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ABSTRACT

Context. High-resolution solar observations have revealed the existence of small-scale vortices, as seen in chromospheric intensity
maps and velocity diagnostics. Frequently, these vortices have been observed near magnetic flux concentrations, indicating a link
between swirls and the evolution of the small-scale magnetic fields. Vortices have also been studied with magneto-hydrodynamic
(MHD) numerical simulations of the solar atmosphere, revealing their complexity, dynamics, and magnetic nature. In particular, it has
been proposed that a rotating magnetic field structure driven by a photospheric vortex flow at its footprint produces the chromospheric
swirling plasma motion.

Aims. We present a complete and comprehensive description of the time evolution of a small-scale magnetic flux concentration
interacting with the intergranular vortex flow and affected by processes of intensification and weakening of its magnetic field. In
addition, we study the chromospheric dynamics associated with the interaction, including the analysis of a chromospheric swirl and
an impulsive chromospheric jet.

Methods. We studied observations taken with the CRisp Imaging SpectroPolarimeter (CRISP) instrument and the CHROMospheric
Imaging Spectrometer (CHROMIS) at the Swedish Solar Telescope (SST) in April 2019. The data were recorded at quiet-Sun disc
centre, consisting of full Stokes maps in the Fe1 line at 6173 A and in the Ca infrared triplet line at 8542 A, as well as spectroscopic
maps in the lines of Har 6563 A and Can K 3934 A. Utilising the multi-wavelength data and performing height-dependent Stokes
inversion, based on methods of local correlation tracking and wavelet analysis, we studied several atmospheric properties during
the event lifetime. This approach allowed us to interpret the spatial and temporal connectivity between the photosphere and the
chromosphere.

Results. We identified the convective collapse process as the initial mechanism of magnetic field intensification, generating a re-bound
flow moving upwards within the magnetic flux concentration. This disturbance eventually steepens into an acoustic shock wave that
dissipates in the lower chromosphere, heating it locally. We observed prolonged magnetic field amplification when the vortex flow
disappears during the propagation of the upward velocity disturbance. We propose that this type of magnetic field amplification
could be attributed to changes in the local vorticity. Our analysis indicates the rotation of a magnetic structure that extends from the
photosphere to the chromosphere, anchored to a photospheric magnetic flux concentration. It appears to be affected by a propagating
shock wave and its subsequent dissipation process could be related to the release of the jet.
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1. Introduction

Quiet-Sun regions harbour a pervasive and evolving small-scale
magnetic field, organised across a range of different granular
scales due to horizontal convective flows (see e.g. Solanki|[1993;
de Wijn et al.|2009; Bellot Rubio & Orozco Suarez|2019). At the
supergranular scale, two magnetic field structures can be identi-
fied in photospheric magnetograms: 1) a kiloGauss field accu-
mulation forming a network-like pattern, the so-called magnetic
network (Sheeley||1967)) and 2) the region between them con-
taining innumerable weaker and smaller magnetic flux concen-
trations, the so-called magnetic internetwork (Bellot Rubio &

Orozco Suarez|2019). In the internetwork, magnetic flux concen-
trations have typical sizes of less than 1”. They are commonly
accumulated in regions of downwardly directed plasma flow sur-
rounding the granules, namely, within the intergranular space.
These flux concentrations can be spatially associated with fea-
tures of increased continuum brightness compared to their sur-
roundings, the so-called magnetic bright points (MBPs) (Solanki
1993; |[Sanchez Almeida et al.|[2004)). Advected by convective
horizontal movements, these elements eventually interact with
other magnetic fields and plasma, disappearing via the flux can-
cellation of opposite polarity pairs, or otherwise becoming stable
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magnetic flux concentrations via flux expulsion (Parker 1963}
Weiss| 19665 (Galloway & Weiss|1981)).

Network and internetwork magnetic structures have their
counterpart in the chromosphere, and their dynamics highly in-
fluence the upper layers of the solar atmosphere. The gas pres-
sure dominates the physical processes in the surface layers where
the magnetic field is confined to individual and separated flux
tubes. With the density decreasing with height, the magnetic flux
tubes expand to the upper layers, filling the available space either
merging or interconnecting with other accumulations of mag-
netic flux of equal or opposite polarities, respectively (Solanki
& Steiner||1990; |Solanki| 1993)). The plasma regime change de-
termines the coupling and connectivity between the photosphere
and the chromosphere; therefore, the analysis of physical quan-
tities based on layer diagnostics can lead us to understand the
interrelation and causality of small-scale solar phenomena at dif-
ferent heights. For instance, transient events such as sudden am-
plification or disappearance of magnetic flux can produce ener-
getic effects that can be observed in several layers of the solar
atmosphere (Chen et al.|2021] and references therein).

Short-lived magnetic field intensification occurs in the inter-
network magnetic flux, reaching kG field-strengths values sig-
nificantly larger than the expected equipartition field strength
(Nagata et al.[2008)). The convective collapse, suggested initially
by [Parker| (1978)), is a proposed mechanism to reach such high
field strengths from an initially weak magnetic field. In an in-
cipient magnetic flux tube, the energy transport is inhibited lead-
ing to a thermally isolated tube. As a consequence of the super-
adiabatic stratification of the surrounding medium, the down-
flowing plasma accelerates and evacuates the tube, leading to
its compression and thus its magnetic field intensification. This
process was also identified using numerical simulations (Hasan
1985} |Grossmann-Doerth et al.|[1998; Takeuchi||1999; |Vogler
et al.[[2005). In particular, Grossmann-Doerth et al.| (1998) re-
ported that the intensification is associated with a partial evac-
uation of the magnetic flux tube and an accelerating downflow,
the effect previously described in [Parker| (1978)). In their simu-
lations, an initial magnetic field of around 400 G leads to a fast
downflow within magnetic flux concentration, causing a rebound
effect. This produces a rising plasma flow that may trigger an
upward-moving shock, which can then destroy the compressed
flux tube.

From an observational point of view, based on the evidence
given in[Bellot Rubio et al.|(2001)) from ground-based spectropo-
larimetric observations, the convective collapse and the subse-
quent dispersal of the magnetic flux are due to the formation of
an upward-moving front. An increase in the total circular polari-
sation measurements, together with a redshifted intensity profile
in photospheric lines, was identified in the initial stage of the
convective instability followed by a blue-shifted intensity profile
and a sudden appearance of an extra displaced Stokes-V compo-
nent, producing a strong asymmetry in the Stokes-V profile due
to the upward-moving front. Using Hinode observations, Na-
gata et al.| (2008) identified a small-scale magnetic element with
an initial magnetic field strength of around 400 G with a tran-
sient intense downflow close to 6kms™', subsequently reach-
ing a magnetic field strength of 2 kG. Statistical studies were
also performed demonstrating the ubiquitous occurrence of the
convective collapse (Fischer et al.|2009; Utz et al.|[2014; |[Keys
et al.[2020)). For instance, |[Fischer et al.| (2009) studied 49 con-
vective collapse events exhibiting a brightening in the contin-
uum intensity, downward plasma flows in the photosphere and,
in several cases, a brightening was seen in the Can K chromo-
spheric line. A recent study of high-resolution spectropolarimet-
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ric observations of hundreds of MBPs including a comparison
with radiative magneto-hydrodynamic (MHD) simulations re-
vealed other mechanisms of sudden magnetic field amplification,
closely related to convective motions (Keys et al.[2020). Using
observational and numerical evidence, Keys et al.| (2020) found
that compression due to granular expansion and merging with
surrounding magnetic accumulations can also produce a fast in-
tensification of magnetic fields. They detected specific cases of
magnetic field intensification at locations of enhanced vorticity,
but only observed it in simulations. These findings suggest the
importance of observational studies of magnetic field intensifi-
cation within vortical flows.

Although diverse small-scale vortical motions in the photo-
spheric intergranular regions have been frequently detected in
solar observations (e.g. [Brandt et al.|[1988; Bonet et al.|[2008]
2010; |Attie et al.||2009; Steiner et al.|2010; [Vargas Dominguez
et al.|2011; |Giagkiozis et al.|[2018} [Requerey et al.|2018)), it has
been shown that they are not necessarily always co-located with
magnetic field concentrations (Giagkiozis et al.[2018)). However,
it was found that they can influence the dynamics of neighbour-
ing magnetic elements (Bonet et al.|2008} |Vargas Dominguez
et al.|2015)) and control the plasma dynamics as they can channel
mass, momentum, and energy into different solar atmospheric
layers (Wedemeyer-Bohm & Rouppe van der Voort|2009; [Mor-
ton et al.| 2013} [Tziotziou et al.|[2018} 2019; [Liu et al./[2019;
Tziotziou et al. [2020l 2023} Jess et al.|2023). At the network
scale, Requerey et al.| (2018)) studied the relationship between
a persistent photospheric vortex flow and the evolution of a
magnetic network element using Hinode data. These authors
showed that magnetic stability is closely related to the presence
of vortex flows, a relationship that was theoretically predicted by
Schiissler| (1984) and Biinte et al.| (1993). Furthermore, Shetye
et al.| (2019) inspected small-scale chromospheric swirling pat-
terns and their connection with the dynamics of underlying pho-
tospheric magnetic flux concentrations. They found that the swirl
centre is co-spatial with single magnetic flux concentrations,
suggesting that the vertical magnetic field of the concentration
supports the swirl. Moreover, the magnetic nature of the vortical
movements in the chromosphere was confirmed by later obser-
vations (Murabito et al.[2020).

Simulations have confirmed a large number density and sev-
eral properties of vortical motions as well as their magnetic na-
ture at intergranular scales (e.g. Moll et al.[|2011} |Shelyag et al.
20115 [Silva et al.|[2020, 2021}; Battaglia et al.|2021}; [Tziotziou
et al.|2023};|Canivete Cuissa & Steiner|2024). However, the study
of their dynamics and multi-layer connectivity at the observa-
tional level has been challenging due to the difficulty of find-
ing isolated cases and the diverse constraints in the available
observational data. Fortunately, instruments such as the CRisp
Imaging SpectroPolarimeter (CRISP, [Scharmer et al.|2008;; |Lof-
dahl et al.|2021) and the CHROMospheric Imaging Spectrome-
ter (CHROMIS, |Scharmer|[2017; [Lofdahl et al.|[2021) attached
to the Swedish Solar Telescope (SST, |Scharmer et al.|[2003)) are
equipped to provide high-quality data products for such an anal-
ysis.

In this work, we present a comprehensive description of the
evolution of an isolated photospheric small-scale magnetic el-
ement undergoing sequential episodes of magnetic field inten-
sification during its interaction with a vortex flow observed by
CRISP and CHROMIS. The magnetic flux concentration evolves
in connection with a chromospheric swirl, which features an im-
pulsive plasma release simultaneously with one of the events of
magnetic field intensification. In particular, we analyse the rela-
tionship of the studied case with a detected photospheric convec-
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tive collapse process and its connectivity with a chromospheric
jet propagating through a preexistent chromospheric swirl struc-
ture. Also, we have explored the heating signatures as well as
evidence of high-frequency oscillations in the chromosphere.

2. Data and methods

The case under study was identified in simultaneous and cospa-
tial full-Stokes observations of the Fer 6173.3 A line (Landé-
factor g = 2.5) and the Cam infrared triplet at 8542.1 A (Landé-
factor g = 1.1) together with spectroscopy observation of the
Ha line, all recorded with CRISP in the quite-Sun disc-centre.
These observations were undertaken in April 2019 as part of
a campaign run by the SOLARNET access programme. The
mean seeing parameter ry was 22.7 cm during the 2 hours of
the sequence. The data provided were corrected for dark cur-
rent and flat-fielding using the SSTRED data pipeline (Lofdahl
et al.|[2021). The data were further demodulated and corrected
for cross-talk (Stokes 7 to Q, U, and V). A reconstruction process
was performed using a multi-object multi-frame blind deconvo-
lution (MOMFBD) algorithm, removing the small-scale atmo-
spheric distortions to obtain high spatial resolution and precise
alignment between the sequentially recorded images (Lofdahl
2002; |Van Noort et al.|[2005)).

The CRISP data set is composed of spatially aligned maps on
a specific range of wavelength positions for each line. The Fe1
6173.3 A line is sampled in 15 wavelength points spread sym-
metrically around the line core in 0.035 A steps, and the Can
8542.1 A line is sampled in 21 wavelength points with a varying
step size of 0.075 A close to the core of the line, and up to 0.1 A
in the wings. The He line is sampled in 25 wavelength points
spread symmetrically around the line core in 0.1 A steps. The
complete field of view (FOV) is approximately 50" x 50" with
a spatial resolution of 0.12” x 0.12” (0.058”pix~!). The maps
of the data set were recorded with a cadence of 28.2 seconds.
The calculated photon noise in the polarimetric data (Stokes Q,
U, and V) is approximately o, = 2.3 X 1073 (in units of the
spatially and temporally averaged continuum intensity, /.).

The CRISP data set is complemented with simultaneous ob-
servations of the Can K line recorded with the CHROMIS in-
strument. The Can K line is sampled with 27 wavelength points
around the line centre at 3933.7 A with one continuum point at
3930 A. The wings of the line (blue and red) are sampled with
three points at +0.92 A, +1.18 A, and +1.51 A and the line core
is sampled within the interval —0.65 A to +0.65 A with 0.065 A
spacing. Unlike the CRISP instrument, CHROMIS provides a
cadence of 7.8 seconds, and a FOV covering our area of inter-
est with a spatial resolution of 0.08” x 0.08" (0.039”pix~"). The
calculated photon noise of the CHROMIS spectroscopic data is
approximately oy = 0.02 (in units of the spatially and tempo-
rally averaged continuum intensity /.). The details of the optical
setup, along with the passbands of the different filters, are given
in[Lofdahl et al.| (2021)).

The complete FOV was analysed using the Milne-Eddington
(ME) inversion technique: Very Fast Inversion of the Stokes Vec-
tor (VFISV) (Borrero et al.[2011) applied on the Fe1 6173.3 A
line. We performed the wavelength calibration by comparing
the mean spectral profile of the full quiet Sun region with the
McMath-Pierce Fourier Transform Spectrometer atlas (hereafter
FTS atlas, [Neckel/[1999). Then, we applied VFISV to estimate
the photospheric average parameters, such as the line-of-sight
(LOS) velocity (vips) and magnetic field strength (|B]). The p-
mode signals were removed in the LOS velocity using a pass-

Table 1: Definition of the characteristic parameters and spectral
band samples of the Can K line core.

Band sample Central wavelength[A] Width[A]
K-index 3933.7 +0.52
Ky 3933.5 +0.065
Kor 3933.9 +0.065
K 3933.7 +0.065
Parameter Definition

Emission strength Ky /K3

K;-asymmetry (Kav — Kor)/(Kay + Kag)

band filter. Using the magnetic field strength maps, we tracked
every ephemeral magnetic field concentration above 1 kG in the
full sequence with the Yet Another Feature Tracking Algorithm
(YAFTA) (Welsch & Longcope||2003; |DeForest et al.| 2007).
From hundreds of magnetic flux concentrations, most of those
localised in network patches, we identified our studied event. As
a context image, Fig.[I] depicts the complete FOV at different
wavelength positions of the spectral lines sampled by CRISP and
CHROMIS. The snapshots presented were recorded on 24.04.19
at 08:46:52UT when the event was initially detected. Red boxes
mark a region of 8” X 8" size, where the studied event is located.

We applied several methods for the analysis of this spe-
cial small-scale magnetic flux concentration. First, we used the
VFISV results to describe the average physical properties in the
photosphere. We also explored the magnetic field characteristics
of the magnetic flux concentration around the formation height
of the Fe16173.3 A line using the spatial distribution of the total
circular polarisation (TCP), the total linear polarisation (TLP),
and the net circular polarisation (NCP) defined as follows:

1 (% Vw2

TCP =1 f dx, )
N /li IC
1 Yo+ U2

TLP =— f Q—d/l, 2)
N A Ic
Vi =V,

NCP = , 3
Vb + Vr ( )

where N is the number of total spectral points in the profile,
Vo = No7'[[ VdAI/I. and V, = N\ [ Vdal/I, are the nor-
malised circular polarisation integrated over the blue (from 4
to A,.) and red (from A, to Ar) wavelength range of the pro-
file respectively, taking as reference the Stokes-V zero-crossing
wavelength position (4,.) and considering Ny, and N; the num-
ber of spectral points in the blue range and in the red range re-
spectively. The NCP analysis provides evidence of gradients of
the physical parameters within the magnetic flux concentration
(Landolfi & Landi Degl’innocenti|[1996).

We complement this analysis by performing height-
dependent inversion using the Stokes Inversion based on Re-
sponse functions (SIR) algorithm (Ruiz Cobo & del Toro Ini-
estal|1992) applied on the Fe1 6173.3 A line to infer the atmo-
spheric physical parameters in different photospheric heights.
For this spectral data, all velocities and Stokes-V zero-crossing
shifts presented refer to the core wavelength position of the mean
Stokes-I profile calculated for the complete FOV and time se-
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CRISP Fe 16173 A
Continuum intensity
_ T

CRISP Ca Il 8542 A
Core intensity

CRISPFe 16173 A
Core intensity

CHROMIS Ca 11 3934 A
Core intensity

CRISP Fe 16173 A
Stokes V at 0.1 A from the line core

CRISP Ha 6563 A
Blue wing at -0.2 A from the line core

Fig. 1: Snapshots of the complete FOV (50" x 50”) of CRISP and CHROMIS at a selected wavelength position in the sampled spec-
tral lines: Top row from left to right: Continuum and core intensity of the spectral line Fe1 6173.3 A, Stokes-V circular polarisation
in the red wing of the Fe16173.3 A line. Bottom row from left to right: Intensity of the core of Ca II at 8542.1 A and 3933.7A, and
blue wing of Ha. The snapshots were recorded on April 24 2019 at 08:46:52UT when the event was initially detected. Red boxes

mark a region of 8” x 8" size, where the studied event is located.

quence. The SIR algorithm setup, inputs, and approach are de-
scribed at the beginning of Sect.[3.2]

We estimated the horizontal velocity distribution based on

the continuum images using the Deep Vel model
2017). This neural network model was trained using

synthetic continuum images from magneto-convection simula-
tions and tested with continuum intensity images from the Sun-
rise/IMAX data (spatial resolution 48kmpix_1)
let et al|201T), which is slightly larger than the SST pixel size.
However, the authors reported that this model can generalise cor-
rectly, independent of structure sizes. A cadence of 30 seconds
was used for training and testing the model, 1.8 seconds less than
the CRISP cadence, which may the magnitude of the horizontal
velocities to become slightly underestimated.

For the chromospheric lines, we inspected the spatial distri-
bution of the intensity of the Can 8542.1 A line core and we
characterised the plasma flows in the lower and middle chromo-
sphere, using bisector analysis of the intensity profiles. We com-
pared these results with wavelength-integrated intensity maps
calculated over specific spectral band samples of the Can K
line core, using a similar approach as presented by
(2007a). In particular, we used the K-index parameter defined as
the intensity average in a 1A spectral band centred on the line
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core, the emission-strength parameter, and the intensity excess
of the Ky and Kpr bands as proxies of chromospheric heating.
We also inferred the directional sense of the plasma flow in the
upper chromosphere using the asymmetry between the K,y and
Kog bands. Table[T]specifies the definition of these spectral bands
and the computed parameters.

In addition, we inspected the existence of high-frequency os-
cillatory signatures in the intensity of defined spectral bands of
the Can K line core, leveraging on the high cadence of the ob-
servations. Based on wavelet analysis of the time series, we ex-
plored the power contribution for signals above 5.5 mHz, higher
than the cutoff frequency in the chromosphere (Carlsson & Stein|
[1997). The results of this study are presented in the Appendix [A]

As a tool for characterising similar profile behaviour in the
maps, we used the k-means classification method
for the profile classification for Stokes I and V' of the cal-
cium lines.

Finally, we inspected the Ha line to obtain the overall flow
structure of the middle and upper chromosphere using bisec-
tors and centre-of-gravity (COG) velocity maps. We compute
the maps of full-width-half-maximum (FWHM) and equivalent
width (EW) of the He line to infer heating signatures in the chro-
mosphere. The FWHM is calculated for each profile of the Ha
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Fig. 2: Evolution (top to bottom) of the studied magnetic flux concen-
tration in the photosphere (see the time stamp in the right margin). First
column: Continuum intensity including the horizontal component of the
velocity field, where each arrow represents 3 X 3 pixels. The length
and the colour of the arrows are proportional to the magnitude of the
velocity. The purple contour highlights the full area of the MBP. The
black contour refers to the area of the MBP core. Second and third col-
umn: LOS velocity and magnetic field strength from the VFISV inver-
sion. Red contours in the third column correspond to TLP above 1.50,.
Fourth column: NCP percentage. Fifth column: Line depth of the Fe1
line in units of the continuum intensity.

line as the distance between the wavelengths on either side of the
line where the intensity reaches the half-maximum intensity, j,,.
This intensity is defined as Iy, = (Lyin + I.)/2, where I, is the
minimum intensity of the line and /. is the average between the
intensities measured at 6561.6A and at 6564.0A, corresponding
to the first and last wavelength positions sampled. The EW is
calculated for each profile as follows:

EW = ALY (par = 1), @)
A

where AA is the wavelength step, 1., is the maximum intensity
in the line, and [, is the intensity as function of wavelength po-
sition (4;). The intensity is normalised to the continuum.

3. Results
3.1. Photospheric synopsis

In this subsection, we present an overview of the photospheric
appearance of the MBP under investigation in the form of a time
series of maps of various physical quantities, which are derived
from the continuum intensity and the photospheric spectral line
Fe16173.3 A.

The magnetic flux concentration is initially identified with
the YAFTA feature tracking algorithm lasting approximately 8
minutes before it dissolves. The initial flux expulsion phase or
previous convective collapse process is not studied because pre-
vious frames have a low quality (low ry values) rendering the
analysis questionable. Figure[2] shows (from top to bottom) the
high-quality temporal evolution of the magnetic flux concentra-
tion together with several inferred quantities.

The maps (in the first column) of Fig.[2] show the contin-
uum intensity as background and the inferred horizontal veloc-
ity given by DeepVel as coloured arrows. The magnetic flux
concentration reveals itself with an enhanced continuum inten-
sity in comparison to the intergranular intensity classifying it as
an MBP. The purple countors delimit the MBP area given by a
threshold of 400 G, while the black contours bound the MBP
core conformed by the brightest 7% pixels within the MBP area
in each frame. The purple contours are drawn on several of the
other columns to indicate the position of the MBP. Based on the
purple contours, the MBP area exhibits the shape of a logarith-
mic spiral during the initial two minutes of the sequence. Af-
terwards, it deforms, apparently affected by granular buffeting.
In some time steps before + = 3.27 min, the horizontal velocity
pattern shows a counterclockwise intergranular vortex flow lo-
calised within the MBP area and coherent with its spiral shape.
Figure[3]depicts a zoomed view for two specific time steps when
the counterclockwise intergranular vortex flow is co-spatial to
the MBP area.

The time series of the LOS velocity from the VFISV inver-
sion is shown in the second column of Fig.2} The usual LOS
velocity of the granulation is identifiable in the surroundings
of the magnetic flux concentration, meaning positive LOS ve-
locities (red) in the intergranular region where the plasma is
moving downwards (line redshift), and negative LOS velocities
(blue) within granules where the plasma is moving upwards (line
blueshift). The magnetic flux concentration is located within
the intergranular space, thus its area is dominated by down-
flows in the initial two minutes of the sequence, reaching speeds
around 1kms~'. However, an up-flowing component appears in
the MBP centre at # = 2.8 min lasting three minutes with a max-
imum average speed of —2kms~! found at # = 4.2 min. The up-
flowing component evolves in agreement with the deformation
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of the MBP until + = 5.6 min and then disappears giving way
again to a downflow.

The time series of the magnetic field strength from the
VFISV inversion is shown in the third column of Fig.]2|together
with red contours marking signals of TLP above 1.50, inferred
with the polarimetric measurements of the Fe1 line. During the
first and second minute of evolution, when the plasma moves
downwards in the MBP area, the MBP core is characterised
by magnetic field strengths around 1kG, while in its full area,
the magnetic field strengths are below 1kG on average. From
t = 2.8 min onwards, lasting for three minutes, a prolonged mag-
netic intensification occurs simultaneously with the up-flowing
component in the MBP area, reaching a maximum value of
1.6 kG with a spatial average of around 1 kG. Finally, when the
downward flow sets in again after + = 6.07 min, the magnetic
field strength drops until reaching an average value of 0.7kG
calculated over the MBP area. A marginal but spatially coherent
region of TLP signals surrounds the magnetic flux concentration
during several frames before # = 5.13 min. Since it occurs at the
periphery of the magnetic flux concentration it hints at a coher-
ent transversal magnetic field component as one would expect
from a twisted magnetic flux tube. However, given the noisy be-
haviour of the Stokes Q and U signals, and together with the
limited spectral resolution given by Fabry-Perdt spectrographs
such as CRISP, it is not possible to rigorously study the trans-
verse component of the magnetic field.

We infer the spatial distribution of the degree of asymmetry
of the Stokes-V profile based on the NCP. The fourth column of
Fig.2]shows the distribution of the NCP percentage calculated in
pixels with TCP signal greater than three times its variance, most
of them localised inside the MBP area. At the beginning of the
sequence, we identify positive and negative NCP components
within the MBP area characterised as follows: At t = 0.47 min,
a patch of negative NCP is located near the upper boundary of
the MBP area, where the downflow is weak. After a minute at
t = 1.4min, a patch of negative NCP appears in the central-
left part of the MBP area, largely surrounded by pixels of posi-
tive NCP, resembling the case observed by [Rezaei et al.| (2007b).
This behaviour was shown to be due to a canopy-like boundary
layer, given by the expansion of the magnetic flux structure with
height. The zoomed-in view of this time step is presented in the
first column of Fig.[3] showing that this boundary layer of posi-
tive NCP follows the counterclockwise intergranular vortex flow.
Starting from # = 2.8 min, a dominant positive NCP component
above 10% covers a significant portion of the MBP area, coin-
ciding with the presence of the up-flowing component. Based on
[Bellot Rubio et al| (1997), positive NCP values are compatible
with sharp LOS velocity gradients arising from a flow distur-
bance propagating upwards. The low sensitivity of the line to
the magnetic field compared with spectral lines in the infrared,
and the limited spectral resolution do not allow us to identify
the fine details of the Stokes-V profiles as described by
Rubio et al|(2001). Thus, we can not resolve multiple lobes of
the Stokes-V profiles that may be associated with an upwardly
moving front.

The last column of Fig.[2]shows the maps of the relative line
depth of the Fe1 line. The area of the magnetic element exhibits
an overall enhanced line-core intensity, however, in some par-
ticular time steps (r = 1.4,3.73,4.2 min) the absorption line is
relatively flat (reaching a line depth of 0.121,) for certain res-
olution elements inside the MBP area. The observation of the
line weakening (Sheeley|1967; Beckers & Schroter|[1968)) in this
magnetic sensitive line indicates opacity changes due to either

Article number, page 6 of 20

3.27 min

>
Horizontal
velocity [km/s]

0.5

0.0

N

o
LOS velocity
[km/s]

1.0
O.BEE
25
06¢¢
S5
s
0.4
1.9
10
S
s
30
=141 0 :g"é
g
z3
[s%
-10
0.9/
09 14 19 09 14 19

x['] x[']

Fig. 3: Zoomed-in maps of the 1.4 and 3.27 min time steps from Fig
First row: Continuum intensity including the horizontal component of
the velocity field, where arrows are plotted pixel by pixel. The length
and the colour of the arrows are proportional to the magnitude of the
velocity. Second row: LOS velocity. Third row: Magnetic field strength
including contours of linear polarisation. Fourth row: Distribution of the
percentage of the NCP. Contours have the same meaning as in Fig.El

magnetic field intensification with associated Zeeman broaden-
ing or localised heating in the upper photosphere.

To summarise, we observe the evolution of a MBP, initially
embedded in a downwardly directed flow of counterclockwise
vortical motion and a magnetic field strength of up to 1 kG,
followed by an upwards flow during which the magnetic field
strengthens up to 1.6 kG, and a final relaxing downflow phase in
which the field weakens again.

3.2. MBP fine-structure and magnetic field amplification

To test potential heating processes at different photospheric
heights and their relation to the magnetic field intensification,
we study in this subsection the evolution and fine structure of
the MBP, based on the height-dependent SIR inversion of the
photospheric spectral line Fe16173.3 A.

We selected the total area of the MBP corresponding to the
region bounded by the purple contours in Fig.[2} We performed
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Fig. 4: Temporal evolution of the magnetic field strength |B| (solid black lines), LOS velocity v;os (dashed blue lines) and temper-
ature LOS changes V;psT (dot-dashed red lines) at three different log 750 values estimated from SIR inversions of the Fe1 617.3
nm profiles. First column: Results from the spatial average of the full area of the MBP (region marked by the purple contour in the
first column of Fig.[2). Second column: Results from the spatial average of the MBP core (region marked by the black contour in
the first column of Fig.[Z). The shaded areas represent the standard deviation as a statistical error for each curve. The legends shown

in the first row of plots apply to all plots.

Table 2: SIR inversion parameters

Cycle 1 Cycle 2 Cycle 3
[L,Q,U,V] [5,1,1,50]* [5,1,1,501° [5,1,1,507
weights
T nodes 3 5 7
|B| nodes 1 2 2
Vios nodes 1 2 3

* For cases of Q and U profiles with signals greater than 30-,, we modify
the weights to 5 for Q and U.

the inversion per individual pixel within the area for all frames
in the time sequence. Each inversion ran three cycles using the
parameters given in Table 2] As algorithm inputs, we took the
CRISP spectral PSF and a local stray light profile corresponding
to an average intensity profile of an external quiet region. As the
initial atmosphere, we used the Harvard Smithsonian Reference
Atmosphere model (HSRA, |Gingerich et al.|[1971) defined in a
log 7509 range spanning from 1.0 to -5.0 with a 0.1 sampling step.
We left the macroturbulence, microturbulence, inclination, and
azimuth of the magnetic field vector as free parameters, and con-
strained the magnetic filling factor to be one. The final inversions
were selected based on the resulting y?-merit function parame-
ter. The analysis of these inversions was carried out carefully as
we are aware of the limited spectral resolution and the high noise
level of the profiles, which constrains the validity of the height-
dependency of the inversions. Regarding the latter, the number of

nodes in the magnetic field strength and the LOS velocity (see
Table [2) produces constant and linearly stratified atmospheres
for the two first cycles respectively, with an extra node correc-
tion for the LOS velocity in the last cycle. With this approach, we
avoided adding spurious results associated with the interpolation
algorithm. The Fe1 photospheric line has the highest sensitivity

to the atmospheric parameters around log 7509 = —1.0 based on
a response function analysis (Quintero Noda et al.|[2021)). Thus
we expected a reliable result close to log 7sop = —1.0 and high

uncertainties far from this optical depth.

We made use of the spatial and temporal resolution of our
data to study the time/height evolution of the fitted atmospheres
returned by the SIR inversion. In particular, we are interested in
the spatial-averaged behaviour of the selected physical parame-
ters within the magnetic flux concentration. Using the best fit of
the atmospheric models for every pixel, we calculated the spa-
tial average of the physical parameters over two defined spatial
domains of the magnetic flux concentration for each time step.
The first spatial domain corresponds to the total area of the MBP
bounded by the purple contours in Fig.[2]to skim its overall phys-
ical properties. The second spatial domain corresponds to the
MBP core bounded by the black contour in the first column of
Fig.[2] We studied the evolution of the magnetic field strength
(IB]), the LOS velocity (v ps), and the temperature gradient as
a function of height, averaged over the above-mentioned spatial
domains (see Fig.[). The temperature gradient in height is de-
fined as the difference in temperature between specific log 7599
values, that is, Vyos T = T(log 7500 = @ — 0.5) — T(log 7500 = @),
for a values of —0.5, —1.0 and —1.5.
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Fig. 5: Probability density function (histogram and its respective curve) for the magnetic field strength (left plots) and LOS velocity
(right plots) over the area of the magnetic flux concentration (region marked by the purple contour in the first column of Fig.[2)) for
the three defined evolution phases: the drain phase (between t = 0.0 min to # = 2.3 min), the upward-flow phase (between ¢ = 2.8 min
to t = 5.13 min), and the relaxation phase (between ¢t = 5.6 min to t = 7.0 min). The information included in the labels applies to

both panels.

The first column of Fig.[] shows the time evolution of the
considered physical parameters for the case of the first spatial
domain, namely, the total area of the MBP. In this case, the area
is relatively big with a lateral extension of around 0.7” com-
posed of i) a central bright region that seems to accrete mag-
netic flux from the surroundings and ii) a bright spiral arm in
the lower left area, which later straightens after t = 4.2 min. For
the three log 7509 values selected, the magnetic field strength and
LOS velocities (black solid line and blue dashed line in Fig.[d]
respectively) have an anti-correlated behaviour on average. The
inversion results show no significant changes in the average mag-
netic field strength and the average temperature gradient between
the three selected log 75 values, meaning that these parameters
do not change much as a function of height. The average LOS
velocity indicates a downward flow at the beginning of the se-
quence that decreases with height.

The second column of Fig.@]shows the results for the MBP
core. With a lateral extension of 0.2”, this region contains the
strongest magnetic field. The evolution of the average mag-
netic field strength exhibits two peaks where values go above
1 kG in two short periods: 1) 56 seconds from ¢ = 0.47 min to
t = 1.40min and 2) 28 seconds around ¢ = 7.0 min, and one
prolonged intensification of 140 seconds, starting at = 2.8 min
and ending at t = 5.13 min with the maximum at ¢ = 4.8 min.
Thus, the core of the magnetic flux concentration undergoes re-
peated magnetic field intensification and weakening. During the
two short periods of magnetic field intensification, the MBP is
dominated by downflows before the detection, in agreement with
the amplification scenario due to convective collapse (Bellot Ru-
bio et al.|2001). However, during the prolonged intensification,
we observe the following occurrences: 1) the vortex flow is no
longer observable, its last detection being at ¢t = 3.27 min, 2) the
highest value of the upward velocity of the plasma is detected
at t = 4.2min, and 3) a large change of temperature of around
800 K from log so0 = —1.0 to log7soo0 = —1.5 is measured at
t = 4.8 min, hinting at a possible heat deposition at the line core
formation height or above.

The different behaviour of the physical parameters within the
two analyzed spatial domains indicates the presence of distinct
substructures within the magnetic flux concentration, which can
be further studied by considering distinct time windows in the
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sequence. We identify three specific time phases in the photo-
sphere:

1. an initial phase of a down-flowing vortical drain between ¢ =
0.0 min and ¢ = 2.3 min;

2. an upward-flow phase between ¢ = 2.8 min and ¢ = 5.13 min;

3. arelaxation phase from ¢ = 5.6 min to ¢ = 7.0 min.

Figure[5] shows the histogram of the magnetic field strength and
the LOS velocity for all pixels in the total area of the MBP at
log 7500 = —1.0 for each of the three phases.

During the vortical drain phase (represented by the red bars
and solid red curve in Fig.@, 80% of the total area of the MBP
is dominated by plasma moving downwards, with a median ve-
locity of 0.42 kms~'. Compared with Fig. downflows in this
phase occur mostly near the borders of the MBP area. The dis-
tribution of magnetic field strength during the drain phase ex-
hibits a dominant component, where in 80% of the pixels fall,
between 250 G and 1kG, with a median value of 650 G. Addi-
tionally, there is a minor strong field component consisting of
pixels with values above 1 kG. Examining Fig.]2] the spatial dis-
tribution of the LOS velocity does not show a clear correlation
with the spatial distribution of magnetic field strength.

The upward-flow phase (blue bars and dashed curve in
Fig.[B) is characterised by two Gaussian components in the LOS
velocity distribution, one centred on 0.0kms™! with a disper-
sion of around 1.0km s~!, and the second centred on —1.5 km ™!
with a dispersion of around 1.5 km s™!. Two components are also
present in the magnetic field strength distribution but with a flat-
tened shape, one weak component (below 1 kG), and the other
intense component (above 1 kG). For this case, the intense com-
ponent is spatially correlated with the second LOS velocity com-
ponent and with the vortex pattern, namely, the fast upward flow
is co-spatial and co-temporal with the intensified component of
the magnetic field and with the vortex pattern as can be seen
from Figs. 2|3}

In the relaxation phase (grey bars and dotted curve in Fig.
E]), the distribution of the LOS velocities exhibits a shape sim-
ilar to that of the vortical drain phase, with a median value of
0.32kms™!, but is less asymmetric. Additionally, the distribu-
tion of the magnetic field strength during this phase shows a
dominant component below 500 G, indicating a weakening of
the magnetic flux concentration.
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In summary, the SIR inversion of the spectral line Fer
6173.3 A confirms and refines the photospheric synopsis of
the core of the MBP undergoes repeated magnetic field intensi-
fication and weakening, where the middle, principal intensifica-
tion occurs in the upward-flow phase, in particular in the core of
the MBP with speeds that increase with height.

3.3. Chromospheric swirl

In Sect.[3.2] we distinguish between ascending and descending
flows within the magnetic flux concentration in the photosphere.
The difference between upflow and downflow increases with
height in the atmosphere, reminiscent of a steepening wave that
may develop into a shock wave when travelling upward into the
chromosphere. In such a scenario, we expect an observable sig-
nature at chromospheric heights. To this end, in this subsection,
we inspect the flow dynamics and emission signatures within and
close to the magnetic flux concentration in the upper photosphere
and the low and middle chromosphere based on the analysis of
the Can line spectra.

Figure [ summarises the plasma dynamics within the mag-
netic flux concentration and its surroundings at the photosphere
and lower chromosphere based on several quantities derived
from the profiles of the Ca line at 8542.1 A and the Cau K line
core. The time advances from left to the right from 7 = 0.93 min
to t = 5.6 min with a cadence of 56s, covering the last stage
of the vortical drain phase and the complete upward-flow phase
according to the definition in Sect.[3.2] The FOV of 8” x 8” is
centred on the magnetic flux concentration.

The first and second rows of Fig.[6] show maps of the time
evolution of the bisector velocity for the Cau line at 8542.1 A
at line depths of 70% and 40%, respectively. These percentages
indicate the depth at which the bisector is taken with respect
to the full line depth. At these line depths, we obtain informa-
tion on the atmospheric conditions in the upper photosphere and
the lower chromosphere from 500 km to 900 km. The maps in
the top row include magnified views of a 1.5 x 1.5” region
centred on the MBP. From the initial minute of evolution, we
recognise an annular region of downflows surrounding the MBP
area. This region assumes a more asymmetric shape after one
minute. These persistent downflows start at # = 0.93 min and
stop at ¢ = 3.27 min, reaching maximum bisector velocities of
12kms~! at t = 2.8 min. We associate this time range with the
chromospheric drain phase, which is delayed by a minute com-
pared to the vortical drain phase in the photosphere, discussed
in Sect.[3.2] [Fischer et al| (2009) observed in their statistics of
convective collapse events also a downflow in the high photo-
sphere during the evacuation process. Our results indicate that
the downflow can take place even higher in the atmosphere,
namely, in the chromosphere.

Starting at t = 3.73 min, a sudden release of upward-flowing
plasma is observed in the bisector velocity maps of Fig.[6] The
upflows occur in the surroundings of the MBP with a maximum
bisector velocity of —12kms~!. The up-flowing plasma seems
to grow in a clockwise sense during the next three minutes. The
time frames, = 3.73 min, t = 4.67 min until 7 = 5.6 min (see
Fig.[6), show an expansion of the upflow region initially charac-
terised by a compact spiral shape, followed by the formation of
a comma-shape pattern going from the central-right to the lower
region of the FOV (best seen in the emission strength; see fifth
row of Fig.[6). We identified the same delay of one minute be-
tween the upward-flow phase in the photosphere and the upward-
flow phase in the chromosphere.

Based on a k-means classification of Stokes-/ profiles of the
Can line at 8542.1 A for pixels within the 1.5 x 1.5” region,
we detect extended zones surrounding the MBP area that show
conspicuous intensity excess as in the form of "humps’ in the
blue and red wings of the line profile at different moments of the
evolution of the event. In particular, profiles characterised by a
hump in the blue wing and a redshifted core (red contours in the
magnified views in the first column of Fig.[6) are prevalent in
the chromospheric drain phase, while profiles characterised by
a hump in the red wing and a blueshifted core (blue contours in
the magnified views in the first column of Fig.[6) dominate after
t = 3.73 min. We highlight two fixed points of interest (POlIs;
marked with a X-sign and a +-sign in the magnified views in
the first row of Fig.[6) that exhibit the characteristic profiles of
the selected groups and that show these conspicuous humps. The
Stokes-I and V profiles in the POIs are shown in Fig.[7]and anal-

ysed in Sect.[3.4]

Representing the even higher layers of the atmosphere, the
third row of Fig.[6] shows the temporal sequence of the nor-
malised core intensity of the Can line at 8542.1 A in logarith-
mic scale. Areas of enhanced intensity stay persistently bright
in all frames, except for the last one, and a fibrilar spiral pattern
is visible surrounding the central part of the FOV, connecting
it with external regions. Areas with the highest intensities cor-
respond to locations of spectral profiles with a decrease in line
depth of 43% of the average line profile, indicating line weak-
ening. At the location of the MBP, we observe a persistent and
extended brightening during the chromospheric drain phase that
moves towards the upper edge of the MBP at ¢ = 3.73 min (see
position (x, y) = (4.0”,4.5”)) and seems to dissipate later on. To
search for spatial connectivity with external magnetic flux con-
centrations, we superposed the signed total circular polarisation
(TCP) for values greater than 2.507, of the Fer line at 6173.3 A
on the maps of the third row of Fig.[6] We distinguish small mag-
netic flux concentrations of equal polarity (orange contours) and
inverse polarity (green contours) with respect to the central mag-
netic flux concentration associated with the MBP. They occur
cospatial with particularly bright regions of the fibrilar eddy pat-
tern. For instance, there are inverse-polarity patches prevalent
during the entire sequence located around (x,y;) = (4.2”,1.2”)
and (xp,yz) = (1.3”,5.77).

The fourth row of Fig.[6] shows the temporal evolution of the
K-index (as defined in Table [I)) in logarithmic scale. Bright ar-
eas in these maps indicate emission in the low and middle chro-
mosphere, testifying to regions with a temperature stratification
different from the mean stratification, given the important con-
tribution of the Can K line to chromospheric radiative losses
(Rezaei et al.|[2007a). Superposed on the K-index maps are con-
tours indicating regions where the K,y band (red contours) and
K>r band (blue contours) have an intensity excess above 0.21..
We notice that the intensity excess in the K, spectral components
associated with the MBP evolves according to the defined flow
phases explained as follows.

During the drain phase, the intensity excess of the K,y band
(red contours) increases from ¢ = 0.93 min to 7 = 2.8 min, when
it reaches its maximum value and for the most part encloses
the MBP. As demonstrated by |Carlsson & Stein| (1997)), such
enhanced emission in the K,y band, also called chromospheric
bright grain, stems from an acoustic wave that steepens into a
shock in the middle chromosphere. Chromospheric bright grains
can be explained by the opacity window effect given by strong
differential flows throughout the atmosphere (Bose et al.|[2019;
Mathur et al.|2022, & references therein). In this scenario, the
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Fig. 6: Time series of maps with a FOV of 8" x 8" centred on the magnetic flux concentration showing several calculated quantities
from the Can spectra. First row: Bisector velocity at 70% of the line depth of the Cau at 8542.1 A line core. The maps include
zoomed views (1.5 x 1.5”) of the magnetic flux concentration where two points of interest (POIs) are indicated (POI 1 black
x-sign and POI 2 black +-sign). Red contours (drain phase) and blue contours (upward-flow phase) mark the areas of similar
profiles of the POI 1 shown in Fig.El Second row: Bisector velocity at 40% of the line depth of the Cam at 8542.1 A line core.
Third row: Normalised intensity of the core of the Ca line at 8542.1 A in a logarithmic scale. Contours mark regions of intense
(>2.50,) TCP of the photospheric Fe1 line at 6173.3 A (orange contours correspond to negative magnetic flux concentrations and
light green contours correspond to positive magnetic flux concentrations). Fourth row: K-index defined in Table [T]in logarithmic
scale including contours of intensity excess (>0.2/.) of the K,y band (red) and the intensity excess of the K, band (blue). Fifth
row: Emission strength defined in Table[T]in logarithmic scale. Sixth row: K, asymmetry defined in Table[T]in percentages. Several
maps include a central black contour to show the location, scale, and evolution of the MBP area. An animation is available online.

shock propagates into a down-flowing upper atmosphere leading
to a reduced contribution to the absorption on the blue side of the
line above the shock. Together with the blue-shifted opacity due
to the enhanced density of the post-shock material, this process
drives the K,y band in emission (Carlsson & Stein|1997). During
the upward-flow phase, the K,y band intensity excess disappears
giving way to a small area of K; band intensity excess within
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the MBP area (blue contours), and that persists in the following
minutes. This signature confirms the transition in the flow direc-
tion within the atmosphere, shifting from downflow to upflow.

The emission strength and K,-asymmetry, as defined in Ta-
ble[T} are shown in the fifth and sixth row of Fig.[f] respectively.
The panels presented in the fifth row of Fig.|§,§rleveal the ex-
istence of a persistent chromospheric vortical structure centred
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Fig. 7: Time sequences of the Stokes-I and V profiles of the Ca line at 8542.1 A normalised to the continuum intensity for two
points of interest (POI 1 and POI2) in the close vicinity of the MBP: POI 1 (left plots): black x-sign in the first row of Fig.[f] and
POI 2 (right plots): black +-sign in first row of Fig.[6] The actual line profiles are shown in black, the average profiles over the full
FOV and over time are shown in orange, and the blue lines correspond to the difference between the black and orange profiles.
Dotted blue vertical lines before ¢ = 3.73 min mark the position of the maximum value of the Stokes-I emission excess for each
profile (maximum of the blue curve). Dotted blue vertical lines after = 3.73 min mark the position of the Stokes-V zero-crossing
for the double-lobe signatures in the POI 1 profiles. The sequences start at = 1.87 min and have a cadence of 28 seconds.

on the MBP. This pattern strongly resembles the chromospheric
swirls observed by [Wedemeyer-Bohm & Rouppe van der Voort
(2009). The temporal evolution of these quantities agrees with
the scenario of a swirling structure anchored to the MBP, which
is persistent in time. The high spatial resolution of these maps
reveals the fine structure of the swirl, characterised by multiple
fibrilar spiral arms, localised in regions of downward and up-
ward plasma flows. We include a time-lapse animation of Fig.[6]
available online to observe the complete evolution of the chro-
mospheric swirl at the different chromospheric observables.

In summary, we find that up and downflows increase in am-
plitude with height, reaching velocities in the chromosphere of
+12km s~ but delayed by 1 min relative to the respective photo-
spheric flow phases. The Can infrared line and the Ky and Kz
passbands show humps and intensity excesses typical of chro-
mospheric bright grains and maps of the line core of the Can
infrared line and the Can K index show a chromospheric bright
grain and a fibril spiral pattern typical of chromospheric swirls.

3.4. Evidence of an acoustic shock wave

The extended zones of conspicuous intensity excess found in the
blue wing of the Cau line at 8542.1 A (red contours in the insets
of the Fig.[6] first row) might indicate the existence of a shock
wave travelling from the photosphere to the chromosphere. The
spectral signatures found in this area expose some characteris-
tics of the propagation of such a perturbation. In this subsection,
we study the time series of Stokes profiles of the infrared Ca II
line in search of propagating disturbances in the chromosphere
caused by the MBP.

Figure [7] summarises the time evolution of the Stokes I and
V mean profiles for a 2 x 2 pixel box centred on the two points
of interest (POIs) indicated in the zoomed panels in the first row
of Fig.[f] The POI 1 is located in the upper left corner close to
the MBP (black Xx-sign), where we detected the strongest down-
flows. The POI 2 is located in the upper edge close to the MBP
(black +-sign), in the region with the greatest excess in line core
brightness.

In both flow phases and both POIs, we observed intensity ex-
cesses as humps in the Stokes-/ profile: 1) in the blue wing dur-
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Fig. 8: Time series of maps of various properties of the spectral line Ha at one minute cadence. First row: normalised intensity
in the blue wing of Ha at -600 mA maps from the line core. Second row: normalised intensity maps in the line core. Third row:
Bisector velocity at 70% depth of the He line core Fourth row: Bisector velocity at 40% depth of the Ha line core. Fifth and Sixth
row: FWHM and EW of He, respectively. All maps include a central black contour to show the location, scale, and evolution of the

MBP. An animation is available online.

ing the drain phase and 2) in the red wing during the upward-flow
phase. The hump in the blue-wing is first detected at = 2.33 min
in POI 1, reaching its maximum intensity excess at t = 2.8 min.
The hump is centred at 0.1 A from the central wavelength, cor-
responding to a Doppler velocity of Av = —3.5kms~!. In the
case of POI 2, a less intense but visible blue-wing hump appears
at ¢ = 3.27 min. We detect a time lag of about 28 seconds from
the blue-wing hump at # = 2.8 min in POI 1 to its appearance in
POI 2, which suggests a transversal clockwise propagation of the
disturbance with a velocity of about 14kms~'. At t = 3.73 min,
the profile in POI 2 exhibits an enhanced core intensity compared
to the average profile, and a faint red-wing hump appears, po-
tentially indicating the arrival of a shock wave at the formation
height of the line core (i.e. weakening of the absorption line and
no apparent Doppler shift). At + = 4.2min and t = 4.67 min
both POIs exhibit overall blueshifted line profiles, accompanied
by the appearance of the hump in the red-wing. For profiles ob-
served at POI 1, the red-wing hump is located around +0.3 A,
corresponding to a Doppler velocity of Av = 10kms™!
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These intensity excesses in the blue and red wings of the
Stokes-1 profiles are accompanied by characteristic signals in
the corresponding Stokes-V profiles, again with different spec-
tral properties depending on the flow phase. In some cases, these
signals reach amplitudes of around 3c,. For instance, during
the drain phase at + = 2.8 min in POI 1 and at r = 3.27 min in
POI2, a single-lobe Stokes-V profile appears at the wavelength
position of the blue-wing hump of Stokes-/. During the upward-
flow phase at + = 4.2min and t = 4.67 min in POI 1, a typical
double-lobe Stokes-V profile appears with the wavelength of the
zero-crossing coinciding with the red-wing hump of Stokes-I.
Nonetheless, we notice that the double-lobe signatures associ-
ated with the red-wing hump correspond to an anomalous sig-
nal in Stokes V since it has positive polarity while the magnetic
flux concentration studied has negative polarity. These anoma-
lous signals have a magnetic flux density of around 100G as
inferred by the weak field approximation of the
Can line. For comparison, pixels inside the MBP exhibit values
of = 250G, also inferred by the weak field approximation of
this line. Considering that the Stokes-V profile with the inverted
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polarity is in the wavelength position of the red-wing hump in
the Stokes-/ profile, this profile can be interpreted as being in
emission, which flips the polarity.

The in-emission Stokes-V component in the red wing of the
line is present in pixels near the boundary of the MBP as the
only signal in Stokes V above the noise level. On the bound-
ary, it occurs in combination with a normal double-lobe profile
with negative polarity centred on the Stokes-/ line core. Similar
signatures of such anomalous circular polarisation profiles have
been already studied in sunspot umbrae as a manifestation of
magneto-acoustic shocks, commonly known as umbral flashes
(Socas-Navarro et al.|2000; |de Ta Cruz Rodriguez et al|[2013]
and references therein). Anomalous Stokes-V profiles were also
shown to occur as a consequence of a shock front in numeri-
cal simulations of magnetic flux concentrations
[1998). Based on the k-means classification, pixels with anoma-
lous Stokes-V profiles having the inverse polarity form a semi-
closed ring around the magnetic flux concentration during the
upward flow phase (blue contours in the first row of Fig.[6). This
suggests the existence of an extended zone of profiles with a
Stokes-V component which is in-emission in the red wing of the
line.

Summing up, we found humps in the blue and red wing of
Stokes-1 during the drain phase and the upward-flow phase, re-
spectively, which can be interpreted to be due to a vertically
propagating shock front that seems to travel also in the trans-
verse direction relative to the line of sight following a spiral pat-
tern in the chromospheric layers of the MBP. The corresponding
Stokes-V profiles are partially in emission having inverse polar-
ity or appear as one-lobed profiles as a consequence of the strong
dynamics.

Appendix [A] further deepens this analysis by performing a
wavelet power analysis, which reveals excess power near the cut-
off frequency at the location of the chromospheric bright grain.
This supports the shock-wave hypothesis, as such an oscillatory
signature is expected in association with a shock wave.

3.5. Chromospheric jet

In this subsection, we examine the time sequence of maps of var-
ious quantities derived from the Ha spectral line, hence, again
the chromospheric consequences of the initial MBP and vortex.
Figure[8]shows several quantities computed from the He spectra
from ¢ = 0.93 min until # = 5.6 min. It confirms the persistent
spiral morphology centred on the MBP as can be seen from the
intensity images taken at —600 mA from the Ha line core (first
row of Fig.[8) and from the intensity images in the line core (sec-
ond row of Fig.[§), both normalised to the continuum. The evolv-
ing swirling structure extends across the full FOV having an
average diameter of 6", while the central spiral-shaped region,
clearly resolved at + = 3.73 min, has a diameter of ~ 3”. From
the bisector velocity at 40% (third row of Fig.[8), we find that
the downflows reach middle chromospheric heights during the
drain phase, having a maximum downflow velocity of 9kms™!
at t = 2.8 min. These strong downflows correlate with increased
values of FWHM (fourth row of Fig.[8) but without appreciable
changes in the EW (fifth row of Fig.[8). The temporal evolution
of the chromospheric swirl observed in He is included as a time-
lapse animation of Fig.[8]available online.

At t = 3.73min a dark feature in the blue wing of the Ha
line is observed within the chromospheric swirl. To explore the
properties of this dark feature, we include Fig.[9} showing the
full cadence intensity maps at different wavelength positions of
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Fig. 9: Detailed cutouts showing the evolution of Ha from
t = 2.8min to ¢t = 5.13 min with 28.2 seconds cadence where
the chromospheric jet appears in different wavelength positions,
which are indicated within the panels of the first column. The
second but last and last row correspond to the LOS velocity
based on the Centre of Gravity (COG) method and the FWHM,
respectively. The blue contours mark the region of the dark fea-
ture at the line position A1 = -900 mA.

the Ha line essentially during the upward-flow phase together
with the LOS velocity and FWHM spatial distributions as ref-
erence. The LOS velocity is calculated using COG based on
the approach of [Uitenbroek| (2003) and the FWHM is calcu-
lated using the method described in Sect.[2] The sequence spans
from # = 2.8min to t = 5.13 min for seven wavelength posi-
tions around the line centre. In the bluest wavelength position
sampled, corresponding to a Doppler shift of Av = —55kms~!
(first row), the dark feature is only observed at + = 3.73 min
and at r = 4.2min while in the other wavelength positions the
swirl structure appears gradually when approaching the line core
(fourth row). In wavelength positions close to the line core, the
dark feature follows the spiral pattern of the chromospheric swirl
and progressively stretches and fills the region below the main
spiral arm at r = 4.67 min.

The eighth and ninth rows of Fig.[9] show the LOS veloc-
ity and FWHM distributions, respectively. The LOS velocity
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Fig. 10: Spectral properties of the He profiles within the chromo-
spheric jet for two time steps when it is visible. The background
image corresponds to the intensity at the position A1 = -1200
mA from the He core. First and second row: Doppler velocity Av
and line width, respectively. Third row: Full He profiles for pix-
els within the dark feature (grey profiles), it is the correspondent
mean profile (black profile) and the Ha average profile for the
full FOV as reference (orange dotted profile). The blue dashed
line marks the Doppler velocity (first moment) of the separated
blueshifted component calculated for the average profile of the
jet, and the green dashed line marks the COG velocity calculated
for the average profile of the jet.

shows the evolution of the swirl between upward and downward
flows, going from fast downflows with maximum velocities of
15kms~! at t = 2.8 min to fast upflows with maximum veloci-
ties of —15kms~' when the dark feature is observed. Based on
its visual characteristics, we are most likely observing a fast and
coherent bulk of plasma moving upwards along the swirl, i.e., a
chromospheric jet.

The chromospheric jet appears bright in the FWHM images
having an average width of 1.6 A. However, no visible changes
occur in the EW maps depicted in the last row of Fig.[8] To quan-
tify marginal changes in the EW maps, we compute the spatial
average of the EW across the entire FOV for each frame. Subse-
quently, we compare each spatial average with its temporal av-
erage value derived from the complete time series. Our analysis
reveals that the spatial average of the EW shows a 0.5% increase
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at ¢t = 3.73 min, relative to preceding frames. Such a rise in the
EW during the upward flow phase evidences heating signatures.

We find that many of the visual and spectral properties of the
present chromospheric jet are similar to those of a rapid blue-
shift excursion (RBE - |[Langangen et al.|2008]; [Rouppe van der]
[Voort et al.|2009; Sekse et al.[2012; [Bose et al.[2019). We deter-
mine that the present jet has a lifetime of around 60 seconds, is
aligned with the swirl structure, i.e., it follows a logarithmic spi-
ral path, has a maximum length of around 1.1 Mm, and moves
with an apparent transversal velocity of 11kms™!, in agreement
with the values reported by [Sekse et al.| (2012)) for RBEs.

Although the jet is localised in a region of an upward flow,
its characteristics differ from the other upflow regions within the
swirl as it develops highly asymmetric profiles toward the blue.
Profiles from the jet have a blue-shifted core which is not typi-
cally observed in RBEs, however, strong asymmetry observed in
the blue wing might be related to a separated blue-shifted com-
ponent. To estimate the properties of the blue-shifted compo-
nent, we compute its Doppler velocity and line width using the
method proposed by [Rouppe van der Voort et al.| (2009) for pro-
files within the jet. The author states that such an estimation is
rather crude, thus the values provide only rough estimations for
the actual quantities.

The first and second rows of Fig.[I0] show the distribution
of the Doppler velocity (Av) and line width (Width), respec-
tively, within the jet for the time steps in which it becomes vis-
ible in the first row of Fig.[9|as computed according the method
of Rouppe van der Voort et al.| (2009). At t = 3.73min (left
column), the jet appears as a compact structure with velocities
around —40 km s~! along the length of the streak, which follows
the swirl pattern. Its line width varies systematically along the
length, having small widths at the footpoint of the jet and near
the MBP widening up on the other end. Later, at ¢+ = 4.2 min
(right column), the jet stretches and slows down, reaching veloc-
ities of around —35km s~!, but remaining compact. The system-
atic variation of the line width along the length also remains but
with an overall increase with respect to the previous time step.

We identified variations in the asymmetry of the profiles in
the jet during the time steps considered. The third row of Fig.[T0|
shows the distribution of Ha profiles of the pixels within the jet
(grey curves) and their mean (black curves) for ¢+ = 3.73 min
(left column) and r = 4.2 min (right column). As a reference,
the spatial and temporal average profile of the full FOV is in-
cluded in each panel (dotted orange curves). In these two time
steps the Ha profiles behave differently. On the blue side, the
profiles are highly dispersed at t = 3.73 min, indicating a fine
structure inside the jet. In contrast, the profile distribution looks
more uniform at t = 4.2 min characterising an atmosphere with
similar thermodynamic properties. The COG velocities calcu-
lated for the mean Ha profile do not change dramatically dur-
ing the time steps considered. They remain within the range of
-8 to —9kms~! (green vertical dashed lines in the third row of
Fig.[10).

The LOS velocities calculated with the COG method and
the LOS velocities calculated with the bisector method around
40% of the line depth share similar values, ranging between —5
to —15kms~!. This can be expected as both these methods ac-
count for the overall displacement of the entire line, yielding
a mean velocity of the atmosphere that is sampled by the Ha
line. In contrast, the LOS velocities computed with the Doppler
shift method proposed by [Rouppe van der Voort et al.|(2009) are
larger than these mean values, because this method is sensitive
to asymmetries of the blue wing of the line, thus providing ve-
locities of the secondary and blueshifted component, which is
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Fig. 11: Full cadence observation of the Can K spectra in the line core during the detection of the chromospheric jet between
t = 3.64 min to r = 4.42 min. Top row: Maps of the intensity in the fixed wavelength at 3933.7 A. Blue contours mark the location
of the jet according to the Ha observation. Bottom row: The corresponding spectral profiles in each time step of pixels within the
jet (grey profiles) and their mean profile (black profile). The blue, vertical, dashed line marks the minimum value of the line core.

blended with the main component of the line. Hence, the chro-
mospheric jet moves much faster than the upward flows in the
chromospheric swirl.

Typical RBEs can be also observed in Cau spectra (Sekse|
let al|2012}; Bose et al|2019), hence, we inspected the Can at
8542.1 A and Can K spectral lines for possible signatures of the
chromospheric jet at their formation heights. The upward flow
phase is certainly present in both lines, as shown in Fig.[6] and
described in Sect.@ therefore, the line profiles with a blue-
shifted core are recognised within and near the jet. Upon in-
specting in greater detail, we notice that only a few pixels near
the footprint of the jet show appreciable asymmetries in the blue
wing of the Cam line at 8542.1 A, and no compact dark feature
is present in the vicinity of the chromospheric jet. Thus, there is
no clear counterpart of the jet in the upper photosphere.

Unlike the Cam line at 8542.1 A, the Can K line core samples
heights in the chromosphere where one can most likely iden-
tify counterparts of the jet observed in Ha. Taking advantage of
the higher cadence and higher spatial resolution of the Can K
records, we studied the detailed evolution of the Cam K spectra
during the lifetime of the jet. The first row of Fig.[TT| shows the
sequence of seven frames between ¢ = 3.64 min to t = 4.42 min
covering the full lifetime of the jet. The images display the in-
tensity normalised to the continuum at a fixed wavelength po-
sition at 3933.7 A and the corresponding location and area of
the jet observed in Ha (blue contours). The swirl structure is
enhanced in all frames, but no particular feature characterises
the jet. Analysing all spectral profiles within the jet, shown in
the second row of Fig.[TT} we find a blueshift of the K3 com-
ponent (minimum value of the line core) of the line starting at
t = 3.77 min, just a few seconds after the initial detection of
the jet in Ha. During the next minute until # = 4.42 min, a pro-
gressive enhancement of the K>z component was observed. Ac-
cording to [Bose et al| (2019), these profiles exhibit the typical
shape of the Can K spectra in RBEs, in which the absorption
signatures are dominated by opacity shifts caused by steepened
velocity gradients. In the present case as well, the K3 component
is blueshifted, causing the K,y component to be suppressed and
the K>z component to be enhanced.

In summary, maps of He, for instance, at -600 mA from
the line core, confirm the persistent spiral pattern centred on the
MBP already seen from maps of the Can K line with downflows
seen to reach the middle chromosphere in the drain phase. Ex-
amining maps taken at various wavelength positions in the blue
wing of Ha reveals a dark feature that can be identified as a chro-
mospheric jet that shares several characteristics with a rapid blue
excursion, RBE. Different from typical RBEs, the He line core
of the present jet is slightly shifted to the blue but like typical
RBESs, signatures of the jet are also visible from the blueshifts of
the line core of Can K.

4. Summary and discussion

We present a complete and comprehensive description of the
evolution of a magnetic flux concentration, classified as MBP,
interacting with an intergranular vortex flow. In the initial stage
of evolution, the vortex seems to alter the shape of magnetic flux
concentration. Unlike the vortical flows studied by
(2008), where several MBPs interact with one intergranular vor-
tex, the present magnetic flux accumulation seems to have gath-
ered all the neighbouring magnetic flux, forming a logarithmic
spiral with one spiral arm.

The magnetic flux concentration, with a maximum size of
around 0.7” in the photosphere, harbours a fine-scale magnetic
structure, in which the core of the MBP is affected by sequential
intensification and weakening of the magnetic field. In partic-
ular, the observed prolonged magnetic field intensification be-
haves differently from the other two instances of intensification
observed during the evolution of the MBP core. This may in-
dicate different types of intensification. We identify the initial
instance of magnetic field intensification of the MBP in agree-
ment with the convective collapse scenario numerically simu-
lated by [Grossmann-Doerth et al (1998) and observationally
confirmed by Bellot Rubio et al.| (2001). Considering the vor-
tical structure that we find within the MBP, we propose that the
type of magnetic field amplification due to vorticity reported by
from numerical simulations, might occur dur-
ing the prolonged magnetic field intensification. Their simula-
tion indicates that the vorticity in the MBP increases before the
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Table 3: Magnetic field strength and the LOS velocity ranges in each phase and height.

Vortex drain phase

Upward-flow phase Relaxation phase

IBILKG]  |viosl[kms™'] |BI[KG] |viosllkms™'] [BI[kG] |vios|[kms™']
Photosphere 07-12 ~1 1.0-1.6 2-3 05-1.0 ~1
Low & middle chromosphere ~0.2" 5-10 ~ 0.25* 10-12 ~0.17* 0-3
Upper chromosphere - 12-15 - 5-40 - 0-3

* Estimation using the weak-field approximation.

Notes. The vortex drain phase and the relaxation phase are dominated by downflows in contrast to the upward-flow phase.

Convective collapse mechanism | Vorticity intensification mechanism + high-dynamic chromosphere
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Fig. 12: Sketch and cartoons summarising the dynamics of the MBP interacting with a vortex flow attached to a chromospheric swirl and the
release of an impulsive chromospheric jet. The detailed description is found in the SectionEl

magnetic field amplification and then decreases when the mag-
netic field reaches its maximum value. This scenario may apply
to the present observations, as the vortex appears at ¢ = 1.4 min
and only exists previous to the intensification, namely, before
t = 3.73 min.

The strong downflow within and in the surrounding of the
MBP in the initial stage of the event entails a vortical flow, pre-
sumably by angular momentum conservation (see e.g.
[1985). Similar but at a bigger scale, Requerey et al[(2018) found
that magnetic flux concentrations in the network are strongly af-
fected by the evolution of a nearby vortex flow.

The magnetic flux concentration is associated with a persis-
tent chromospheric swirl. It exhibits a spiral pattern with gas
parcels moving upwards and downwards, guided by the host
magnetic structure, which is anchored in the photospheric mag-
netic flux concentration (see panels A, B, and C in Fig@). The
present case exemplifies the spatial and temporal connectivity

Article number, page 16 of 20

in a magnetised vortex, where there is an exchange of mass be-
tween the photosphere and chromosphere through an extended
magnetic structure. Numerical simulations of magnetic and non-
magnetic vortexes (see e.g.[Shelyag et al.[2011;[Moll et al|2012)
show the prevalence of vortices with vertically directed rotation
axis in regions of magnetic flux accumulations. These cause the
coupling of the near-surface to the upper layers, mediated by
mainly vertical magnetic fields. This behaviour was also iden-

tified by [Shetye et al.| (2019) based on a statistical analysis of
observations of chromospheric swirls.

To describe the spatial and temporal connectivity between
the photosphere and the chromosphere, we summarise the dy-
namics of the event in terms of the temporal phases that occur
time-shifted in different heights of the atmosphere. Table [3]sum-
marises the magnetic field and LOS velocity ranges, evaluated
with adequate methods for the different heights and the tempo-
ral phases. In addition, Fig[I2] shows a sketch summarising this
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evolution and a cartoon showing the physical scenario for four
time-step characteristics of the phases of evolution (see panels
A, B, and C in Fig[I2), described below.

During the first two minutes of evolution, the drain phase
takes place in the photosphere, whereby plasma motion is char-
acterised by a downwards vortical flow within the magnetic flux
concentration, and where the first magnetic field intensification
occurs (see panel A in Fig[T2). The downward flow leads to the
evacuation of the magnetic flux concentration, characteristic of
the intensification process due to the convective collapse (Na-
gata et al.|[2008). In the chromosphere, the expanded magnetic
structure seems to guide the plasma downwards along the chro-
mospheric swirl that rotates in a counter-clockwise sense.

From minute two onwards until # = 3.27 min, the delayed ef-
fect of the photospheric evacuation happens in the chromosphere
(see panel B in Fig[T2). Strong downflows surrounding the mag-
netic flux concentration are co-located with zones of enhanced
brightening in the low chromosphere (see ¢ = 2.8 min in Fig.[6).
Moll et al.| (2012) found in simulations of a magnetised quiet
Sun region also a small-scale pattern of hot filaments tightly
connected to vertically oriented vortices harbouring upflows and
downflows. These high-temperature filaments were often asso-
ciated with the shearing component of vorticity. With respect to
the observations, the core of the magnetic flux concentration has
a magnetic field strength below 1 kG, while the velocity gradient
changes from a downflow to an upflow component, giving way
to the propagation of an upward travelling perturbation and the
start of the upward-flow phase in the photosphere (see panel B
in Fig.[T2).

The manifestation of an upwardly travelling perturbation af-
ter the first magnetic field intensification agrees with the scenario
proposed by [Bellot Rubio et al.| (1997)), where the plasma evac-
uation during the convective collapse leads to a rebound shock
that propagates upwards. In the chromosphere, an emission com-
ponent in the spectral line of Cam at 8542.1 A and the chromo-
spheric bright grain announce the arrival of the perturbation as
a quasi-acoustic slow wave guided by the magnetic field struc-
ture. It propagates upwards through an upper atmosphere that is
downwardly flowing, similarly to the process described in |Carls-
son & Stein| (1997). Moreover, this quasi-acoustic wave seems
also to propagate transversely around the MBP in a clockwise
sense while moving upwards, presumably reaching supersonic
velocities. At this point, the MBP starts to exhibit the prolonged
magnetic field intensification.

From minute three onwards, several processes take place
simultaneously during the upward-flow phase, with the major
event being the release of a chromospheric jet accompanied by
signs of shock dissipation (see panel C in Fig.[I2). In the photo-
sphere, the MBP core harbours a magnetic field with a strength
of above 1 kG, reaching a maximum value of 1.6 kG, and the up-
flows dominate the dynamic of the plasma, reaching the fastest
upward speeds of ~ 3kms~!. After t+ = 3.27 min, the photo-
spheric vortex flow seems to disappear and a strong deformation
of the MBP undergoes strong deformation through squeezing
or bending. During this stage of evolution, it is not possible to
be certain as to the cause of such deformation. We note that it
may be associated with the interaction between the last traces of
the vortex flow with the magnetic flux concentration or caused
by the gas pressure exerted by rising hot material in the close
vicinity of the magnetic flux concentration. Such a process was
shown in simulations of magnetic flux concentrations embed-
ded in non-stationary convection motion in the surface layers of
the convection zone (Steiner et al.[[1998). Both dynamics can
excite transversal waves propagating along magnetic structures

and carrying mechanical energy into the upper layers of the solar
atmosphere.

In the chromosphere, the plasma flow changes directional
sense from a downwards to upwards flow, following the struc-
ture of the swirl in a clockwise sense and exposing a chromo-
spheric jet (see panel C in Fig.[I2). The morphology of the chro-
mospheric swirl in the middle and upper chromosphere is best
seen in Can K and He. In agreement with the findings of [Park
et al.[ (2016), we observe heating signatures in the form of rel-
atively large values in the FWHM and EW of the Ha profiles
during the upward-flow phase, in particular after the jet release.

The spectral characteristics of the jet share several similari-
ties with typical RBEs observed near network regions (Rouppe
van der Voort et al.|2009; |Sekse et al.|2012; [Bose et al.|[2019). In
our case, the LOS velocity of the jet ranges from —40kms™' to
—30km s~! inferred from the measurements of the Doppler shift
of the separated blue-shifted component of the Ha line and the
Doppler shift of the minimum of the Can K line core during the
jet detection. Simultaneously with the jet and after the arrival of
the quasi-acoustic wave, the emission component in the red wing
of the Ca line at 8542.1 A can also be seen in the polarimetric
measurements. This is probably caused by a dissipation process
associated with the jet release.

The oscillatory power excess at frequencies close to the cut-
off frequency indicates locations of wave dissipation and chro-
mospheric heating (explained in Appendix[A). We infer that
most of the power produced by the wave dynamics in the mag-
netic flux concentration is transferred from the inner part of the
magnetic flux concentration to the surroundings following the
spiral arms. Similar significant oscillating power below the cut-
off frequency was previously found by|Tziotziou et al.|(2019)) for
a persistent chromospheric vortex flow, indicating the presence
of fast kink waves. In our case, significant power is also present
in frequencies above the cutoft frequency, probably produced by
resonant interference or by the excitation of magneto-acoustic
modes, such as torsional Alfvénic modes found in simulations
(Murawski et al.[2015; [Battaglia et al.[2021)). In order to infer the
effective torsion of the magnetic field of such magneto-acoustic
modes, trustworthy measurements of the linear polarisation on
such small scales are needed to effectively reconstruct the mag-
netic field vector.

A possible scenario that is comparable to the reported obser-
vations with the release of a high-speed jet is described by Kiti-
ashvili et al.| (2013) based on simulations. Their findings in terms
of magnetic field strength (1.2kG in the photospheric layer),
LOS velocity (upward velocity perturbation from 6 kms~! in the
near-surface layers to more than 12kms~' above 700 km), and
the triggering of shock waves agrees with our observations. In
their case, the eruptions are driven in the photosphere by strong
pressure gradients in the internal vortex structure, which later
is further accelerated in the lower and middle chromosphere by
Lorenz forces. They also identified the development of veloc-
ity perturbations associated with the vortex dynamics into shock
waves. However, they did not report the propagation of a jet to
the upper chromosphere, which, in our case, must be further ac-
celerated with an impulse lasting less than a minute, taking into
account the estimation of the maximum velocity of the jet. We
suggest that the observed chromospheric jet is likely linked to
strong pressure gradients in the photosphere that trigger the for-
mation of acoustic shock waves.

From minute five onwards, the atmosphere slowly returns to
its original downward flow direction and enters the relaxation
phase, where the magnetic field strength decreases to below 1 kG
in its overall structure (see panel D in Fig.[I2). The second mag-
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netic field peak above 1kG happens during this phase. This is
possibly related to another convective collapse within the MBP
core, which does not succeed in maintaining the stability of the
magnetic flux concentration. Finally, the event concludes with
its dissolution.

Our comprehensive analysis reveals the spatial and tempo-
ral connectivity between the photosphere and chromosphere in
a vortical structure. This structure comprises a chromospheric
swirl aligned with a single, small-scale magnetic field concentra-
tion. The observed characteristics strongly suggest that this event
is a highly dynamic atmospheric vortex flow (AVF) or magnetic
tornado, as described by Wedemeyer-Bohm et al.| (2012)); Wede-
meyer & Steiner|(2014). The event displays evidence of acoustic
waves and triggered an impulsive chromospheric jet resembling
an RBE.
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Appendix A: Oscillatory signatures of the acoustic
shock wave

In this Appendix, we further deepen the analysis of Sect.[3.4]
by carrying out a wavelet power analysis. We search for oscil-
latory signals in connection with the propagation of the shock
wave. The spectral signatures of the shock wave in the Cam
line at 8542.1 A discussed in Sect. , the detection of an en-
hanced emission in the K,y band of the Cau K line core and
the chromospheric bright grain in the location of the MBP at
t = 2.8 min suggest the presence of acoustic waves with fre-
quencies close to the acoustic cutoff according to |Carlsson &
Stein| (1997). To identify this possible oscillatory signature, we
perform a wavelet analysis of the high cadence recordings of the
Camu K line core. We investigate the intensity variation in the K,y
band and in the minimum intensity of the line core, from now on
call line-core minimum. We compute the two-dimensional (fre-
quency/time) power spectra of the continuous wavelet transfor-
mation for all pixels of the calculated intensity maps (K,y band
and line-core minimum) to inspect the characteristic acoustic
modes in time using the standard Ricker wavelet (Wang|2014)).
We consider two frequency ranges above the acoustic cutoff: 1)
a medium-frequency range from 5.5mHz to 8.5mHz, and 2)
a high-frequency range from 8.5 mHz to 16 mHz. The acous-
tic power of the intensity variations greater than 16 mHz is not
taken into account as its signal is strongly affected by noise. The
Nyquist frequency of the time series is 64 mHz.

Based on the insight gained in Sect.[3.4] we estimate that the
shock wave detected in the Cam line at 8542.1 A arrives at the
formation height of the Can K line core between ¢ = 3.27 min to
t = 3.73 min. Therefore, we define 7. = 3.27 min as the transition
time between the chromospheric drain phase and the subsequent
upward-flow phase. This is the time for which we conjecture that
the shock dissipated in the formation height of the Cau K line
core. Changes in the acoustic power can give further clues on
the shock dissipation, hence we analyze the changes in the spa-
tial distribution of the acoustic power. We define the acoustic
power excess as the difference between the integrated power one
minute after 7. and the integrated power one minute before ..
Figure E] summarises the results of this analysis for the Ky
band (left panels) and for the line-core minimum (right panels)
in the defined frequency ranges (medium-frequency range top
panels and high-frequency range bottom panels).

The magnitude of the acoustic power excess is more intense
in the K>y band (ten times bigger) than in the line-core minimum
for both frequency ranges, indicating the dominance of charac-
teristic modes in the low chromosphere. In addition, the spatial
distribution of the areas of positive or negative acoustic power
excess differs, apparently being associated with structures previ-
ously identified in Sect.[3.3]

The negative power excess in the medium-frequency range,
visible in the central region of the K,y power map, is associated
with the chromospheric bright grain observed in the drain phase
(see central red contour in the fourth row of Fig.[6). This patch of
negative excess corresponds to oscillations in the intensity of the
K>y band above the cutoff frequency detected before ¢, which
disappear thereafter. To clarify the meaning of a negative power
excess, Fig.[A.2]shows a wavelet power spectrum of the intensity
variations of the K>y band for a representative pixel within the
negative power excess patch (black Xx-sing in the zoomed inset
in the upper left panel of Fig.[A.T). This spectrum shows a power
enhancement in the defined frequency ranges, especially around
5.5 mHz, but only before #. (dashed vertical orange line), which
leads to the detected negative excess. Although no large accu-
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Fig. A.1: Wave power excess in the medium-frequency range
(5.5mHz to 8.5 mHz, top row) and in the high-frequency range
(8.5mHz to 16 mHz, bottom row) of the intensity variation in
the K,y band (left column) and line-core minimum (right col-
umn). Positive excess corresponds to larger values of power one
minute after + = 3.27 min and negative excess corresponds to
larger values of power one minute before + = 3.27 min. The cen-
tral black contour shows the location and scales of the MBP at
t = 3.73 min.

Wavelet power spectrum (/. variation of Kyy/)

0.025 0.050 0.075 0.100 0.125 0.150 0.175

A
16.0 1

Frequency [mHz]

T

0 1 2 3 4 5 6 7
Time (min)

Fig. A.2: Wavelet power-spectrum of a pixel marked by a black
cross (x) in the zoomed view of the upper left map of Fig.[A.T]
and labelled as A. The horizontal black dashed line marks
5.5mHz and the vertical orange dashed line refers to the time
t = 3.27 min.

mulation of positive power excess is seen in the K,y power map,
there are some faint patches localised in the right-hand side of
the FOV, presumably associated with the chromospheric swirl.
The intensity variation in the line-core minimum shows two
small patches of negative power excess in different locations near
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Fig. A.3: Wavelet power-spectra of the three pixels marked by
a red, magenta and cyan plus signs (+) in the zoomed inset in
the top right map of Fig.[A.T|and labelled as B, C, and D respec-
tively. The horizontal black dashed line marks 5.5 mHz and the
vertical orange dashed line refers to the time ¢ = 3.27 min.

the magnetic flux concentration. These patches of negative ex-
cess correspond to oscillations in the intensity of the line-core
minimum above the cutoff frequency detected before ¢, which
disappear thereafter. The intensity variations of the line-core
minimum provide information on the maximum local opacity
variation, which is mainly determined by changes in tempera-
ture stratification. Therefore these two patches may correspond
to regions of wave dissipation. In contrast, patches of positive
excess found in the FOV follow the spiral structure of the chro-
mospheric swirl in the close vicinity of the MBP.

Figure [A.3] depicts three wavelet power spectra of the line-
core minimum for three pixels in the region of positive and neg-
ative power excess near the MBP. The top plot shows the power
spectrum of pixel B (see pixel location on the zoomed inset of
the top right panel of Fig.[A.T) localised in a patch of negative
power excess within the MBP area. Similar to Fig.[A.2] the ma-
jority of the power occurs before ¢, albeit with a greater contri-
bution from high-frequency modes. The middle and bottom plots
show the power spectrum of pixels C and D respectively, which
are localised in two distinct patches of positive power excess:
one near the MBP area and the other one situated farther away
from it. Both spectra show power enhancements after ¢, (dashed
vertical orange line) but with a different frequency distribution.
On the one hand, pixel C shows an excitation of modes above
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8 mHz for 30 seconds after 7., and then an excitation extended
in frequency at around ¢ = 4.0 min. On the other hand, pixel D
shows power enhancements at frequencies close to 5.5 mHz be-
tween ¢+ = 3.0min and ¢+ = 4.0 min which is then repeated at
t = 5.0min. The differences between these two pixels suggest
that different physical processes take place in these two loca-
tions.

The power excesses in the high-frequency range show a
similar pattern as the power excesses in the middle-frequency
range but are less intense, due to the low amplitude of these
modes. In particular, the negative power excess in the medium-
frequency range, visible in the central region of the K,y power
map has its counterpart in the high-frequency range. The wavelet
power spectrum shown in Fig.[A.2] reveals high power in an
extended range of frequencies which goes from the cutoff fre-
quency up to and above 8 mHz. As proposed by |Carlsson & Stein
(1997), high-frequency oscillations associated with chromo-
spheric bright grains can be produced by resonant interference
between weak high-frequency modes and medium-frequency
waves leading them to steepen rapidly.

After the time ¢, the positive power excess in the medium-
frequency range, visible in the central region of the map of the
line-core minimum, has also a counterpart in the high-frequency
range. The patch of positive power excess near the MBP shown
in the bottom right panel of Fig.[A.T]is an indication that the
energy dissipation can induce high-frequency oscillations at the
formation height of the line-core minimum.

In a nutshell, we find power excess near the cutoff frequency
at the location of the chromospheric bright grain in the chromo-
spheric drain phase, which supports the shock wave hypothesis
as such an oscillatory signature can be expected in connection
with the formation of a shock wave. After the point in time that
separates the drain phase from the upward-flow phase (which is
also the arrival time of the shock front as detected in Ca II K), we
find a lack of power or power enhancement at high frequencies,
presumably due to dissipation effects and associated excitation
of high-frequency waves, respectively.
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