trace plasma from transition
region to coronal temperatures (Shimizu et al. 2019; De Pontieu
et al. 2022).This combination of instruments should make it pos-
sible to identify coherent structures spanning different atmospheric
layers.
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The numerical model itself has several limitations. Here, we use
a relatively low resolution of 60 km due to the lower computational
cost of obtaining a run with a high temporal cadence. With higher
numerical resolution, the velocity field is expected to become
increasingly complex and more small-scale vortices will be resolved,
leading to more overlapping structures along the LOS.

A problem with detecting the very hot plasma component that is
bright in Fe XIX arises from its small emission measure and the short
time range over which it is present (Reale 2014).

The plasma spends a much longer time in the subsequent cooling
phase than in the initial very hot phase. Doppler shift and line width
are highest in the first 800 s, while the Fe Xv emission reaches
its highest value after that time, indicating that this increase could
be due to cooling nanoflare-heated plasma. Optically thin coronal
emission has a strong dependence on the density. The time-scale of
the evaporation of plasma from the denser chromosphere is longer
than the typical duration of heating events. This explains why the loop
reaches its maximum intensity after the heating activity indicated by
high Doppler shifts and line broadening subsides.

The correlation between Doppler shifts, line width, and intensity
for the FeXiX line confirms that the lack of correlation for the
Fe xv line is due to the plasma temperature far exceeding the peak
formation temperature of Fe Xv ion. The photon count rate from
our model, however, is too small to be observed due to the low
filling factor of the hot plasma. Nevertheless, Fe XIX observations
could be relevant for very hot active region loops. Since the Fe Ix
emission is very weak in the coronal part of the loop, the Fe XV line
is therefore the most suitable line available to observe the simulated
warm loop. Even for this line, however, the photon count rates are
low compared to count rates expected for active regions (see e.g.
for comparison De Pontieu et al. 2020, 2022). Count rates of a few
tens of photons per second increase the exposure time needed to
accurately measure Doppler shifts and line widths to at least 10 s.
The low count rates compared to active region simulations could be
caused by the small LOS integration for this model of just 6 Mm.
In active region simulations, plasma with temperatures around 1.5—
2 MK is present along the LOS for about 20 Mm (see Fig. 9 in
Rempel 2017). Our box would cover only a small part of that loop
system. Since the loop is multithermal, the filling factor of plasma
at the right temperature to be captured in a given passband is low.
Additionally, coronal densities are expected to be underestimated in
the model since the transition region is underresolved (Bradshaw &
Cargill 2013).

The stretched loop set-up sacrifices realism for a lower com-
putational cost for resolving the loop interior. The model uses
a uniform vertical magnetic field as initial condition. Therefore,
the field strength does not vary strongly and the field is close to
vertical already at chromospheric heights. The field strength in the
corona relative to the field strength at the photosphere is therefore
likely overestimated. With 50 Mm, the loop length corresponds
to a typical active region loop length. The plasma temperature of
around 2 MK also corresponds to active region loops, but we do
not include sunspots in the simulation box. Numerical experiments
have to be conducted using a realistic curved loop set-up in order to
determine the influence of the magnetic topology on swirl properties
and observables.

Currently, we assume quite idealized conditions when conducting
the forward modelling. The response function we use to compute the
synthetic emission incorporates only the main emission line. We do
not take into account other lines or the overlapping of spectra from
different slits on the detector. This contribution from additional lines
should be taken into account in order to make realistic predictions
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about observations, although its effect is expected to be largely
negligible in most spectra (De Pontieu et al. 2020), and, where that is
not the case, it can be estimated by applying a spectral disambiguation
code (Cheung et al. 2019; De Pontieu et al. 2020). We also did not
add noise to the line profiles, which would be present in actual
observations. This study therefore represents an idealized situation
and needs to be expanded upon by including more instrumental
effects.

4 CONCLUSIONS

The aim of this paper is to investigate whether MUSE could detect
coronal swirls.

In synthetic emission derived from our numerical model, we
find multiple instances of line broadening events cospatial with
parallel features with adjacent strong redshift and blueshift. We find
signatures of the propagation of some of these features to higher
atmospheric layers in time—distance diagrams. These events are
usually associated with shear flows or a superposition of many small-
scale swirls. Despite swirls having been linked to coronal heating,
they are not always associated with a brightening in the respective
emission line. This is due to the multithermal nature of the plasma.
It is a challenge for observations to obtain a high enough photon
count to accurately measure line shifts and widths. Longer exposure
times needed for faint contributions from hot plasma complicate the
detection of propagation signatures in regions with strong field and
low density, leading to high Alfvén propagation speeds. Stereoscopic
observations would be needed to verify that an observed event is a
swirl and not due to a jet or shear flow. Despite these limitations,
MUSE could potentially observe the limb counterpart of small-scale
swirls or could detect their presence in coronal loops under favourable
conditions, e.g. for brighter events.
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